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ABSTRACT
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Doctor of Philosophy

VARIABILITY IN THE SOUTH INDIAN OCEAN GYRE CIRCULATION
DERIVED FROM ARGO FLOATS

by Klaus Getzlaff

All subtropical oceans exhibit wind-driven, basin-scale gyre circulations, that carry
heat poleward. Together, the gyres cover forty percent of the Earth’s surface. Once
thought to represent areas of steady flow, research in the last decade has shown that
the subtropical gyres may exhibit substantial changes both in their strength and spatial
structure.

In this study the previously unknown seasonal to interannual changes of the sub-
tropical gyre in the South Indian Ocean are analysed between 2002 and 2006. This has
only recently become possible due to the availability of hydrographic profiles acquired
by Argo floats. A quality control based on historical observations is applied to the
float data, giving a final accuracy of 0.04 psu in salinity for the seasonally averaged
fields. Geostrophic transports are calculated using a level of no motion of 1900 dbar
and 1000 dbar at 32°S and 20°S, respectively. To suppress transport contributions to
the estimates of gyre strength resulting from eddies at the section end points a lin-
ear regression is applied to the vertically integrated northward transports. From this
fit the gyre strength at 32°S and 20°S is then estimated as the northward transport
integrated from 110°E to 45°E and from 110°E to 55°E, respectively.

The gyre strength at 32°S averaged over the 5year period is 44.4+1.2 Sv, while
displaying variations of 5.2Sv rms on interannual and 3.0 Sv rms on seasonal time
scales. It does not exhibit a significant trend between 2002 and 2006. Estimates of
the gyre strength from hydrographic data from two cruises in 1987 and 2002 yield
33.6+3.4Sv and 43.7£5.5 Sv, respectively. A maximum correlation of 0.92 between
the one-year low-pass filtered gyre strength and the geostrophic contribution to the
wind-stress derived Sverdrup transport is found for wind stress leading the gyre by one
year.

The change in gyre strength between 1987 and 2002 as derived from the cruise data
is of the same size as the largest year-to-year change inferred from Argo between 2002
and 2006. However, it is shown that the circulation in 1987 differs significantly from the
gyre state in the 5year period 2002 to 2006, both in magnitude and structure. These
results suggest that care must be taken when single hydrographic sections are used to
describe long-term trends or to provide an initial state or a boundary condition for
numerical models.
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4.1

Top: Vertical salinity section of CD139 cruise data. White dashed ellipses mark
location of high amplitude small spatial scale features. Middle: Position of Argo
float profiles in the vicinity of the cruise track + 2 months of the cruise date (blue
circles) and location of large shift/displacement in the isohalines and isopycnals
of the cruise section (green crosses). Contours indicate 1900 m isobath (black)
and coastline (black bold). Bottom: Vertical section along CD139 cruise track of
additive salinity term estimated in the Optimal Interpolation for float realisation
ArgOCDlggiQmon. ...................................
Root-mean-square of salinity difference between original and smoothed cruise
data (green) and between float realisations and smoothed cruise data
(Argocp139+1mon: blue dashed; Argocpisotomon: black). . . . . . o oo
Different vertical averaged parameters along CD139 cruise track using float
realisations with different temporal coverage (Argocpisg+imon: blue dashed;
Argocpisgamon: black). Top: Error estimate for salinity from OI. Bottom:
Signal-to-noise ratio for salinity given by the OI. . . . ... .. ... ... ...
Vertical averaged salinity difference (referenced to CD139mab5pt) along CD139
cruise track comparing different datasets (Argocpizo+omon: blue dashed;
WOAOL: red thick; WOAO5: black). . . ... ... ... ... ... ...
Section along CD139 cruise track showing number of profiles taken into account
during the OI for realisation Argocpizg+2mon at each grid point and on each
20 dbar pressure surface to estimate salinity and temperature. . . . . . . . . ..
Section along CD139 cruise track for salinity (top) showing as grey contours the
0.02 (solid) and -0.02 (dotted) salinity difference Argocpi3942mon - CD139mabpt;
also shown potential vorticity (bottom). Contour lines show potential density for
Argocpisg+amon float realisation (black) and CD139ma5pt smoothed cruise data
(white). The oo = 26.7 indicates the SAMW level while 0o = 27.2 indicates
the AAIW horizon respectively. Additional contours shown are oo = 27.0 and
oo = 27.5 (dashed white). Major topographic features like Mozambique Plateau

(MOZP), Madagascar Ridge (MADR) and Ninetyeast Ridge (NER) are included. 50

Positions of Argo float profiles used for interpolation onto Blue Earth Global
Expedition (BEAGLE) cruise stations (track shown as black dashed line), within
the cruise period only (blue dots) and within £ 1 month (green dots) and within
+2 months (red dots) of the cruise date respectively. Contour lines highlight
coastline (bold) and 1900 m isobath (thin). . ... ... ... ... ... ....
Top: Root-mean-square of salinity difference between original and smoothed
cruise data (green) and between float realisations and smoothed cruise data
(ArgoBEAGLE+1mon: blue dashed; ArgopraGLE+2mon: black). Bottom: Vertical
averaged number of profiles along BEAGLE cruise track taken into account for

Number of profiles (top) and number of individual floats (bottom) taken into
account by the OI to estimate salinity and temperature at each grid point and
on each 20 dbar pressure surface for ArgopgaGLE+2mon realisation. . . . . . ..
Salinity estimated by the Optimal Interpolation using Argo profiles from the
time period of the BEAGLE cruise extended by £2 months (ArgopgacLE+2mon)
objectively mapped onto cruise CTD stations (top) and derived potential vortic-
ity times 10710 (bottom). Contour lines show potential density. The oo = 27.0
and og = 27.2 line indicate the Antarctic Intermediate Water level. Major to-
pographic features like Madagascar, Mauritius (MAU) and Ninetyeast Ridge
(NER) are included. . . . . . .. ... L

Maps showing annual distribution of all delayed-mode quality controlled Argo
float profiles in the subtropical South Indian Ocean (blue dots) and those finally
taken into account for the annual estimate of temperature and salinity from the
optimal interpolation scheme (red dots) along 32°S (green and black dashed).
Contours highlight 1900 m isobath (thin solid black) and coastline (bold).
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Left: Geostrophic velocities [in cms™!; positive values indicate northward veloc-
ities] referenced to and above 1900 dbar across 32°S, calculated from the CD29
(top) and CD139 (middle) cruise data interpolated onto 32°S and filtered with an
8°-longitude Gaussian filter (PALMER ET AL., 2004) as well as from the WOA01
climatology (bottom). Black contours indicate zero velocity and white contours
indicate +5cms™!). Right: Mean geostrophic velocity profiles [in cms™!] refer-
enced to 1900 dbar averaged between 45°E and 110°E for the cruises CD29 (top)
and CD139(middle) and the WOAO1 climatology (bottom). . . . ... .. ...
Left: Geostrophic velocities [in cms™!; positive values indicate northward veloci-
ties| referenced to and above 1900 dbar across 32°S, calculated from annual real-
isations using optimally interpolated Argo profiles (black contours indicate zero
velocity and white contours indicate +5 cms~!). Right: Mean annual geostrophic
velocity profiles [in cms™?!] referenced to 1900 dbar averaged between 45°E and
110°E. Each year the actual profile is shown in colour whereas the other years
are shown as black lines only. In 2002 additionally the mean profile estimated
from the geostrophic velocity field from the CD139cruise data interpolated onto
32°S and filtered with an 8°-longitude Gaussian filter (PALMER ET AL., 2004)
is shown for comparison (black dashed). . . . . . ... .. ... ... ... ..
Annual meridional transport relative to and above 1900 dbar at 32°S cumulative
integrated from East to West (started at 115°E); dashed line indicates the 32°S
bathymetry with depth given on the right y-axis. . . . . .. . ... .. .. ...
Error estimate for transport [Sv] given by the optimal interpolation scheme for
the annual float realisations at 32°S applied as maximum error to each density
profile between station pairs. . . . . . . . .. ...
Monthly number of contributing profiles at the variable end points (Tab. 4.1)
for each year. Left panels for western end points, right panels for eastern end
points. In each panel the non-filled bars give the number of profiles contributing
to the western station of the station pair used to calculate the transport and the
filled bars give the number at the eastern station respectively. . . . . . . . . ..
Comparison of estimated gyre strength using the MaxTrp method (filled black
square) and the MazTrpwoa (contoured black square) with the interannual
variability of the cumulated transport (referenced to 115°E) seen at the eastern
end point at 110°E (green: surface to 1900 dbar; red: 200 dbar to 1000 dbar and
blue: 1000 dbar to 1900 dbar). note that the green and black lines use the right
VoAXIS. + v e e e e e e e e e e e e e e e e
Linear regression applied to the annual vertical integrated transports profiles
across 32°S between 45°E and 110°E shown in Figure 4.3. This solution is then
zonally cumulated from East to West. Numbers give the estimated gyre strength
with text colours matching legend entry. . . . . . . .. .. ..o
Maps showing seasonal distribution of all delayed-mode quality controlled Argo
float profiles in the subtropical South Indian Ocean (blue dots) and those finally
taken into account for the seasonal estimate of temperature and salinity from the
optimal interpolation scheme (red dots) along 32°S (green and black dashed).
Contours highlight 1900 m isobath (thin solid black) and coastline (bold). Sea-
sons are set as followed: Spring contains September, October and November;
Summer contains December, January and February; Autumn contains March,
April and May; Winter contains June, July and August . . . . ... ... ...
Error estimates for transport [Sv] given by the optimal interplation scheme for
the seasonal float realisations at 32°S applied as maximum error to each density
station pair. . . . . ... L e e

68

74



LIST OF FIGURES

X

4.11

4.12

4.13

4.14

4.15

4.16

4.17

4.18

4.19

Left: Geostrophic velocities [in cms™!] referenced to and above 1900 dbar across
32°S, calculated from seasonal realisations using optimally interpolated Argo
profiles (black contours indicate zero velocity and white contours indicate abso-
lute velocities larger than +£5cms™!). Right: Mean seasonal geostrophic velocity
profiles [in cms™!] referenced to 1900 dbar averaged between 45°E and 110°E.
Each season the actual profile is shown in colour whereas the other years are
shown as black lines only. For spring and autumn the CD29 (October/Novem-
ber 1987) and CD139 (March/April 2002) cruise data are shown for comparison
(black dashed), interpolated onto 32°S with an 8°-longitude Gaussian filter ap-
plied (PALMER ET AL., 2004). . . . . . . . ... ..
Seasonal meridional transports relative to and above 1900 dbar at 32°S cumu-
lated from East to West estimated from float realisations. The numbers are
seasonal estimates of gyre strength using the MazTrp method with a fixed east-
ern end point at 110°E. Note that without the climatological reference end point
in the east at 110°E no seasonality becomes apparent. The dashed line indicates
the section bathymetry. . . . . . . . . . .. ... ... .
Comparison of the gyre strength estimated from the different methods (LinReg
in blue; MazTrpwoa in black) with associated errors for the annual float real-
isations (blue and black filled) and the estimates from the interpolated cruise
data (green filled). Data taken from Table 4.5 and Table 4.4. Also shown is the
trend estimated for each method for the period between 1987 and 2006 (dashed)
and only for the Argo period between 2002 and 2006 (solid).. . . . ... . ...
Left: Meridional geostrophic velocities [in cms™!] referenced to and above
1000 dbar across 20°S, calculated from World Ocean Atlas 2001 climatology
(top) and from 20SBEAGLE realisation (bottom). Black contours indicate zero
velocity and white contours indicate =5 cm s~ !. Right: Mean geostrophic velocity
profiles [in cm s~ referenced to 1900 dbar (black) and 1000 dbar (blue) averaged
between 55°E and 110°E calculated from World Ocean Atlas 2001 (WOAO1) cli-
matology (top) and from 20SBEAGLE realisation (bottom). . . . . . .. . ...
Meridional transport [Sv] across 20°S relative to and above 1900 dbar (top)
and 1000 dbar (bottom), respectively for different depth levels cumulatve inte-
grated from East to West from World Ocean Atlas 2001 climatology (black) and
20SBEAGLE (red). . . . . . o o oo
Maps showing seasonal distribution of all delayed-mode quality controlled Argo
float profiles in the subtropical South Indian Ocean (blue dots) and those finally
taken into account for the seasonal estimate of temperature and salinity from the
optimal interpolation scheme (red dots) along 20°S (green and black dashed).
Contours highlight 1900 m isobath (thin solid black) and coastline (bold).
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Chapter 1

Introduction

The focus of the public, politicians and scientists in recent years is more and more di-
rected towards climate change. The growing evidence of global climate change (IPCC,
2007) makes it necessary to collect and understand changes in the climate system on
many time scales. This was the main ambition of the World Climate Research Pro-
gramme (WCRP) initiated in the early 1980s, while only about ten years later the
field program of the first truly global ocean study, named World Ocean Circulation
Experiment (WOCE), started. WOCE was predicated on international collaboration
and the implementation of new satellite technology as well as global ocean models. The
data collected during WOCE provided the foundations for the research into variability
and predictability. With the knowledge of the need for long-term observation new re-
search programmes such as the Global Ocean Data Assimilation Experiment (GODAE)
and the Climate Variability and Predictability Programme (CLIVAR) programm have
been implemented with a focus on a global system of observations, communications,
modelling and assimilation. The Argo project is implemented in CLIVAR and GODAE
and it contributes to the global observing system. Since it’s start in early 1998, Argo
aims to provide high resolution measurements of the upper ocean in space and time.
Therefore, the first phase of the project was to set up a global array of more than 3000
free drifting autonomous profiling floats. This goal had been fulfilled in October 2007,
while by now more than 3170 floats are in operation. Argo data can measure the “pulse”
of the upper ocean, with many possible applications important for the global climate
such as for example changes in heat storage (HADFIELD ET AL., 2007), or changes in the
subtropical gyre circulation (ROEMMICH ET AL., 2007). The spatial and temporal reso-
lution of nominal 3° x 3° every 10 days can be used to generate time series with a much
better temporal resolution than those obtained from repeated hydrographic shipboard
observations. Hence, Argo data will greatly contribute to help answering key questions

about the sensitivity of the global climate system. This knowledge about low-frequency
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variability on interannual or seasonal time scales is important to improve the reliabil-
ity of numerical models used to predict possible trends in the global climate system.
Nevertheless, the Argo data have their weaknesses too, as for example they measure
solely the upper 2000 m of the world’s ocean and show generally a sparse coverage in
the boundary current systems. Therefore, other long-term operational systems, such as
the Rapid Climate Change (RAPID) mooring array (HIRSCHI ET AL., 2003; CUNNING-
HAM ET AL., 2007) are needed to be able to address the low-frequency characteristics

of the Atlantic meridional overturning circulation by continuous measurements.

In the present work Argo float data collected between 2002 and 2006 are used to
define the low-frequency variability in the South Indian Ocean (SIO) gyre circulation
on interannual and seasonal time scales and to verify recently observed changes in the

gyre strength between 1987 and 2002, indicating a positive decadal trend in the SIO.

1.1 Background

The global oceanic and atmospheric circulation play a crucial role in climate because
they transport heat from the Equator to the Poles, with both contributing about
equally in maintaining the global heat balance (BRYDEN AND IMAWAKI, 2001) but
in different ways. While the atmosphere does contribute to the heat balance mainly
by transient eddies in mid and high latitudes, the ocean does it mainly by boundary
currents, large gyres and the vertical overturning of the ocean (GRAsSL, 2001). This
shows the two main forcing mechanisms of the global ocean circulation, the winds
and buoyancy fluxes. On large scales the winds drive the ocean circulation in the
upper thousand meters by transmitting momentum and vorticity to the ocean surface,
forcing anticyclonic subtropical and cyclonic subpolar gyres in each ocean basin. The
subtropical gyres have the crucial role in the climate system to export heat gained in the
tropics to the Poles. Additionally, spatial variations in the heat and fresh water surface
fluxes drive the thermohaline circulation (THC), which connects all ocean basins by
the so-called “ocean conveyor” (BROECKER, 1991). Although mentioned separately,
both driving mechanisms are directly connected, while the concept of the global “ocean
conveyor” is still somewhat a theoretical concept due to the lack of direct observational

evidence.

The Indian Ocean (IO) is unique in its location and role within the world oceans.
Firstly, the IO has no subpolar region in the north due to its closed northern boundary
at 20°N. This affects in combination with the prevailing mean zonal wind field at

the equator and the upwelling regions in the north the shallow meridional circulation
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(SCHOTT AND MCCREARY, 2001; SCHOTT ET AL., 2004; MIYAMA ET AL., 2003). While
in the Atlantic and the Pacific the subduction areas in the subtropics are connected with
upwelling regions at the Equator, to form what is known as shallow Subtropical Cells
(STCs), in the IO that connection takes place as shallow inter-hemispheric cell known as
Cross-Equatorial Cell (CEC) (LEE AND MAROTZKE, 1998; SCHOTT AND MCCREARY,
2001; SCHOTT ET AL., 2004). The CEC connects the South Equatorial Current (SEC)
with the northern upwelling regions along the western boundary via a subsurface,
northward flowing part of the Somali Current, while at the surface it is closed by
southward, cross-equatorial, Sverdrup transport in the interior ocean. Therefore, the
CEC implies a major contribution to the meridional exchange of mass and heat between
the hemispheres (SCHOTT ET AL., 2004; MIYAMA ET AL., 2003; SCHOENEFELDT AND
SCHOTT, 2006).

Secondly and related to the first, the IO’s direct connection to the Pacific Ocean via
the Indonesian Passages is a pathway for warm surface waters (GORDON AND FINE,
1996). As a consequence all heat gained from the Indonesian Throughflow (ITF) and
as surface fluxes further north, has to leave the IO in the south (Fu, 1986; LEE AND
MAROTZKE, 1998), mainly with the Agulhas Current (AC) in the southwest corner.
The net heat export from the IO to the rest of the world oceans is feeding the warm
upper limb of the northward thermohaline transport in the South Atlantic (GORDON,
1986; DE RUIJTER ET AL., 1999). While model studies suggest that this exchange has
a stabilising influence on the meridional overturning circulation in the North Atlantic
(WELJER ET AL., 2002) it becomes clear that the ability to understand the dynamical
mechanisms that participate in the global interocean exchanges relies on our under-
standing of the processes controling the variability of the IO gyres (MATANO ET AL.,
2008). In this context, BRYDEN AND BEAL (2001) stressed that the circulation in the
subtropical SIO across 32°S is in fact very important since there is a substantial hor-
izontal gyre circulation, a factor of 5 larger than their estimated overturning, with a
strong southward flow of warm and salty waters in the western boundary and a basin

wide northward flow of colder and fresher waters.

1.2 The South Indian Ocean

The connection between the equatorial IO and the AC, the major export path in the
south, is built by the subtropical SIO (Fig. 1.1 and additionally, for a detailed de-
scription of major components of the large-scale circulation of the SIO the reader is
referred to e. g. STRAMMA AND LUTJEHARMS (1997); LUTJEHARMS AND ANSORGE
(1997); REID (2003); DAvIS (2005); RIDGWAY AND DUNN (2007)). This connection is
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provided either by permanent currents (STRAMMA AND LUTJEHARMS, 1997; SCHOTT
AND MCCREARY, 2001) or by eddy propagation (SCHOUTEN ET AL., 2003). The SEC
transports warm ITF waters to the west, feeding the Fast Madagascar Current (EMC)
and Mozambique Current, respectively and therewith the SEC provides major supply
for the AC. While classically the AC was thought of as a straighforward extension
of an upstream western boundary current comprising, the Mozambique Current, and
from the east the EMC (Fig. 1.1). SCHOUTEN ET AL. (2003) showed from satellite
altimetry that instead of a continuous Mozambique Current, a pathway of anticyclonic
eddies drifting southward persists. Also a possible connection of the EMC to the AC
is still under debate. DE RUIJTER ET AL. (2004) suggested that the interannual vari-
ability found in the EMC is related to the large-scale climate variability in the IO,
especially the equatorial climate modes such as El Nifio/Southern Oscillation (ENSO)
and Indian Ocean Dipole (IOD). The westward propagation of the large-scale anoma-
lies, associated with ENSO/IOD-cycles is suggested to take one year (MURTUGUDDE
ET AL., 2000). Supporting this, PALASTANGA ET AL. (2006) concluded that the ending
of a positive ENSO/IOD event is ultimately responsible for high amplitude eddies and
a larger southward transport through the Mozambique Channel (MOZC). A positive
ENSO/IOD event correlates to a weakening of the surface flow of the SEC. As a con-
sequence of this there is an intensification and northward extension of the subtropical

gyre after a positive ENSO/IOD event.

;
40° _-—L aC 6 DT

20° 40° 60° 80° 100° E 120°

FIGURE 1.1: Schematic illustration of the flow field in the South Indian Ocean. The

transports for the upper 1000 m in Sverdrups are given by numbers in 5-Sv steps. Thin

lines indicate the sections used. Current bands for Agulhas Return Current (ARC),

South Indian Ocean Current (SIOC), West Australian Current (WAC), Leeuwin

Current (LC), South Equatorial Current (SEC), East Madagascar Current (EMC),

Mozambique Current (MOC), and Agulhas Current (AC) are marked. Figure is taken
from STRAMMA AND LUTJEHARMS (1997)
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Recent studies that focussed on the subtropical SIOs flow structure and variability
conclude that although understanding of the variability in the SIO has been achieved,
mainly from model and altimeter data, these findings need further validation by direct
hydrographic observations (PALASTANGA ET AL., 2006; MATANO ET AL., 2008). This
need for direct observations is addressed in this study by utilising Argo float data to
provide estimates of changes in the SIO gyre circulation over the 5 year period 2002 -
2006.

1.3 Motivation and structure of the thesis

This study is motivated by the results from recent studies analysing changes in the SIO
thermocline properties (MCDONAGH ET AL., 2005), and in the gyre strength (PALMER
ET AL., 2004), using hydrographic transects at a nominal latitude of 32°S. McDON-
AGH ET AL. (2005) used 5 hydrographic section taken in 1936, 1965, 1987, 1995 and
2002. From their analysis of thermocline properties and dissolved oxygen concentra-
tions they concluded an increase in gyre strength of up to 20% between 1987 and 2002.
Additionally, BRYDEN ET AL. (2003b) stated that the 2002 upper thermocline waters
were found to be saltier on isotherms than 1987. This increase reverses the reported
slow-down of 20% of the gyre circulation between 1962 and 1987 (BINDOFF AND McC-
DoucGALL, 2000). BINDOFF AND McDOUGALL (2000) reported a freshening of the
upper thermocline waters based on property changes and changes in dissolved oxygen
concentrations. Additionally, PALMER ET AL. (2004) found an increase of 40% in the
gyre strength over the ocean interior by applying a zero-velocity (ZV) assumption to
the geostrophic velocity fields at 2230 dbar derived from the hydrographic data in 1987,
1995 and 2002. They showed that most of the change happened between 1995 and 2002.
Furthermore, they concluded that there has been a persistent change between the flow
structure of the 1987 and 2002 sections, that can be seen by the westward shift of
the maximum southward transport (in 1987 this maximum is located at 55°E, while
in 1995 at 45°E and in 2002 at 40°E, respectively). Finally, PALMER ET AL. (2004)
stated that their results are qualitively consistent with the increased gyre strength sug-
gested by MCDONAGH ET AL. (2005) but it seems plausible that some of the transport
changes between 1987 and 2002 are not related to the shallow water mass changes. In
contrast, STARK ET AL. (2006) concluded from model simulations initialised with a
range of different forcing scenarios, that the isopycnal changes observed between the
1960s and 2002 are best explained by internal variability. These findings, together with
the start of the Argo project in the SIO area, are the foundations of this work. Argo
float data provide a good estimate to fill the spatial and temporal gaps in the obser-

vational system of the ocean interior, so that low-frequency variability on basin wide
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scales can be resolved. The Argo data in this study are used to resolve interannual and
seasonal variability of the subtropical South Indian Ocean gyre circulation. In detail,

the following questions are addressed:

e How large is the interannual and seasonal variability in the interior gyre circu-
lation at 32°S over the 5year period between 2002 and 2006 derived from Argo

floats?
e Does the gyre strength exhibit a trend between 2002 and 20067

e How well do the results derived at 32°S compare with those derived at 20°S?

Addressing these questions using Argo float data requires a careful preparation of the
data, which is described in chapter 2, as well as supplementary datasets that have been
used. Chapter 3 introduces and describes the OI algorithm, which is used to generate
annual and seasonal averages of temperature and salinity, as well as reproductions of
temperature and salinity of different cruise sections with different temporal resolution.
Additionally, a simple method to derive subsurface velocities from a float’s subsurface
drift is described. In chapter 4 two methods are introduced to estimate the gyre strength
at 32°S, and after selecting the appropriate method for this work, the low-frequency
variability of the gyre strength at 32°S and 20°S is estimated from interpolated float

data. In addition to the results based on the geostrophic and hydrostatic assumption
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F1GURE 1.2: Map of the subtropical South Indian Ocean showing major topographic

features and ocean basins. Acronyms listed are Madagascar (MAD), Reunion (RE),

Mauritius (MAU), Crozet (CR), Mozambique Plateau (MOZP), Madagascar Ridge

(MADR) and Mozambique Basin (MOZB). Countours indicate coastline (bold) and
2000 m and 4000 m bathymetry, respectively (thin).
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using cruise data and Argo float data, the results are compared with estimates using
the wind-driven circulation as well as with altimeter data. Chapter 5 contains the
comparison of deep reference velocities derived from float data with those derived from
an inverse calculation using the 2002 cruise data as initial fields (MCDONAGH ET AL.,
2008). Additionally, seasonal and annual velocity sections at 32°S and 20°S are used to
detect possible deep circulation features. In chapter 6 the interannual property changes
are examined following the study of MCDONAGH ET AL. (2005). Chapter 7 contains a

summary of the work with final conclusions.

The SIO has a relatively complex topography with several sub-basins, ridges and
plateaus with some playing a role in the following work. Therefore, figure 1.2 gives an
overview of the SIO with the location of major topographic features and their naming

in this work.



Chapter 2

Data!

The following work is mainly based on Argo float data of the SIO (Sec 2.1). Addition-
ally, several other datasets are used for quality control procedures of the float data
(Sec. 2.1.1) and as reference and accompanyment, respectively (Sec. 2.2), to evaluate
the results derived from the floats data. The following chapter describes in detail, which
data are used and gives, where necessary, a detailed description of how the data are

processed.

2.1 Argo float data

The Argo project is embedded in GODAE, which is a follow-on of the successful WOCE
program. The goal of the Argo project is to set up and maintain a global array of
active floats with a nominal resolution of 3°x3°. In the first stage of the project,
the objective of a global array of 3000 operational floats was set up. That goal was
achieved in October 2007, while in August 2008 the number of active floats reached
3175. Now, since a continuous operational monitoring system has been established it
is important to maintain the system to provide accurate data with good spatial and
temporal resolution. This study gives one of many records for the important role of

the Argo project in the global ocean observing system (GOOS).

Argo floats are drifting freely, typically for a period of 9days, at a predefined pres-
sure level in the ocean (Fig. 2.1). After that time the float descends to the predefined

profiling pressure level (down to 2000 dbar) and from there ascends to the surface while

!Salinity in the context of this work is always given on the practical salinity scale. The
practical salinity scale was defined as conductivity ratio with no units (UNESCO, 1985).
Temperature in the context of this work is always used as potential temperature. The exception
is section 2.1 where in-situ temperature is meant
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FIGURE 2.1: Schematic of an Argo float’s cross-section (left) and it’s operational cycle
(right). Figures are taken from the Argo homepage.

the hydrographic paramters conductivity-temperature-depth (CTD) are recorded. At
the surface the float transmits the previously collected data for 6 to 12 hours. After the
surface period it descends again at about 10cms™!, to the predefined parking pressure
level of for example 2000 dbar. The total time used for one such cycle takes 10 days
(CARVAL ET AL., 2006). The autonomous ascent (descent) of the float is accomplished
by decompressing (compressing) an internal bladder (Fig. 2.1). While at the surface,
nearby satellites receive data of the position of the float and the profile measurements
and forward them to the operational centres. Newer technologies allow two way com-
munication, optimising the surface period to increase battery lifetime but also to reduce
surface drift and therefore errors in subsurface velocity estimates. This is possibly im-
portant for analysing export pathways in specific regions (GETZLAFF ET AL., 2006).
Typically, the float data are available within 24 hours after passing a real-time quality
control. More detailed information can be accessed on the Argo homepage? with infor-
mation on new communication and sensor technologies developed within the project’s

framework.

The in situ float profile series, that have passed the standard real-time quality control
checks performed by the Data Assembly Centres (DACs) were downloaded for the
5year period 2002 to 2006 from the USGODAE Argo Global Data Assembly Centre
Data Browser?. Note, that only a small fraction (less than 30%) of available profiles had
been delayed-mode quality controlled by the DACs at the beginning of this project in

*http:/ /www.argo.ucsd.edu/index.html; These data were collected and made freely available by the
International Argo Project and the national programs that contribute to it. Argo is a pilot program
of the Global Ocean Observing System.

3http:/ /www.usgodae.org/argo/argo.html
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2005, therefore a separate quality control was performed as described in section 2.1.1.
The data contain the hydrographic parameters (salinity, temperature and pressure), the
position and time records of the profiles and the trajectory records. The latter contains
all position and time records during the surface period of the float, the predefined
parking pressure level and, ideally, time stamps for each step during the floats cycle.
A detailed description of the content of the freely available profile and trajectory files

is given in the Argo User’s manual (CARVAL ET AL., 2006).

2.1.1 Argo float delayed mode calibration

The autonomous character of the floats requires several additional steps of quality
control, depending on the final purpose of the analysis. The necessity and the realisation
of a thorough quality control is described in the following section. Note that besides
the real-time checks which were performed by the DACs, all following quality control

procedures were specifically performed for this study during the project.

Firstly, the profiles are checked for bad measurements, that are identified with the
quality control flags provided by the data centre (CARVAL ET AL., 2006). Data flagged
as 3, 4 or 9 are excluded. Additionally, the profiles are checked for unrealistic measure-
ments, time and position records. In detail that means the accepted salinity range is set
between 24 to 40, the in-situ temperature range is set between -2°C and 40°C and the
pressure range is set below 9999 dbar. Secondly, temperature and salinity properties
and salinity anomalies on isotherms of each float profile series are plotted and visually
checked, to remove obvious outliers in the data. Temperature measurements from the
floats that passed the Argo real-time quality control were assumed to be accurate to
0.002°C. Pressure measurements were assumed to be accurate to 2.4 dbar, though at
the beginning of 2007 several SOLO* floats with FSI° CTD sensors have been identified
to have incorrect pressure values. In the SIO area only one float was affected by incor-
rect pressure values. It was a float operated by AOML® with the number 3900369 and
was excluded from the dataset. For the salinity measurements an additional quality

control was applied, which is described in the following.

In the Argo community the DMQC algorithm described by WONG ET AL. (2003) is
widely used and continuously improved (BOHME AND SEND, 2005; OWENS AND WONG,
2008). The software is freely available from the University of Washington’s working
group on Argo Floats Delayed-Mode Salinity Calibration”. Generally the DMQC is

4Sounding Oceanographic Lagrangian Observer
SFalmouth Scientific, Inc., MA, USA

S Atlantic Oceanographic and Meteorological Laboratory
"http://prelude.ocean.washington.edu/references. html
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necessary because, due to the free drifting nature of the floats, a direct calibration of
the measurements is not possible. Furthermore, only few floats can be recovered after
their mission for calibration. Therefore, a system has been set up to apply a quality
control to the measurements, which compares the individual float time series with a

background climatology, in this work the Indian Ocean Hydrobase (IOHB) dataset

(KOBAYASHI AND SUGA, 2006).

Argo Profiles at GDACs

200000 —

400000

# Profiles

Yearly Deployments

FIGURE 2.2: Number of total real-time (RT) and delayed-mode (DM) profiles of the
Argo project available at the GDAC over the last 13 months (top). Additionally shown,
is the number of yearly float deployments for the different ocean basins (bottom).
Figures are taken from the monthly report from the Argo Information Centre (AIC).
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The aim of the Argo project is to provide highly accurate data within 12 months
including an appropriate DMQC. Especially since 2006, the Data Assembly Centres
(DACs) managed to increase the number of DMQC profiles to more than 40%, while at
the beginning of the project, depending on the region, only 10% to 30% of the profiles
had been processed. In the SIO the Argo project started tentatively in late 1999, while
at the end of 2001 only about 650 profiles were available for the 2 year period (Fig. 2.2).
In early 2002 a major step towards a continuous monitoring of the ocean basins was
made in the SIO, marked by the deployment of 25 floats along 32°S during the Charles
Darwin 139 (CD139) cruise (BRYDEN ET AL., 2003a). This delay made it necessary to
run a DMQC on the float data in this study by hand, to assure the high quality of the

measurements and the final results.

Historical and other data used for delayed-mode quality control The quality
of the historical dataset is important for an optimal DMQC. It was shown that care
needs to be taken to prepare the dataset appropriately and additionally, that existing
databases need modification for example because of quality reliability issues or over-
sampled regions dominating the reference dataset (KOBAYASHI AND SUGA, 2006; KING
AND SUDHEER, 2006). During the 2nd Argo delayed-mode quality control workshop
it was agreed to use the IOHB dataset (KOBAYASHI AND SUGA, 2006) as historical
reference climatology for DMQC procedures in the Indian Ocean. BOHME AND SEND
(2005) showed that the DMQC method relies on the availability of a dense and recent

[ —
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40° 1
O CD139 cruise 2002
O BEAGLE cruise 03/04
( 0ISO11 cruise 2004
50°S R m A 4(\{[

40° 100° 120°

FIGURE 2.3: Map of the subtropical South Indian Ocean showing station positions of
cruises that are added to the Indian Ocean Hydrobase, the historical dataset. Contours
indicate 1900 m and 3500 m isobaths.
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hydrographic dataset to provide a good representation of the temporal climate regime
contemporary with the float measurements, therefore the following recent cruise data
are added to the historical reference climatology (Fig. 2.3): Firstly, the data taken dur-
ing R/V Charles Darwin 139 (CD139) cruise in early 2002 along 32°S (BRYDEN ET AL.,
2003a); secondly, the data taken during the Blue Earth Global Expedition (BEAGLE)
along 20°S (UCHIDA AND FUKASAWA, 2005) and finally data from a cruise in 2004 con-
tributing to the OISO® project (METZ, 2008). These cruise data are processed following
the instructions in a technical report (WoONG, 2005a) on how to include additional data
in the reference database used in the DMQC software. Therefore, the additional hy-
drographic data are cleaned and vertically interpolated, performing an Akima spline
interpolation (SHAMSUNDAR, 1970), onto standard ©-levels, before they are added to

the reference database.

The DMQC algorithm gives weighted least squares fits and associated uncertainties
of the float profiles to the background climatology. During the DMQC process a selec-
tion criterion was used to identify possible salinity sensor malfunctions. This criterion
is expressed in the vertically averaged salinity additive correction term AS and was
set to AS > 0.05, representing about 3 to 4 o (standard deviations) of the float profile
salinity series compared to the historical database. This allows identification of possible
sensor drift or malfunctions but also to sample the natural variability without being
too much constrained by the climatology. Floats exceeding that selection criterion were
subjected to further analysis, which means a visual inspection of the affected individ-
ual profiles. The selected criterion here, AS > 0.05, was chosen in the beginning of
the delayed-mode quality control (DMQC) procedure to be able to attribute an uncer-
tainty to the transport estimates derived from the float profiles. The idea behind that
criterion was, that with an offset of 0.05psu in salinity, applied to the whole profile
at one of the end points used to estimate the maximum transport difference between
35°E and 110°E at 32°S, for example from CD139 cruise data, the estimated transport
would increase by 7.5Sv (1Sv = 10 m®s~!). The averaged error contribution, induced
by the AS criterion, could be reduced by the number of independant profiles, which is
set to 100 in the later Optimal Interpolation (OI) described in section 3.1. That would
reduce the average transport error of the AS > 0.05 criterion to £0.8 Sv, using the
end point method. With a regression applied the transport uncertainties would reduce
to less than +0.1 Sv and could then be neglected. A detailed visual inspection of the
profile series during the DMQC process showed that the final set of float series, that
passed the DMQC, did not differ from the weighted least squares fits (WONG ET AL.,
2003) by more than the 2x estimation uncertainties (AS > 20).

8Qcean Indien Service d’Observation (www.ipsl.jussieu.fr/services/Observations/fr/OISO.htm)
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FIGURE 2.4: Plots from float 1900099 (operated by BODC) active from April 2002 to
January 2006. The profile positions are shown (1st panel) with the first (red triangle)
and last (black circle) profile marked but also those assumed to be good (green).
From delayed-mode quality control procedure, the vertically averaged salinity additive
corretion term (AS) is shown with errors of 10 and 2o from least squares fits (2nd
panel) as well as the salinities with errors on §=9.5°C, the isotherm with the smallest
salinity variance (3rd panel). Finally shown, the salinity series from the float assumed
to be good (4th panel).
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FIGURE 2.5: Plots from float 5900180 (operated by BODC) active from April 2002
to May 2005. The profile positions are shown (1st panel) with the first (red trian-
gle) and last (black circle) profile marked but also those assumed to be good (green).
From delayed-mode quality control procedure, the vertically averaged salinity addi-
tive corretion term (AS) is shown with errors of 10 and 2o from least squares fits
(2nd panel) as well as, the salinities with errors on §=2.6°C, the isotherm with the
smallest mapping error (3rd panel). Finally shown, the full salinity series from the
float assumed to be good (4th panel).
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In the following example, two floats are presented, one without any sensor malfunc-
tion (BODCY 1900099) and one with profiles that needed to be rejected due to sensor
malfunction (BODC 5900180). The first example (Fig. 2.4) for a float with high ac-
curacy profiles, shows small deviations of less than 1standard deviation (o) in the
vertically averaged salinity additive correction term AS derived from the least squares
fits compared with the background climatology. Over the 4 year period it has collected
more than 130 profiles all within an area of 10° longitude and 3° latitude in the interior
of the SIO. Note that the 3 to 4 standard deviations in the vertically averaged salinity
additive correction term is AS & 0.05. The second example (Fig. 2.5) shows a profile
series that is erroneous indicated by large deviations in the vertically averaged salinity
additive correction term AS, which is estimated in the least squares fits. From profile
number 40 the float measurements of the salinity at #=2.6°C (at about 1900 dbar)
exceeds the salinity estimated from the DMQC algorithm, which suggest a vertically
averaged salinity correction of more than 0.15 for profiles at the end of the series. This
jump-like increase in salinity of more than 0.15 within a period of about 200 days is a
very good indication for a salinity sensor malfunction. The area covered by the float
profiles is in the close vicinity of the CD139 cruise data from 2002, which are included
in the historical database. The drift in the salinity sensor seems to have started in
the beginning of 2003 and ended around April 2004. On the one hand, this period is
too long that the change in salinity could be attributed to eddy activity. On the other
hand, the difference of 2 years between the float profiles and the CD139 cruise seems to
be too short to reasonably see such a large increase in salinity. Furthermore there is the
fact that none of the floats nearby, within a couple of months and within 5° latitude
and 10° longitude (e. g. BODC_5900178, BODC_5900179 and BODC_5900182), show
any similar tendencies during the DMQC procedure. Hence only the first 30 profiles

are used, while the other 84 are excluded from the analysis.

The 375 floats operating in the SIO between 2002 and 2006 have collected 23572
profiles. The above described DMQC rejected about 11% of the profiles leaving a total
of 20916 profiles. As pointed out previously, only few floats operated in the SIO before
2002, while at the end of the 5year period more than 600 profiles are available every
month with still increasing tendency (Fig. 2.6). The difference in the monthly number
of rejected profiles between our DMQC and the Global Data Assembly Centre (GDAC)
holdings is mainly due to a delay in processing of the RT data becoming apparent at
the end of 2004 (Fig. 2.6 and 2.2).

Generally, the finally selected profiles show a good spatial coverage of the SIO for
the whole 5 year period (Fig. 2.7). Only between 60°E to 80°E and 31°S to 27°S, where

9British Oceanographic Data Centre
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FIGURE 2.6: Time series of monthly number of Argo profiles in the subtropical South
Indian Ocean (50°S to 10°S and 25°E to 125°E) from 2002 to 2006. Showing either
real-time (RT) profiles available from the GDACs (bold blue) or the delayed-mode
quality control profiles in this study (bold black). Additionally shown is the difference
in the numbers between available RT and delayed-mode (DM) data at the GDACs
(dashed blue) as well as between available RT data and the delayed-mode quality
control data used in this study (dashed black).
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FI1GURE 2.7: Map of the subtropical South Indian Ocean showing the position of the

delayed-mode quality controlled Argo profiles (red), which are used in this study for

the period January 2002 to December 2006. Black contours highlight coastline (bold)
and 1900 m isobaths (thin).

the Southwest Indian Ridge and the Southeast Indian Ridge join, very sparse coverage
exists. That gives the impression that these deep topographic features influence the
general circulation of the upper waters in that area constraining a direct flow across
the ridges from the separated basins (e. g. from the Crozet Basin to the Madagascar

Basin or from the Crozet Basin to the Mid-Indian Ocean Basin).
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2.1.2 Accuracy of delayed-mode quality control data

The accuracy of the quality controlled salinity measurements is estimated at 32°S
following the approach used by WoNG (2005b) who analysed Subantarctic Mode
Water (SAMW) and Antarctic Intermediate Water (AAIW) properties and their distri-
bution from Argo float measurements in the subtropical SIO (30°E-120°E; 55°S - 15°S)
averaged over the period 2000 and 2004. The estimates for the present study are based
on time series of optimally interpolated float data using a moving 12 month period ev-
ery 6 months at 32°S. The OI groups the profiles according to the length scales applied.
The scales as well as the mapping itself are later used for the analysis of the data. This
approach also gives an appropriate noise estimate. The OI scheme and the procedure

to select appropriate decorrelation length scales are described in detail in chapter 3.

The estimated noise level in salinity is generally smaller than 0.04 for the time series
at 32°S (compared to 0.008 reported by WONG (2005b). The noise level is estimated
from the minimum noise variance on 4 isotherms (© = 11.7°C, 10°C, 9.5°C and 9°C).
These four isotherms are selected because the tightest part of the ©-S relationship

in the SIO is between 9°C and 12°C (WONG, 2005b). Since the Argo float data used
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FIGURE 2.8: Left column: Time series of the final salinity estimate (black) and the
associated error (green) given by the Optimal Interpolation, as well as the salinity from
individual float profiles (blue) that are taken into account. Right column: Signal (s =

\/1/N >-:(Si = 8)?; blue) and noise (n = /1/2N Y, (S; — Sk)?; green) estimated
from the OT on the isotherm with smallest noise level, as described by WoNa (2005b).
Shown are time series at 32°S taken at three different longitudes, at 50°E (top), 75°E

(middle) and 95° (bottom). For details of the Optimal Interpolation including the
signal and noise estimates, please refer to chapter 3.1
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in this study are interpolated onto 20 dbar levels, the nearest pressure level to these
isotherms is selected. The large noise estimate mainly results from interpolation and
averaging on isobars and from the averaging period of 12 months. In contrast, (WoNG,
2005b) estimated the noise level from profiles grouped together within 10°x5° boxes
by averaging on isotherms for the 4 year period 2000 to 2004. Testing with a larger
mapping period of 24 months gives smaller salinity noise estimates but still of the order
of 0(0.02). It is concluded that the final accuracy of the salinity measurements here is

about 0.04, which is mainly attributed to the here described large noise estimate.

2.2 Additional datasets used for evaluation

In addition to the previously mentioned float dataset and the accompanying historical
dataset to be used for the DMQC, several other data are used for evaluation and

comparison. These are listed and described briefly in the following.

Hydrographic data: It was mentioned previously that recent hydrographic data
are added to the historical database. These are then also partly used for compari-
son with results from the analysis of the float data (Chapter 4.1.3 and 4.2.3) but
also to estimate decorrelation length scales (Tab. 2.1, Chapter 3.1.1). In the follow-
ing it is described how the data are processed for our purposes. Parts of the WOCE
108S/109S (McCARTNEY, 1998) and WOCE I09N (GORDON, 1997) sections occupied
in late 1994 and early 1995 are used to estimate meridional decorrelation length scales.
Therefore, the appropriate stations along 95°E between 50°S and 10°S are selected
and bin-averaged into 20 dbar bins. The high resolution 32°S Indian Ocean transect
hydrographic data taken during CD29 in November and December 1987 (TOOLE AND
WARREN, 1993) and during CD139 in March and April 2002 (BRYDEN ET AL., 2003a)

are used to estimate decorrelation length scales but also for direct comparison with

TABLE 2.1: List of additional hydrographic datasets used to estimate decorrelation
length scales but also for direct comparison with float realisations.

’ Dataset H Region \ Date ‘
WOAO01 globally 1°x1° climatology up to 2001
WOCE 108S/109S || 95°E meridional section 12/1994 to 01/2005
WOCE I09N 95°E meridional section 01/1995 to 03/1995
CD29 32°S zonal section 11/1987 to 12/1987
CD139 32°S zonal section 03/2002 to 04/2002
BEAGLE 20°S zonal section 12/2003 to 01/2004
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the float realisations. The temperature and salinity data are bin-averaged into 20 dbar
bins to remove high-wavenumber noise and to produce a uniform grid in accordance to
the float data. These data have been recently analysed and discussed in the context of
decadal changes in ocean water mass properties and gyre circulation in the South In-
dian Ocean (BRYDEN ET AL., 2003b; PALMER ET AL., 2004; MCDONAGH ET AL., 2005,
2008). Additionally the 20°S Indian Ocean transect hydrographic data taken during
the BEAGLE cruise in December 2003 and January 2004 (UCHIDA AND FUKASAWA,

2005) are used and processed in a similar way as the 32°S data.

Essential for the later analysis is the fact that a climatology is used as reference field
during the Optimal Interpolation (Chapter 3.1). Here we used the WOAO1 dataset,
which we interpolated onto a vertical 20 dbar grid by linear interpolation. In the early
stage of this study an updated version, the World Ocean Atlas 2005 (WOAO05) was
published. Nevertheless, for our analysis the new version would not be helpful because
some of the recent cruise data have been included. Furthermore, the main source of
profiling float data included was the Argo project (JOHNSON ET AL., 2006; LOCARNINI
ET AL., 2006). Since the historical data coverage in the study area is generally relatively

spare such inclusions would have caused a bias towards the recent cruise and float data.

Wind stress data: Monthly means of zonal (7,) and meridional momentum flux
(1y) for the 59 year period 1948-2007 were obtained from the NCEP-NCAR Reanaly-
sis Project CDAS-1'" (KALNAY ET AL., 1996; KISTLER ET AL., 2001) available from
the Data Library maintained by the International Research Institute for Climate and
Society!!. These data are given on a Gaussian grid, with 1.875°x 1° horizontal reso-
lution. Time series of Sverdrup transport across 20°S and 32°S were computed using
the vertical component of the wind-stress curl (curl.(r,), see equation 4.6) averaged
over a 6°latitudinal band centred around 20°S and 32°S, respectively. Following the
decomposition of the total mass transport in the wind-driven layer into Ekman (Myg)
and geostrophic (M) component (Eq. 4.7) we derive geostrophic Sverdrup transport
across 20°S and 32°S, respectively. The data are low-pass filtered with a 1-year second-
order Butterworth filter (BUTTERWORTH, 1930) to reduce the high-frequency noise in
the data.

10Climate Data Assimilation System I from NCEP-NCAR Reanalysis Project
"http://ingrid.ldeo.columbia.edu/SOURCES/.NOAA / NCEP-NCAR/.CDAS-1


http://ingrid.ldeo.columbia.edu/SOURCES/.NOAA/.NCEP-NCAR/.CDAS-1
http://ingrid.ldeo.columbia.edu/SOURCES/.NOAA/.NCEP-NCAR/.CDAS-1

Chapter 2 Data 21

Satellite altimetric data: Merged altimetric data from Ssalto'? /Duacs'® multimis-
sion altimeter products are used, which are freely available from Aviso'*. The multi-
mission products use Topex'® /Poseidon, Jason-1'¢, ERS-1!7 and Envisat'® data with
the same ground track. Gridded high-resolution (1/3°x1/3°, Mercator grid) weekly
averaged sea level anomalies are downloaded. The anomalies are computed with re-
spect to the 1993-1999 seven-year mean (DIBARBOURE ET AL., 2008). Additionally,
absolute dynamic topography (ADT) was downloaded with the same spatial and tem-
poral resolution. Dynamic topography is sea surface height above the geoid and is here
expressed as the sum of the sea level anomaly (SLA) and the mean dynamic topog-
raphy, determined from 7 years of altimetric data (TOPEX and ERS1,2), taken from
the Rio05! dataset (R10 AND HERNANDEZ, 2005; RIO ET AL., 2005; DIBARBOURE
ET AL., 2008). The global weekly averages were used to generate monthly, seasonal and
annual means for the SIO area by appropriate averaging. Additionally, time series of
SLA and ADT are generated, averaged over a 5° latitudinal band centred around 20°S

and 32°S, respectively, and filtered with a 3 months and 5° longitude moving average.

128egment Sol multimissions d’ALTimétrie, d’Orbitographie et de localisation précise

13Data Unification and Altimeter Combination System

14 Archiving, Validation and Interpretation of Satellite Oceanographic data

150cean TOPography Experiment

16 Jason-1 was launched on December 7, 2001 as follow-on of Topex/Poseidon

'"European Remote Sensing satellite

I8ENVIronmental SATellite

Yhttp: //www.aviso.oceanobs.com/en/data/products/auxiliary-products/mdt /description-
rio05/index.html



Chapter 3

Method

Argo floats are passively advected, at any given time after their deployment their
distribution is determined only by the existing velocity and eddy field. For the later
analysis of geostrophic velocity and transport fields, derived from the float data, an
interpolation on regular grids or exact station positions is needed. It is beyond the scope
of this work to evaluate all the possible techniques to generate regularly gridded fields
from Argo data (e. g. averaging on isopycnal surfaces (RIDGWAY AND DUNN, 2007),
objective analysis (GILLE, 2003) or local regression (THACKER, 2008)). The Optimal
Interpolation (OI) method used in this study was selected because it finds successful
appliance in the DMQC procedure (WONG ET AL., 2003; BOHME AND SEND, 2005;
OWENs AND WONG, 2008) and it has been used in several studies analysing Argo
float data (e. g. GUINEHUT ET AL. (2002); WONG (2005b); HADFIELD ET AL. (2007);
ROEMMICH ET AL. (2007)).

This chapter firstly contains a description of the applied OI, including a description
of the estimation of the decorrelation length scales of the subtropical SIO, which are
necessary for the OI. Secondly, the accuracy of the method is then tested by compar-
ing float realisations interpolated onto CTD station positions with CTD profiles from
existing cruise tracks that have been taken within the period 2002 to 2006. Finally,
at the end of the chapter, a simple method to estimate reference velocities from the

subsurface drift of the floats at their parking pressure level is described.

3.1 The optimal interpolation Algorithm

The selected OI algorithm first introduced by GANDIN (1963), based on the Gauss-

Markov theorem, gives an unbiased pointwise estimate. It is optimal in the least squares
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sense and additionally provides an estimate of the error variance by taking the distri-
bution of the used data into account. It is described in detail in several publications
(BRETHERTON ET AL., 1976; McINTOSH, 1990; WONG ET AL., 2003; BOHME AND
SEND, 2005).

This method requires knowledge about the structure of the mean field, therefore, the
WOAOQO1 (STEPHENS ET AL., 2002; BOYER ET AL., 2002) has been used as first-guess
background climatology representing the mean field. Furthermore, knowledge about the
correlation structure of the field is required to successfully apply the OI. The spatial
decorrelation length scales are used to define a weighting factor for the individual data
points taken into account. In the following subsections a detailed explanation is given
of how the decorrelation length scales have been estimated and which data have been

used, while the description of the OI continues in section 3.1.2.

3.1.1 Estimating decorrelation length scales

The OI uses a background climatology and therefore the decorrelation length scales are
calculated from variance analysis of temperature and salinity residuals either between
cruise data (Fig. 3.1) and the WOAO1 climatology or between delayed-mode quality
controlled Argo float data (Fig. 3.6) and the WOAO1 climatology. In both cases the
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Ficure 3.1: Tracks from different cruises in the subtropical South Indian Ocean.

The longitudinal transects are the BEAGLE cruise along 20°S taken in 2003 /2004 (red

squares), the Charles Darwin CD29 cruise in 1987 along 32°S (green triangles) and the

Charles Darwin CD139 cruise in 2002 along 32°S (blue dots). The meridional sections

are part of the cruise track from WOCE section 109N taken in early 1995 (yellow

crosses) and part of the cruise track from WOCE I08S section taken in 1994/1995
(red circles). Contours indicate coastline (bold) and 2000 m isobath (thin).
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datasets are resampled by using the nearest grid point of the WOAO1 climatology to
the CTD-station or float profile position as estimate for temperature and salinity. The
so derived “climatological” sections or datasets are then subtracted from the original
cruise data and the float dataset to get the final residual fields. These datasets of
residuals are then used for the further analysis of the decorrelation length scales. The
scales estimated here provide the first order large-scale spatial decorrelation scales on

time scales of one to 5 years.

It was shown by (HAINES ET AL., 2006) that decorrelation length scales, estimated
over large regions of the globe, mainly in the midlatitudes and lower latitudes, are often
larger if they are estimated for salinity on isotherms S(7') than at a particular depth
S(z). HAINES ET AL. (2006) point out, that this is because the S(T") relationship is less
influenced by mesoscale eddies as well as gravity and inertial oscillations. Additionally
they showed that the dominant temporal variability in S(7') occurs on a longer time
scale than the dominant variability in S(z). However, in this work spatial decorrelation
length scales are estimated on pressure surfaces, to be used in the OI algorithm to
interpolate float profile data on pressure surfaces on a regular one-degree spacing grid,
which is similar to some of the analysis of the gyre circulation in the subtropical South
Pacific by ROEMMICH ET AL. (2007). These gridded salinity and temperature fields are
then used to calculate geostrophic velocities, transports and dynamic height, therefore
the final gridded fields are on pressure surfaces. Although for the assesment of property

changes mapping on isotherms would prevent property changes being diluted by the

mapping.

Decorrelation length scales estimated from cruise data: The zonal cruise
tracks are divided in two subsections. A western subsection from the African coast
(30°E) to the Madagascar Ridge and to Madagascar respectively (45°E), the eastern
subsection from 45°E to the Australian coast. The decision to split the whole zonal
section into 2 subsections follows the given separation provided by Madagascar that
forms a natural barrier from 15°S to 25°S between the interior of the ocean and the
boundary region. Further south, this separation can be thought to be continued by
several topographic features like the Mozambique Ridge (35°E, 34°S, 1800 m depth),
the Madagascar Ridge (45°E, 34°S, 800 m depth), the Crozet Plateau (50°E, 46°S) and
the Western Indian Ridge extending from south west at 35°E, 45°S to north east at
43°E, 40°S up to 1900 m depth.

For each of the subsections the distance between the CTD-stations is calculated.
Then the whole length of the subsection evenly divided into 200 stations gives the

horizontal grid used for the following analysis of the decorrelation length scales. The



Chapter 3 Method 25

grid gives a station spacing of about 8km on the western and about 35km on the
eastern subsection respectively. This is 2 to 4 times smaller than the average spacing
of the original stations, which is about 35km on the western subsection and about
75km on the eastern subsection. The salinity and temperature anomalies are linearly
interpolated onto the new horizontal grid for each pressure level. Finally, the autocor-
relation R is calculated for salinity and temperature simply as the correlation of the

signal against a space shifted version of itself, following the formulation in Eq. 3.1 and
Eq. 3.2,

K(z1,m9) = Y (11— ) (w2 — pa) (32)

where K is the autocovariance and o2 the variance of the signal z. While 1, pu;
and s, uo indicate different space shifted versions of the signal with the associated
mean. The decorrelation length scales are operationally defined as the distance of the
point with R < e~3, fulfilled for the first time in the auto-correlation function. The
estimated decorrelation length scale for temperature and salinity on each pressure level
is then shown as a vertical profile for each subsection, together with their temperature
and salinity anomaly section, to find a few uniform length scales to use in the OI
(Fig. 3.2,3.3,34,35,3.8 ,3.9 and 3.10 ).

Zonal decorrelation length scales estimated from cruise data: There exist
large variations in these derived zonal decorrelation length scales (Lzyw, Lxg), espe-
cially in the eastern subsection, between the BEAGLE cruise along 20°S taken in
2003/2004 and the CD29 and CD139 cruises along 32°S taken in 1987 and 2002, re-
spectively (Fig. 3.2 , 3.3 and 3.4).

First, at 20°S there exists less vertical structure in the zonal scales (Lzyw, Lxg)
compared to 32°S, especially in the eastern subsection between 45°E and 115°E. This
becomes apparent not only in the vertical profiles of the spatial decorrelation length
scales for salinity and temperature but also in their anomalies sections (right panels
of Fig. 3.2, Fig. 3.3 and Fig. 3.4). At 20°S the largest scales (Lzg > 1200km) can be
found for salinity between 400 dbar and 500 dbar and between 800 dbar and 1000 dbar
(Fig. 3.2 bottom right). These horizons are occupied by the high-salinity layer of Sub-
tropical Surface Waters (WYRTKI, 1973) between 100m and 400 m (WARREN, 1981)
and on depth between 500m and 1200 m characterised by the salinity minimum of
the AAIW (WARREN, 1981). Shallower at about 700 dbar a minimum in the length
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FIGURE 3.2: Top and middel: Sections of anomalies (BEAGLE cruise minus WOAO1)

of temperature (top) and salinity (middle) on pressure levels along the BEAGLE cruise

track taken in 2003/2004 at 20°S with the western subsection from 30°E to 45°E (left)

and the eastern subsection from 45°E to 115°E (right). Bottom: Vertical profiles of

zonal decorrelation length scales for salinity (red) and potential temperature (green)

estimated on pressure levels along the BEAGLE cruise track taken in 2003/2004 at
20°S with the western subsection (left) and the eastern subsection (right).

scales for temperature and salinity can be found associated with the transition be-
tween SAMW and AAIW. Additionally, the westward deepening of isopycnals and
also the location of the core of the SAMW can bias the estimate on pressure levels. In
the western subsection at 20°S two large patches of negative and positive anomalies
in temperature and salinity exist at the western end of the subsection (Fig. 3.2 left
column, 1st and 2nd panel). These patches could result from a mesoscale eddy or re-
circulation at the southern exit of the Mozambique Channel that was crossed during
the BEAGLE cruise (Fig. 3.1). The scales for temperature and salinity are centred
around 200 km but varying by up to £100 km at around 750 dbar and below 1500 dbar.
The scales for salinity show an increase to almost 250 km from the surface to about
1200 dbar. There exists a drop in the length scales to about Lxy = 120km but fi-
nally increasing to Lxy, = 250 km at 2000 dbar. For temperature, the estimated scales
decrease in the beginning from 200 km to 120km at 800 dbar. At 1150 dbar a second

minimum exists with Lzy = 120 km, while for the rest of the vertical below 1000 dbar
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the scales range between 180 km and 280 km.

At 32°S the estimated length scales show much more vertical coherence than at
20°S (Fig. 3.3 and Fig. 3.4). In the western subsection the majority of the length
scales estimated for salinity and temperature range between 100km and 200 km. In
the CD29 data from 1987 at 32°S (Fig. 3.3, left column) some local maxima can be
found around 970 dbar, around 1350 dbar and around 1850 dbar but with different
magnitudes for salinity and temperature. In the CD139 data from 2002 (Fig. 3.4, left
column), the bandwidth of the majority of length scales is even more narrowed but
still exhibits local maxima around 970 dbar, 1400 dbar and 1700 dbar, respectively. In
the eastern subsection at 32°S (Fig. 3.4, right column), the analysis of the CD139 data
taken in 2002 shows again a very tight vertical structure, for both temperature and
salinity, with minima of about 180 km between 450 dbar and 950 dbar. This minimum
might result from the distribution of two different modes of SAMW between 45°E and
115°E (MCDONAGH ET AL., 2005; BRYDEN ET AL., 2003b), which comes along with
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FIGURE 3.3: Top and middel: Sections of anomalies (CD29 cruise minus WOAOQ1)

of temperature (top) and salinity (middle) on pressure levels along the CD29 cruise

track at 32°S taken in 1987 with the western subsection from 30°E to 45°E (left)

and the eastern subsection from 45°E to 115°E (right). Bottom: Vertical profiles of

zonal decorrelation length scales for salinity (red) and potential temperature (green)

estimated on pressure levels along the CD29 cruise track at 32°S taken in 1987 with
the western subsection (left) and the eastern subsection (right).
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a large east-west gradient in salinity. The local maximum of Lzy = 500km in the
scales of salinity and temperature at 1000 dbar might result from the distribution of
the AAIW along that pressure horizon. At 2000 dbar a similar maximum exists in the
length scales estimated from salinity. Below 1000 dbar the majority of the scales ranges
between 250 km and 500 km. The analysis of the data from the eastern subsection of
the CD29 cruise at 32°S (Fig. 3.3, right column) taken in 1987 show broadly the
same vertical structure of the length scales but with a tendency to larger values at
pressure levels of the maxima. The minimum associated with the SAMW is identifiable
between 600 dbar and 950 dbar with a length scale of Lz = 350km. The maximum
at 1000 dbar is deepened and broadened between 1050 dbar and 1350 dbar with values
of Lxg > 750km. The fact that the scales estimated from the 2002 data tend to be
smaller might be due to at least two strong small scale features at 75°E and 104°E,
with a vertical displacement of the isopycnals below 300 dbar by more than 150 dbar
in the 2002 section (PALMER ET AL., 2004). Additionally, significant differences have
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FIGURE 3.4: Top and middel: Sections of anomalies (CD139 cruise minus WOAOQ1)
of temperature (top) and salinity (middle) on pressure levels along the CD139 cruise
track at 32°S taken in 2002 with the western subsection from 30°E to 45°E (left)
and the eastern subsection from 45°E to 115°E (right). Bottom: Vertical profiles of
zonal decorrelation length scales for salinity (red) and potential temperature (green)
estimated on pressure levels along the CD139 cruise track at 32°S taken in 2002 with
the western subsection (left) and the eastern subsection (right).
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been found in the thermocline properties comparing those two sections along 32°S
(MCDONAGH ET AL., 2005). Furthermore, the different sampling periods, CD29 in
1987 during austral spring and CD139 in 2002 during autumn, could have an affect on

the estimates of length scales at least in the near-surface layers.

Meridional decorrelation length scales estimated from cruise data: For
the meridional cruise sections along 90°E the estimation of the decorrelation length
scales (Ly) follows the description as given in the beginning of section 3.1.1 including
equation 3.1 and 3.2. The meridional cruise sections along 90°E have been taken during
two different cruises in 1994/1995 but within a total time period of 4 months. Therefore,
the meridional decorrelation length scale (Ly) has been estimated for the whole section
as well as for the separate cruise sections, also shown are the temperature and salinity

anomalies (Fig. 3.5).
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FIGURE 3.5: Top and middel: Sections of anomalies (Cruise minus WOAO1) of tem-

perature (top) and salinity (middle) on pressure levels along 95°E between 47°S and

10°S (left) and parts of the I08S cruise track between 47°S and 32°S (middle) and the

I0O9N cruise track between 32°S and 10°S (right). Bottom: Vertical profiles of merid-

ional decorrelation length scales for salinity (red) and potential temperature (green)

estimated on pressure levels along 95°E (left) and parts of the I08S (middle) and I09N
(right) cruise tracks.
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The scales (Ly) estimated from salinity residuals for the whole section (Fig. 3.5 left)
seem to be similar, both in magnitude and structure with the salinity scales estimated
only from the southern part of the section between 47°S and 32°S (Fig. 3.5 middle).
Only the maximum of Ly = 800km around 1000 dbar does not exist in the later one.
On the contrary there exists a minimum in the salinity scales between 900 dbar and
1000dbar (Ly < 180km). This is due to the property distribution in that frontal
region, where south of 43°S the isohalines are almost vertically orientated from the
surface to about 800 dbar depth. The maximum in the salinity scales is more present
in the estimate from the northern part of the section between 30°S and 10°S. Here
this maximum is spread over a wide depth range, between 850 dbar and 1050 dbar and
represents the horizon of the AAIW with the characteristic salinity minimum, which is
spreading equatorwards and sloping upwards slightly. The estimated length scales for
temperature for the whole meridional section are similar to the salinity scales except
for a local maximum around 450 dbar (Ly = 450km) associated with the horizon
of Southeast Indian Subantarctic Mode Water (SEISAMW), the dense variation of
the SAMW characterized by a minimum in potential vorticity (MCCARTNEY, 1977).
Furthermore deeper than 1500 dbar the temperature length scales are about two times

larger than the length scales of salinity.

The different hydrographic cruise data have on the one hand the advantage to provide
information on the spatial scales not constrained by the Argo dataset but on the
other hand they have a short temporal coverage (<4 months) and can include strong
small scale variability not necessarily representative on annual time scales or longer.
Therefore, the Argo dataset itself has been used additionally, to estimate decorrelation
length scales. The Argo data also include small scale variability but they have the
advantage to cover the 5year period of the analysis and therefore they can provide a
better reference for the actual time period 2002 to 2005. The Argo data are interpolated
linearly onto appropriate meridional or zonal sections (Fig. 3.6) reducing the influence
of possible strong small scale features as seen for example in the CD139 cruise data

(PALMER ET AL., 2004).

Decorrelation length scales estimated from Argo data: Here the Argo data
within different longitudinal (for meridional length scales) or latitudinal (for zonal
length scales) bands are interpolated linearly to generate sections along 20°S, 32°S,
55°E and 95°E, respectively (Fig. 3.6). For example at 32°S three realisations are
calculated including all profiles within a +0.5°, +1° and +2° latitudinal envelope, re-
spectively. Within the area of 32°S+0.5° latitude only 544 profiles exist and within
+2° latitude 2167 profiles exist. It is quite obvious that since the number of profiles
is not equally distributed in time over the 5 year period (Fig. 3.7) it is important to
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FIGURE 3.6: Positions of Argo profiles (from January 2002 to December 2006)
along different sections in the subtropical South Indian Ocean, with zonal sections
at 32°S (green circle: +2°latitude; red dots: £0.5°latitude) and 20°S (green cir-
cle: £2°latitude; red triangle: +0.5° latitude) and with meridional sections along
55°E (blue circle: +2° longitude; red stars: £0.5° longitude) and 95°E (blue circle:
+2° longitude; red cross: +0.5° longitude). Total number of available data points
within the selected area are given in brackets. Contours indicate coastline (bold)
and 2000 m isobath.

use a wider range including more profiles to provide a representative estimate of the
length scales. Therefore, the final plots shown here use a £2° latitudinal/longitudinal

band to select profile data to get a better spatial and temporal coverage.

The analysis of the decorrelation length scales (Lxyw, Lzp and Ly) then follows
again the previously described steps (Sec. 3.1.1 with Eq. 3.1 and 3.2). The selected
profiles are sorted along their longitudinal position and the salinity and temperature
anomalies (Argo data minus “climatological” dataset) are linearly interpolated onto
the new generated grid of the spatial distance of the subsection evenly spaced into 200
stations. Then the decorrelation length scales are estimated again as the distance of
the point with R < e~3, fulfilled for the first time in the auto-correlation function
(Eq. 3.1 and 3.2).

Zonal decorrelation length scales estimated from Argo data: The
zonal decorrelation scales (Lzy ) for the western subsection along 20°S and 32°S
(Fig. 3.8 and 3.9 left column) show a strong vertical structure with slowly increas-
ing scales to Lxy = 220km at depth with small variations (Fig. 3.8 lower panel left)

or with larger variations (Fig. 3.9 lower panel left) centred around Lzy, = 300 km.
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FIGURE 3.7: Annual number of profiles contributing within a range of £2° longitude
to the meridional sections 55°E (top left) and 95°E (top right) and within a range of
+2° latitude to the zonal sections 32°S (bottom left) and 20° (bottom right).

Aside from the top 300dbar and the level between 1200 dbar and 1700 dbar at 32°S
the scales for salinity and temperature are very similar. In the eastern subsection along
20°S there exists less vertical structure, especially in the scale estimates (Lzg) for tem-
perature (Fig. 3.8 bottom right) but generally the vertical profiles of temperature and
salinity scales agree well with those estimated from the BEAGLE cruise (Fig. 3.2 bot-
tom right). The length scale for salinity increase with depth to Lxr = 700 km around
950 dbar, which is the horizon of the AAIW characterized by a salinity minimum. Be-
low 1000 dbar the scales decrease to about Lzrg = 500km at 2000 dbar with a local
maximum in between of Lrg = 1200km at 1500 dbar. Here it is appropriate to men-
tion, that a large number of profiles near 20°S result from floats adjusted to drift at
1000 dbar taking only every 3rd cycle or less frequently a deep profile from 2000 dbar,
that means that about 40% of the profiles cover only the upper 1000 dbar range of
the water column. The length scale for temperature shows similar characteristics with
stronger pronounced maxima and an additional local maximum of Lzxp = 1100km

around 500 dbar (Fig. 3.2 bottom right). Along 32°S in the eastern section the scales
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for temperature and salinity between the surface and 950dbar are Lzxgp = 300km
and Lxp = 500 km, respectively (Fig. 3.9 bottom right). Around 1000 dbar, which is
the horizon of the AAIW, both scales are large, Lx > 1400 km, decreasing to about
Lz = 600km at 2000 dbar. Here nearly all profiles cover the whole water column since
a large number of the floats adjusted to drift at 2000 dbar have been deployed along
32°S in early 2002.

Meridional decorrelation length scales estimated from Argo data: The
meridional length scales (Ly) at 55°E (Fig. 3.10 left column) are between Ly = 250 km
and Ly = 300km down to 1000 dbar. Below 1000dbar, the scales for temperature
increase to about Ly = 400km, while the salinity scales show a maximum of Ly >
750km at about 1100 dbar, which is at the horizon of the AAIW between 41°S and
23°S. Below 1100 dbar the scales for salinity decrease to about Ly = 200 km. Again it
is appropriate to mention that about 40% of the profiles included here do not reach

deeper than 1000 dbar, therefore one would expect smaller variations along the section

_ | ." '; 1 . 500f !
E ' g i 1R
= . W = 1000 :
g g
> . > .
s -15 -1 -05 0 0.5 1 1.5 s -15 -1 -05 0 0.5 1 1.5
2000 . . . 5 2000& . . .
0 1000 2000 3000 4000 0 1000 2000 3000 4000
distance [km] distance [km]
__ 500} |? “ _ 500}
g & g
= 1000+ ' ] = 1000+
g ' w A g
2 2
@ 15001 2 1500F
s 0 0.05 0.1 0.15 s 1 -005 0 005 0.1 0.15
2000& . . 5 2000& . . .
0 1000 2000 3000 4000 0 1000 2000 3000 4000
distance [km] distance [km]
o4 T T
500 o S (363) 500 o S(319)|
§ o T(311) % o T(361)
— 1000} o a : : — 1000} :
o gpoo B o
> ® %ﬂ > Argo-WOAO1
$ 15007 Argo-WOAO1|1 $ 1500¢ 95°E=2°
o f 55°E+2° o (-]
B oo &o ®
2000 0 i I . . i J 2000kL _ i i o4
0 200 400 600 800 1000 1200 0 200 400 600 800 1000 1200
distance [km] distance [km]

FIGURE 3.10: Top and middel: Sections of anomalies (Argo minus WOAOQ1) of tem-

perature (top) and salinity (middle) on pressure levels along 55°E (left) and 95°E

(right). Bottom: Vertical profiles of zonal decorrelation length scales for salinity (red)

and potential temperature (green) estimated on pressure levels along 55°E (left) and
95°E (right).
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due to fewer data points used for the interpolation. At 95°E (Fig. 3.10 right column),
the estimated length scales are Ly = 300 km for temperature above 1400 dbar with local
minima of Ly = 150km at 500 dbar and 900 dbar. Below 1500 dbar the temperature
scales increase to about Ly = 600 km. The salinity scales decrease from Ly = 400 km
to Ly = 200 km at 1400 dbar with a local maximum of Ly > 600 km at 950 dbar. Below
1400 dbar the salinity scales are Ly = 200 km.

Final selection of decorrelation length scales The aim of the previously de-
scribed procedure is to define appropriate decorrelation length scales to be used in
the OI. Therefore, temperature and salinity measurements from zonal and meridional
cruise tracks as well as from DMQC Argo float data, have been utilised. The scales
estimated from cruise data are of the same order as those estimated from the Argo
float data, while different temporal time periods are covered, a few weeks in the cruise
data and a year or longer in the Argo data. The scales will finally be used to generate
annual and seasons averages, respectively, over the 5year period 2002 -2006. Knowing
that the results leave a variety of possible length scales to select, three single scales
have been chosen, more or less subjectively: A mean zonal length scale for the west-
ern boundary region west of 45°E (Lxyw ), a mean zonal length scale for the interior
east of 45°E (Lxg) and a meridional length scale for the whole SIO area (Ly). The
meridional length scale is chosen to be Ly = 400km, which is about the average or
slightly larger than the scales estimated from the cruise data and Argo float data as
previously discussed. This is also about the latitudinal scale discussed by KING AND
McDONAGH (2005). They analysed float data collected up to May 2003 along 32°S
and found that a latitudinal variation of about 5°latitude (550km) in the position
of the profile data reflects small changes compared to changes between the 1987 and
2002 cruise sections. The zonal length scales are chosen to be Lzy = 200km, for the
western subsection west of 45°E, connected to the boundary region and Lxg = 600 km
for the eastern subsection between 45°F and 120°E. These final length scales are about
the average smaller than the estimated scales from the previous analysis using cruise
data and float data. With these defined decorrelation length scales we now proceed

with the description of the major elements of the OI.

3.1.2 Distance weighting and the final objective estimate

In the following, salinity is used exemplarily as a parameter that is supposed to be
interpolated on a regular grid. The final objective estimate S°% given by the OI at

each mapping grid point for each 20 dbar surface is composed from
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S = Swoa + w e (S—Swoa) (3.3)

where Syoa denotes the salinity taken from the nearest WOAOL climatology grid
point, w is the coefficient weighting matrix using the decorrelation scales, S =
[S1,..., Sn] is the set of salinity measurements from the selected float profiles on each
grid point. In other words the a priori estimate is the nearest climatological value
Swoa. This first-guess background climatology is not essential but in the light of the
early stage of the Argo project in the SIO and the distribution of its contributing float

profiles, it was used.

The full OI algorithm applied in this work consists of two steps, a preselection of
the data (1st step) and the actual mapping of the selected data (2nd step). Depending
on the application of the OI, it might be necessary to apply a further step with a
“small-scale” mapping including temporal separation. WONG ET AL. (2003); BOHME
AND SEND (2005) showed that this is essential during the delayed-mode quality control
process, where the float profiles are compared with historical observations to reduce
sensor drift or off-sets, since the multi-step mapping realistically gives increased er-
ror estimates where recent historical data are not available. In the present study the
small scale mapping is omitted since the data fall within a relative tight time range
of a few days for the realisations of the cruise sections and the spatial density is not
enough to gain advantages from the small-scale mapping step. Due to the focus of
this work to analyse seasonally and annually averaged fields (compared for example
to HADFIELD ET AL. (2007)), no temporal separation is included in the OI procedure
(Eq. 3.4 , 3.8 and 3.9) in compliance with the focus of this work to analyse season-
ally and annually averaged fields (compared for example to HADFIELD ET AL. (2007)).
Therefore, for consistency, the results of the original cruise tracks, being resampled from
Argo float data (Sec. 3.2), are also generated without temporal separation in order to
validate the accuracy of the finally applied OI to the seasonal and annual averages. The
so called ’generalized’ distance weighting, that accounts for the cross-isobath separa-
tion in the OI (DAvis, 1998; BOHME AND SEND, 2005) was omitted as well, because no
adequate scale for the fractional distance F' could be determined. But the separation
into two subsections with different longitudinal scales, the western accounting for the
western boundary region (Lzy = 200km), and the eastern accounting for the basin
interior (Lzp = 600 km), compensates partly the missing fractional distance weighting

in the boundary region.
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966

FIGURE 3.11: Annual num-
ber of delayed-mode quality
control profiles in the sub-
tropical South Indian Ocean
between 50°S and 10°S and
25°E and 125°E. The dark
blue unlabelled section rep-
6103 resents year 2002.

First step of the OI In this step the profiles contributing to the actual mapping
grid point are “preselected”. This is mainly important to speed up the calculations
if the OI is applied to generate 3-dimensional fields of the whole subtropical SIO,
because more than 20000 profiles exist between 50°S and 10°S between the beginning
of 2002 and the end of 2006 (Fig. 3.11). This selection process includes a routine that
eliminates data points which are separated by topography from the mapping point.
Here the TerrainBase 5 elevation database [http://dss.ucar.edu] is used and inter-
polated onto a 0.5° x 0.5° grid. Now if there exists intercepting topography between
the mapping grid point and data point, the data point is excluded. Additionally, a
simple distance weighting scheme is applied to the remaining data points assuming
a Gaussian distribution of the data in space. Only those data points are used with a

weighting factor wd; 4 > e~3 following the equation

Dz? Dy?
. — _ 2,9 2,9 > .
wd; g = exp { [ T3 T } } fori=1:N

(3.4)

where Dz; , and Dy; , are the meridional and longitudinal distances in km between
the i-th data point and the mapping grid point with index g. Lz is the decorrelation
length scale as estimated in Section 3.1.1, with Lx = Lz west of 45°E and Lz = Lxg
between 45°E and 120°E. Note that in the following the subscripts 7 and j refer to Argo
profile locations with N the number of selected profiles, while the subscript g refers
to the mapping grid point. No temporal separation is used because the Ol is used to
generate seasonal and annual averages. Only in section 3.2 the original cruises tracks

are resampled using the OI from Argo float data but for consistency and to validate
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the accuracy of the mapping finally applied to the seasonal and annual averages no

temporal separation is included (compared to HADFIELD ET AL. (2007) for example).

Second step of the OI Now the actual mapping is done and the objective estimate
is calculated. According to WONG ET AL. (2003), each salinity measurement .S; can be
separated into a true signal (s;) and into a random noise (7;), including measurement
errors, unpredictable processes and the natural variability in the ocean that cause
deviations from the mean state. FUKUMORI AND WUNSCH (1991) showed that the
signal and noise variance of the data can be approximated from the relationship
S; = s; +n; assuming that the noise is uncorrelated over distance, that it has uniform
variance and that the signal has a longer correlation distance than the data separation.

The signal variance s? is then approximated by

1
= § 2 (5i—Swor)’ (3.5)

and the noise variance 7? is approximated from the difference of S from neighbouring

measurements given by

1
2 2
= Si— S 3.6
where S} is the salinity measurment that has the shortest distance from S; on each
isobath. The signal and noise variance are then joined into the coeflicient weighting

matrix w, given by

w = Cdg e [Cdd + T e (p*)]7! (3.7)

where I denotes the identity matrix and Cdg and Cdd being the data-grid and

data-data covariance matrices given by

Cdg = (s°) e exp { - [Dx?’g + Dygg”

At (3.8)
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Cdd = (s?) e exp { — [DLfQ’J + széj]} (3.9)

with Dz;; and Dy; ; as the meridional and longitudinal distance between the two

data points with indices ¢ and j. The final error variance of the OI is then given by

03,(8%) = s> — Cdg e Cdd™! e Cdg” (3.10)

and it takes into account the number of profiles as degrees of freedom with which to

scale the standard deviation.

Advantages of the Optimal Interpolation This paragraph illustrates and ex-
plains the effect of the non-isotropic distance weighting with the aid of the western
boundary and the interior region, respectively but also the effect of the unbiased
pointwise estimate given by the Gauss-Markov theorem (Fig. 3.12). The upper two
panels show the influence of the different zonal decorrelation length scales applied in
the “pure” distance weighting step (Eg. 3.4), but also the final selection of the profiles
after the “full” optimal interpolation algorithm is applied (coloured dots). It can be
seen that for the western subsection with Lzy < Ly (Lzw = 200km, Ly = 400km)
the area with a pure distance weighting is compressed in the longitudinal direction
forming an ellipse (Fig. 3.12top). Along the eastern subsection, here in the Crozet
Basin (Fig. 3.12middle) the orientation of the ellipse is reversed, since the zonal scale
is now larger than the meridional scale (Lzp = 600 km, Ly = 400 km). The lower panel
in Figure 3.12 illustrates the effect based on the Gauss-Markov theorem, which is used
in this method, to get unbiased pointwise estimates. Here for this schematic isotropic
length scales are used (Lx = Ly). Assume the case of three perfect observations on
a circle as shown in Figure 3.12 with observation P1, P2 and P3 being equidistant
from the estimation point C and therefore having the same distance weighting value.
By putting reasonable correlation values into the equations for the weights, one finds
that the weight for P1 is larger than for P2 or P3. This occurs because P1 carries more
independent information than either P2 or P3, which are closer together. As the angle

« increases towards 60°, the three weights approach equality.
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FicUure 3.12: Color shading of
the distance weighting (wd) used
in the Optimal Interpolation with
anisotropic length scales com-
puted on a 0.25°x 0.25° grid. In
the top panel near the western
boundary region at 37°E /33°S
the patch from the distance
weighting has a meridional ori-
entated eliptic shape due to the
smaller zonal scales (Lxy =
200km; Ly = 400km). In the
middle panel here in the Crozet
Basin, at 69°E /34°S the patch
from the distance weighting has
a longitudinally orientated, ellip-
tic shape due to the larger zonal
scales in the interior (Lxp =
600km; Ly = 400km). The dots
indicate the position of all avail-
able float profiles (yellow) and
those with a distance weighting
(wd) of wd > e™3 (red).

&2 A i i @Y o | Bottom panel: Illustration of the
60°E 65° 70° 75° 80°E “unbiased pointwise estimate”
used in the Gauss-Markov theo-

rem. Shown are three perfect ob-

servations (P1, P2 and P3) on a

circle (assuming isotropic decor-

relation length scales) with radius

R and gridpoint C at the centre.

Observations P2 and P3 are at

angular distance o from the lati-

tude of gridpoint C. Whereas P1

has a larger angular distance to

P2 and P3.

35°

With this OI algorithm it is now possible to reproduce or create sections and maps
from the float data with appropriate error estimates too. The next section gives an

overview of the float realisations used in this study.
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3.1.3 Realisations generated from Argo floats and cruise datasets

For ease of reading the following analysis (Chapter 4), a short overview of the realisa-
tions is given, which are used later in this work. The float realisations (Tab. 3.1 and
3.2) have been produced by collecting the float data from the DMQC dataset within the
desired time frame and generating mean estimates of salinity and temperature with the
Optimal Interpolation. Whereas the cruise realisations (Tab. 3.3) have been produced
by running the OI on the cruise data. First, for the comparison of the accuracy of float
realisations, the estimates along the cruise tracks have been used. Different temporal
coverages have been realised, ranging from +0 months to +£2 months along CD139 and
BEAGLE, respectively. Second, for the analysis of changes in the gyre strength and
its variability the float realisations on the 1°x1° grid given by the background cli-
matology WOAO1, along the fixed latitude of 32°S and 20°S respectively, have been
used. Annual averages and 5 year mean seasonal averages have been generated for the
whole subtropical SIO. All realisations used in this study use anisotropic decorrelation
length scales Lzy =200km, Lxgp = 600 km and Ly = 400 km derived from combined
hydrographic cruise data, float measurements and climatological data as described in

detail in the previous section (Chapter 3.1.1).

TABLE 3.1: Float realisations generated from Argo float dataset with different tempo-

ral resolutions using the Optimal Interpolation to reproduce the recent cruise sections
CD139 and BEAGLE.

’ Name H temporal coverage \ region/latitude

Argocnp1394-0mon 04.03.2002 - 14.04.2002 CD139 cruise track

Argocp139+1mon 04.02.2002 - 14.05.2002 CD139 cruise track

Argocp1394+-2mon 04.01.2002 - 14.06.2002 CD139 cruise track
ArgoBEAGLE+0mon || 09.12.2003 - 24.01.2004 | BEAGLE cruise track
ArgoBEAGLE+1mon || 09.11.2003 - 24.02.2004 | BEAGLE cruise track
ArgoBEAGLE+2mon || 09.10.2003 - 24.03.2004 | BEAGLE cruise track
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TABLE 3.2: Float realisations generated from Argo float dataset with different tempo-

ral resolutions (annual mean, 5year seasonal mean) using the Optimal Interpolation

to estimate temperature and salinity fields for the subtropical South Indian Ocean on
a regular 1°x1° grid.

’ Name H temporal coverage \ region/latitude ‘
S10_02 year 2002 25°E - 125°E; 45°S-18°S
SI10_03 year 2003 25°E - 125°E; 45°S-18°S
S10_04 year 2004 25°E-125°E; 45°S-18°S
SI0_05 year 2005 25°E - 125°E; 45°S-18°S
SIO_06 year 2006 25°E-125°E; 45°S-18°S

SIO_SPR spring (SON) 25°E-125°E; 45°S-18°S
SIO_SUM summer (DJF) 25°E-125°E; 45°S-18°S
SIO_AUT || autumn (MAM) | 25°E-125°E; 45°S-18°S
SIO_DEC winter (JJA) 25°E-125°E; 45°S-18°S

TABLE 3.3: Cruise realisations generated from cruise datasets using the Optimal
Interpolation either to smooth the cruise data to investigate the effect from the map-
ping, or to project onto the closest WOAO1 latitudinal grid.

’ Name H data \ region/latitude ‘

selfCD29 CD29 CD29 track

selfCD139 CD139 CD139 track
sellBEAGLE || BEAGLE | BEAGLE track
20SBEAGLE || BEAGLE 20°S
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3.2 Accuracy of the Optimal Interpolation tested with

resampled cruise tracks using Argo float data

In the previous section the OI was introduced and described. Now, the hydrographic
cruise data along 32°S taken in 2002 and 20°S taken in 2004, respectively, are
compared with Argo float data interpolated onto the same cruise tracks. No temporal
decorrelation scale has been included in the OI, because the focus is directed to annual
and seasonal averages. Therefore, the estimates from the float realisations are finally
compared with smoothed versions of the cruise data with a 5-point moving average
applied. The 5-point moving average is of the order of the zonal decorrelation length
scales (Lzw and Lxg) applied in the OI (CD139mabpt and BEAGLEma5pt).

3.2.1 Comparison of the 2002’s cruise data along 32°S with optimal
interpolated Argo float data

In this section the CD139 hydrographic section along 32°S, sampled from the 4th of
March to the 14th of April 2002 (BRYDEN ET AL., 2003a), is reproduced using optimal
interpolated Argo float data in the subtropical South Indian Ocean between 10°S and
50°S. The float data are interpolated to the cruise CTD stations to obtain salinity and

temperature sections.

Initially three float datasets are used with a different temporal coverage to get an
idea which sampling period might be appropriate to reproduce a hydrographic section
(Tab. 3.1). The first dataset covers only the time period of the cruise (Argocp139+0mon)
with 43 profiles used in the OI out of 66 available. The second one covers 1 month
before and after the cruise, in total a period of 14 weeks covered by 129 out of 190
profiles (Argocpi394+1mon)- The third dataset expands the time period by + 2 months
(Argocpi39+2mon ). 1t covers 22 weeks in total with 213 profiles used out of 320 available.
At this stage from the distribution of the profiles for each realisation (Fig. 3.13) it
becomes clear that the realisation using only profiles from within the cruise period
(Argocpi39+0mon) cannot provide any estimates other than the climatological values
east of 105°E. Therefore, for the comparison of the accuracy of the OI the realisations
Argocpi39+1mon and Argocpisg+omon have been used, since they provide a full section
without relying only on climatological values. There exist only few profiles earlier
than the cruise date, because during the 2002 cruise 25 floats were launched (BRYDEN
ET AL., 2003a). That marked the starting point of the Argo project in the subtropical
SIO. Before the CD139 cruise only 5 floats were sampling the area of the subtropical
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F1cURE 3.13: Positions of Argo float profiles used for interpolation onto CD139 cruise

stations (track shown as black dashed line), within the cruise period only (blue dots)

and within £1 month (green dots) and within +2 months (red dots) of the cruise

date respectively. Contour lines highlight coastline (black bold) and 1900 m isobath
(black thin).

TABLE 3.4: Number of Argo profiles available in the subtropical South Indian Ocean
(between 45°S and 20°S and 25°E and 120°E) for different periods of 2 and 6 months.
Numbers of DMQC profiles shown in brackets.

] 6 months period | Profiles || 2 months period | Profiles |

01.01.2007 - 30.06.2007 | 3076 (1266) || 01.01.2007 - 28.02.2007 | 1002 (479
01.02.2007 - 31.07.2007 | 3065 (1181 01.02.2007 - 31.03.2007 | 1008 (
01.03.2007 - 31.08.2007 | 3117 (1123) || 01.03.2007 - 30.04.2007 | 1040 (
01.04.2007 - 30.09.2007 | 3073 (1026) || 01.04.2007 - 31.05.2007 | 1040 (
01.05.2007 - 31.10.2007 | 3087 (925) || 01.05.2007 - 30.06.2007 | 1034 (
777) || 01.06.2007 - 31.07.2007 | 1017 (352

(

(

(

N Nub?d NIV Nl

01.06.2007 - 30.11.2007 | 3061 (

01.07.2007 - 31.12.2007 | 3067 (646) || 01.07.2007 - 31.08.2007 | 1043 (336
01.08.2007 - 31.01.2008 | 3069 (504) || 01.08.2007 - 30.09.2007 | 1016 (281
01.09.2007 - 29.02.2008 | 3076 (368) || 01.09.2007 - 31.10.2007 | 1010 (221

SIO. Just for comparison, from the beginning of 2007 onwards more than 1000 profiles
are available for a 2 month period while for a 6 month period more than 3000 profiles
are available which is up to 10x more than in the beginning of 2002 (Tab. 3.4; taken
from USGODAE Argo GDAC Data Browser!).

The CD139 cruise dataset itself does contain large variability on scales of about
100km to 200km in the interior with displacements of the isohalines and the isopy-
cnals, as shown by PALMER ET AL. (2004), of 200 dbar or more, for example around
52°E, at 75°E and 104°E (Fig. 3.14 top). This small-scale variability cannot be fully
resolved in the Argo section due to the coarse coverage of data. Although some of
the float deployments were close to CTD stations, where the large shift/displacement
in isohalines can be found, the characteristics of the floats to sample the profile dur-

ing ascent from parking depth to the surface after almost 10 days of drift at parking

"http:/ /www.usgodae.org/cgi-bin/argo_select.pl
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FIGURE 3.14: Top: Vertical salinity section of CD139 cruise data. White dashed el-
lipses mark location of high amplitude small spatial scale features. Middle: Position of
Argo float profiles in the vicinity of the cruise track + 2 months of the cruise date (blue
circles) and location of large shift/displacement in the isohalines and isopycnals of the
cruise section (green crosses). Contours indicate 1900 m isobath (black) and coastline
(black bold). Bottom: Vertical section along CD139 cruise track of additive salinity
term estimated in the Optimal Interpolation for float realisation Argocpi39+2mon-

pressure delays the possibility to sample the displacement. Nevertheless in the addi-
tive salinity term estimated during the OI, clear signals appear in the east at 95°E
and 104°E (Fig. 3.14, bottom) between 200 dbar and 1000 dbar, as well as between
50°E and 60°E between 800 dbar and 1200 dbar. It is surprising that the strong signal
in salinity around 104°E is better represented in the float realisation Argocpizg+2mon
(Fig. 3.14 bottom) than in Argocpi39+imon (ROt shown separately). This could be an
indicator that the signal at 104°E has a lifetime of longer than 30 days.

The main interest is the large scale field, therefore it seems appropriate to use a

dataset without the large small-scale variability (Fig. 3.14 top), to compare with the
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original cruise data. Therefore, the small-scale variability from the original CD139
cruise data has been removed. Since the average station separation during the CD139
cruise west of Madagascar Ridge (MADR) (at 45°E) is about 35km and along the rest
of the section about 80 km respectively, a 5-point moving average filter has been applied
to the data. This is of the order of the decorrelation length scales (Lxy =200km and
Lxg =600km) applied during the OI. The filtered dataset (CD139mabpt) will be the

reference dataset for the following comparison.

The two different float realisations (Argocpi39+imon and Argocpizg+2mon) are used
to obtain an idea of the errors associated with the temporal coverage of profiles in the
area of the cruise track since no temporal separation is included in the OI. Additionally,
the original cruise data are referenced to the filtered cruise data (CD139ma5pt) to give
a measure of the small-scale variability. For the purpose of clarity a look at vertically
averaged properties should be sufficient to select a preferred float realisation for a
more detailed comparison. The Root-mean-square (RMS) of salinity or temperature
difference at all depths down to 1900 dbar (Argo minus cruise) gives a good measure of
the differences in the realisations. Generally the RMS of both float realisations shows
the same structure and magnitude as the RMS from the cruise dataset. The RMS in
salinity differences is generally smaller than 0.07 for both float realisations (Fig. 3.15),
only at the western boundary around MOZP at 35°E the RMS is larger than 0.15,
which is due to the high variability in the boundary current. The RMS in salinity
difference between the original and smoothed cruise data shows very much the same
structure and magnitude at 35°E. In this area the first floats were deployed therefore
a larger number of profiles exist close to the cruise track with additional profiles from
older floats further north around 29°S, that means a smoother estimate is achieved

there. The two spikes at 75° and 104°E in the RMS of the salinity difference between
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FIGURE 3.15: Root-mean-square of salinity difference between original and smoothed
cruise data (green) and between float realisations and smoothed cruise data
(Argocp139+1mon: blue dashed; Argocpizg+amon: black).
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CD139 and CD139mabpt data result from the small-scale variability present in the
cruise data (PALMER, 2005) and described in the previous paragraph (Fig. 3.14). The
largest deviations between the two float realisations exist east of 50°E and around
60°E. The mean RMS of salinity difference for the whole section is 0.05 for both float
realisations and for the section east of MADR at 45°E it reduces to only 0.04. The
vertical averaged salinity error estimate provided by the OI has for both realisations
the same structure again with very little differences (Fig. 3.16 top). The mean salinity
error estimate is about 0.026 and for the part of the section east of 45°E it decreases
to about 0.015. Both realisations have a vertical averaged Signal-to-noise ratio (SNR)
greater than two throughout the section (Fig. 3.16 bottom). According to (SCHILLER
ET AL., 2004) a SNR of one or more should provide statistically significant information
about the Argo data. Outside the upper 500 dbar and the western boundary area large
values in the true signal exist at depths between 700 dbar and 1200 dbar, which is the
level between SAMW and AAIW. Here in contrast to the first two areas the noise is
relatively small. The differences in temperature for the previously described parameters
gives very analogous results, with a very similar structure. The section wide averaged
RMS is 0.6°C for the float realisations and 0.7°C for the climatology, therefore the

plots are not shown separately.
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FiGURE 3.16: Different vertical averaged parameters along CD139 cruise track us-

ing float realisations with different temporal coverage (Argocpi39+1mon: blue dashed;

Argocpisg+amon: black). Top: Error estimate for salinity from OI. Bottom: Signal-to-
noise ratio for salinity given by the OI.
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Finally the differences between the two float realisations are very small if vertically
averaged properties are used. Taking into account the larger number of profiles in total
and also at each station grid point (not shown), but also the better representation of
the small scale signals in the east, float realisation Argocpizg+2mon has been chosen
for a detailed comparison. Compared to the climatological values the float realisation
show better accuracy than the WOAO1 climatology on average better than 0.01 in
salinity (Fig. 3.17) and 0.1°C in temperature (figure not shown separately) for the
whole section. Generally the RMS of the salinity difference from Argocpisgo+omon 1S
smaller compared to that one from WOAOQ1. The averaged RMS of salinity difference
along the whole section is 0.051 for the float realisation, 0.063 for the WOAO1 and
0.056 for the WOAO5 climatological section respectively. It is not surprising that the
averaged RMS of salinity difference is smaller for WOAOQ5 since this dataset contains
hydrographic data available until 2004, including cruise and float measurements. Near
Mozambique Plateau (MOZP) the RMS of the float realisation is much larger than
for the climatological sections. Here the averaged salinity difference shows a positive
bias in the float realisations, especially west of 45°E, where contributing profiles come
from as far north as 27°S (Fig. 3.17and 3.13). In the basin interior there remains a
small positive bias possibly resulting from the broad northward position of the floats,
for example between 60°E and 90°E all profiles are taken a bit further north than the
original cruise CTD stations (Fig. 3.13).
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FIGURE 3.17: Vertical averaged salinity difference (referenced to CD139ma5pt) along
CD139 cruise track comparing different datasets (Argocpiso+omon: blue dashed;
WOAOLI: red thick; WOAO5: black).

Generally an agreement within 0.05 in salinity and 0.6°C in temperature was
achieved along 32°S; keeping in mind that almost no float profiles existed in that
region before the cruise took place. This comparison confirms that Argo data have
the capability to reproduce hydrographic sections as shown recently for the North At-

lantic (HADFIELD ET AL., 2007). Even a global operation system such as Argo cannot
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replacement for single/repeated hydrographic shipboard measurements or mooring ar-
rays nor extensive numerical modelling. It is clear that the Argo data need a high
quality reference dataset for the DMQC procedure, but, in regions where hydrographic
shipboard measurements are sparse (due to less sampling or ice coverage for example),
the Argo float data provide a good estimate to fill the spatial and temporal gaps in
the observational system so that low-frequency variability on basin wide scales can be
resolved. The Argo data in this study are used to resolve interannual and seasonal
variability within the 5 year period 2002-2006, when repeated hydrographic shipboard

observations are sparse.

Property sections along CD139 cruise track at 32°S: The floats deployed
during CD139 cruise have been adjusted to drift at parking pressure for almost 10 days
(the standard cycle time for Argo floats). Hence, during that 60 days time period there
are generally less profiles available from the floats deployed the further east (Fig. 3.18),
as the cruise direction was from West to East. Only between 88°E and 106°E does a
better spatial coverage exist where 6 floats provided 63 profiles compared to the part of
the section between 58°E and 88°E where 7 floats provided only 54 profiles. Therefore,
between 88°E and 106°E a large number of profiles is used in the OI although it is at
the eastern end of the section. The largest number of profiles occurs near 55°E, where
the larger zonal decorrelation length scale Lxg of 600 km applies and only half of the

time of the cruise has past.
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FI1GURE 3.18: Section along CD139 cruise track showing number of profiles taken into
account during the OI for realisation Argocpisgo+2omon at €ach grid point and on each
20 dbar pressure surface to estimate salinity and temperature.
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FIGURE 3.19: Section along CD139 cruise track for salinity (top) showing as grey
contours the 0.02 (solid) and -0.02 (dotted) salinity difference Argocpise+2mon -
CD139mabpt; also shown potential vorticity (bottom). Contour lines show potential
density for Argocpisg+2mon float realisation (black) and CD139mabpt smoothed cruise
data (white). The oo = 26.7 indicates the SAMW level while oo = 27.2 indicates the
AATW horizon respectively. Additional contours shown are oo = 27.0 and 09 = 27.5
(dashed white). Major topographic features like Mozambique Plateau (MOZP), Mada-
gascar Ridge (MADR) and Ninetyeast Ridge (NER) are included.

The general characteristics of the CD139 section are well reproduced from the OI of
Argo profiles. For example, the core of the AAIW, which is characterised by the min-
imum in salinity, decreases in depth from 1200 dbar at 39°E to 850 dbar at 114°. The
major differences in salinity between Argocpizg+omon and CD139mabpt exist above
1000 dbar and in the western boundary region (Fig. 3.19 top). Between 45°E and 85°E
mainly positive anomalies exist of up to 0.02, while east of 90°E anomalies are mainly
negative. Between 100°E and 110°E two deep patches exist showing a increase in salin-
ity of 0.02 compared to the smoothed cruise data. This agrees partially with findings
from KING AND McDONAGH (2005). They found float salinity being fresher on an
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isotherm at the core of SAMW compared to CD139 cruise data. For the tempera-
ture differences a very similar distribution exists, with positive anomalies of up to
0.2°C between 45°E and 85°E whereas between 90°E and 106°E above 500 dbar the
float estimate is up to -0.2°C cooler. From the density field, derived from the inter-
polated salinity and temperature fields, potential vorticity (PV) can be calculated
(PV = |f|/p - dp/dz, where f is the Coriolis parameter, p the density and z is the
depth). Then the core of SAMW can be identified by the minimum in PV along the
section (Fig. 3.19 bottom). In the far east a stronger minimum exists in PV characteris-
tic for the SEISAMW centred between 85°F and 100°E below 400 dbar. In contrast the
AAIW has larger PV indicating a less homogenised water mass. Generally, if density
is needed for the final calculations, it is also possible to map density directly, instead
of temperature and salinity separately. The advantage of mapping density directly is
that possible artificial cabbeling is avoided. The cabbeling results from the non-linear
contributions of temperature and salinity in the density equation. In this study, tem-
perature and salinity are mapped separately and contributions of possible cabbeling
are included in the error estimates, at least partly, for the later transport calculations,

as discussed in Chapter4.1.1.1.

With a better spatial and temporal coverage it is expected to get even better re-
sults. Next the section along 20°S taken in 2003/2004 is compared with interpolated
float data, here more profiles are available before the cruise which could improve the

accuracy.

3.2.2 Comparison of the 2004’s cruise data along 20°S with optimal
interpolated Argo float data

The approach described in the previous section (Section 3.2.1) is now used, with the
aim to reproduce the BEAGLE hydrographic transect along 20°S taken between the
9th of December 2003 and the 24th of January 2004. During that cruise, 13 Argo floats
have been deployed between 55°E and 95°E (UCHIDA AND FUKASAWA, 2005), again a

region that was only sparsely covered with profiles up to this date.

Three different temporal coverages of float data have been used to interpolate onto
the cruise CTD stations. The first dataset covers only the 55 day period of the cruise
(ArgOBEAGLE+0mon) With 78 profiles used out of 308 available ones for the whole sub-
tropical gyre region. The second dataset covers 1 month before and after the cruise
dates, in total about 100 days covered by 222 profiles out of 826 (ArgopEAGLE+1mon)-
The third dataset expands the time period by 2months before and after the cruise

(ArgoBEAGLE+2mon)- This dataset takes into account 359 profiles out of 1348 available
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ones (Fig. 3.20). Here again the dataset using only the time period of the cruise is
rejected because of an insufficient number of deep profiles. In this area a large num-
ber of floats are adjusted to drift at 1000 dbar parking pressure and only every 7th
profile is taken from 2000 dbar depth to the surface. So in total only about 50% of
the profiles reach to 2000 dbar. As previously, the comparison is focussed on the two
realisations extending the cruise period by 1 months (ArgopgAGLE+1mon) and 2 months
(ArgoBEAGLE+2mon ), respectively, to avoid stations being filled with first guess clima-
tological values from WOAOL.

Again a 5-point moving average is applied to the original cruise data to analyse
the depth averaged difference in salinity and temperature to the smoothed cruise data
(BEAGLEma5pt). The RMS of the salinity differences derived from the float realisa-
tions referenced to BEAGLEma5pt shows less agreement with the RMS taken from
the salinity difference of the original and the smoothed cruise data. Especially in the
western boundary region and on both sides of Madagascar the values differ by a factor
of two (Fig. 3.21). For the whole section the mean RMS of the salinity differences is
about 0.05 for both float realisations, which is 0.01 smaller than the values calculated
for the cimatological section derived from WOAOQ1. The averaged salinity difference
is slightly positive with 0.003 for ArgoprAQLE+1mon and 0.004 for ArgopgacLE+2mon
respectively. Here these values do not further reduce if only the part of the section
east of 45°E is used. The vertically averaged error in salinity estimated by the OI is
0.035 for both float realisations averaged for the whole section with little difference
in the structure. Also the vertical averaged SNR is quite similar for both realisations
with values of more than two for the whole section. Nevertheless the number of profiles

contributing at each station grid point differs greatly with ArgopgAQLE+2mon including
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F1GURE 3.20: Positions of Argo float profiles used for interpolation onto BEAGLE

cruise stations (track shown as black dashed line), within the cruise period only (blue

dots) and within +1 month (green dots) and within +2 months (red dots) of the

cruise date respectively. Contour lines highlight coastline (bold) and 1900 m isobath
(thin).
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between 30% to 50% more profiles at most of the stations. Therefore, the float realisa-
tion ArgopgAGLE+2mon 1S chosen which extends the cruise period by £2 months for a

more detailed comparison of the properties.

Property sections along BEAGLE cruise track at 20°S Although the BEA-
GLE cruise was taken in 2003/2004, about 18 months after the CD139 cruise, the
spatial coverage is still very sparse due to the fact that only 13 Argo floats had been
deployed during that cruise along 20°S. Additionally, the majority of the floats in
that region are adjusted to a parking pressure of 1000 dbar which reduces the number
of deep profiles and also produces areas without any profiles at the eastern flank of
Madagascar between 49°E and 54°E (Fig. 3.22). Additionally, at depth the estimates
depend heavily on profiles from one or two floats only which could include a possible

bias by malfunctions not detected during the delayed-mode quality control.

The characteristic properties at 20°S are well reproduced by the ArgopgacLE+2mon
estimate. Along the whole transect a salinity maximum exists above the oo = 26.4
isopycnal with its core at 250 dbar. Near the surface lower salinities between 34.85
and 35.1 exist (Fig. 3.23). At depth between 1000 dbar and 700 dbar, decreasing to the
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Ficure 3.21: Top: Root-mean-square of salinity difference between original and
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east, the minimum in salinity related to the AATW appears. A freshening of 0.02 exist
between 65°E and 90°E in the core of the SAMW and upper thermocline waters up to
the maximum salinity zone above the oo = 26.4 isopycnal. Simultaneously that part
of the section appears to be cooler too in the ArgopgAGLE+2mon realisation. The water
mass with the minimum in PV containing the SAMW and SEISAMW, has decreased
in its vertical extent, has deepened and is less homogeneous compared to the CD139
section at 32°S as the SAMW spreads northward away from its formation region south
of 45°S. The floats provide useful and good data to reproduce the BEAGLE cruise
section but caution is needed because of the small number of contributing profiles at
each station. Although the cruise took place much later in the Argo project period very
few floats and profiles could be used because many profiles did not go to 2000 dbar.
With a better spatial and temporal resolution the results could be improved further

with reduced differences in properties but also reduced error estimates.
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FIGURE 3.22: Number of profiles (top) and number of individual floats (bottom)
taken into account by the OI to estimate salinity and temperature at each grid point
and on each 20 dbar pressure surface for ArgopgAGLE+2mon realisation.
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Finally, it is concluded that at the present time, for the upper ocean (< 2000 dbar)
the floats could reproduce hydrographic sections even without a temporal weighting
in the OI and therefore, they could be used to generate sections when no shipbased
observations are available to fill spatial and temporal gaps in hydrographic datasets.
Compared to the WOAO5 climatology the OI float profiles provide better accuracy in
reproducing the CD139 and BEAGLE section, although the majority of the cruise and
float data have been included into the dataset World Ocean Database 2005 (WODO05)
to generate the climatology. The good quality and spatial and temporal density of the
DMQC Argo float data could make it possible to generate a global float climatology

as well as annual and seasonal hydrographic fields.
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FIGURE 3.23: Salinity estimated by the Optimal Interpolation using Argo pro-

files from the time period of the BEAGLE cruise extended by =+2months

(ArgoBEAGLE+2mon) Objectively mapped onto cruise CTD stations (top) and derived

potential vorticity times 1071° (bottom). Contour lines show potential density. The

oo = 27.0 and 0g = 27.2 line indicate the Antarctic Intermediate Water level. Major

topographic features like Madagascar, Mauritius (MAU) and Ninetyeast Ridge (NER)
are included.
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3.3 Mean velocities from float’s subsurface drift

In this section a simple method to estimate reference velocities from floats subsurface

drift is described, followed by an overview of the float realisations used in this context.

The floats are programmed to drift on a predefined parking pressure level during
their subsurface drift (Chapter 2.1). In the subtropical SIO the most common parking
pressure values are 1000 dbar, 1900 dbar and 2000 dbar with a share of 48%, 13% and
30% respectively of the total trajectories. These are used here for further calculations,
although at 32°S the 1000 dbar surface is at the AATW level and will have larger error-
bars than the deeper level. In contrast at 20°S this level at mid-depth might be useful
as a reference due to small vertical shear between 1000 dbar and 2000 dbar (WARREN,
1981) promising smaller error estimates in the reference velocities. Furthermore 6% of

the floats are adjusted to drift at 1500 dbar and 3% at 350 dbar, respectively.

The parking pressure velocities were calculated by using the time and position re-
ported in the trajectory data of each float (CARVAL ET AL., 2006). Here all time and
position transmissions during the surface drift are recorded, so the last valid reported
time and position can be used as the initial point of the following subsurface drift. And
the earliest reported time and position in the following surface period can be used as
the endpoint. This is a more simplified solution to derive the parking pressure velocities
than described by PARK ET AL. (2005), but at least it is realisable with more than 200
floats using different recording formats. Soon there will be a product available which
allows the application of the method from PARK ET AL. (2005) to all available floats

in the region of interest (B. King; pers. comm).

This method largely reduces one of the major source of uncertainties, i.e. the dis-
placement during the surface drift which has been shown to be highly important in
analysing deep western boundary current export pathways in the North Atlantic (GET-
ZLAFF ET AL., 2006). Uncertainties from the reported position accuracy by the posi-
tioning system are estimated as about 1000 m using a weighted mean. That gives an
error in the estimated velocities of €,,s = 0.12cm/s. PARK ET AL. (2005) estimated
a typical drifting distance of 1300 m as a result of velocity shear for the subtropical
South Indian Ocean using data from WOD98 (LEVITUS ET AL., 1998), assuming uni-
form ascent and descent velocities of about 8 cm/s. So €gsc_desc gives the error for the
velocities as a result of this displacement by the velocity shear during ascent and de-
scent and is estimated to be €4sc_gese = 0.45 cm/s. The error indicated by €,054¢ includes
the unknown distance a float drifts at the surface before its position is determined by
an Argos satellite and the estimation of this error contribution is somewhat difficult.

A good approximation as upper error margin is €posat = €asc.desc/3 since the error
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associated with the ascent and descent occurs within 14 hours while a drift of less than
6 hours without satellite contact is assumed. This is the same order as DAvis (2005)
reports for random errors associated with untracked surface motion. These errors are
assumed to be independent, then the total error of the velocities at parking pressure

can be estimated by

€= \/6305 + 6?Lsc,desc + Ezzosat (311)

and with the previously estimated values this gives an upper error estimate of ¢ =
0.49 cm/s.

In the late stage of this work an updated product of surface and subsurface velocity
datasets estimated from float trajectories became available (LEBEDEV ET AL., 2007).
Although this new product was not used in this study a comparison of the results from
the interpolated float data along CD139 cruise track or 32°S showed only marginal

differences, while this new product provides a more detailed error estimate.

3.3.1 Adjustments made in the Optimal Interpolation algorithm to

be used to estimate subsurface velocities

For the estimates of reference velocities the previously described OI is utilised. But
small adjustments to the OI method need to be applied, because no background
climatology of subsurface velocities is available yet. That means equation 3.3 can be

written as

Vol = (V) + w e (V—(V)) (3.12)

where V' °% denotes the final objective meridional velocity estimate, (V') denotes the
mean of the meridional velocities from the float velocity data, w is the coefficient
weighting matrix using the decorrelation scales, V' = [Vi,..., V] is the set of merid-
ional velocity estimates from the selected float profiles on each grid point. The use of
(V') instead of a background velocity field means that V' itself is mapped rather than

deviations from a background

There exist a variety of different pressure levels used to adjust the Argo float
data (350 dbar, 500 dbar, 1000 dbar, 1500 dbar, 1750 dbar, 1900 dbar and 2000 dbar),
with the largest contribution coming from floats drifting at 1000 dbar, 1900 dbar or
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2000 dbar, respectively. For the deep velocity estimate, floats drifting at the 1900 dbar
are used, together with floats drifting at 2000 dbar. The final velocity estimate is la-
belled with 1900 dbar. For the intermediate-depth velocity estimate solely data from
floats that drift at 1000 dbar are used, since no additional parking pressure level exists
within +100 dbar.

3.3.2 Float realisations to estimate reference velocities

Several realisations have been generated to use for the comparison with the reference
velocities derived from the inverse calculations from McCDONAGH ET AL. (2008)
along the CD139 cruise track (Chapter 5), but also to evaluate the estimates of a
zero-velocity (ZV) assumption for later transport calculations (Chapter 4.1 and 4.2),

an overview is given in table 3.5.

TABLE 3.5: Float realisations generated from Argo float subsurface velocity dataset
with different temporal and spatial resolutions either along CD139 cruise track or on
a regular 1°x1° grid for the subtropical South Indian Ocean.

’ Name H temporal coverage \ region/latitude ‘
Argocp139+1mon || 04.02.2002 - 14.05.2002 CD139 cruise track
Argocpi3g+omon || 04.01.2002 - 14.06.2002 CD139 cruise track

CD139.2002 year 2002 CD139 cruise track

CD139_AUT autumn CD139 cruise track
S10_02 year 2002 25°E-125°E; 45°S-18°S
SI0_03 year 2003 25°E-125°E; 45°S-18°S
SI1I0_04 year 2004 25°E-125°E; 45°S-18°S
SI0_05 year 2005 25°E-125°E; 45°S-18°S
SI0_06 year 2006 25°E-125°E; 45°S-18°S
SIO_SPR spring (SON) 25°E-125°E; 45°S-18°S
SIO_SUM summer (DJF) 25°E-125°E; 45°S-18°S
SIO_AUT autumn (MAM) 25°E - 125°E; 45°S-18°S
SIO_DEC winter (JJA) 25°E-125°E; 45°S-18°S

3.4 Summary

This chapter introduced and described the different methods used to prepare regularly
gridded data for the analysis, with a major focus on the OI but also on the simple

method to derive reference velocities from floats subsurface drift.
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It is beyond the scope of this work to evaluate the possible techniques to generate
a regularly gridded field from the Argo data (e. g. averaging on isopycnal surfaces
(RIDGWAY AND DUNN, 2007) or objective analysis (GILLE, 2003)). The described
OI is chosen because it finds successful appliance in the DMQC procedure (WONG
ET AL., 2003; BOHME AND SEND, 2005; OWENS AND WONG, 2008) and it is used
in several studies analysing Argo float data (e. g. GUINEHUT ET AL. (2002); WONG
(2005b); HADFIELD ET AL. (2007); ROEMMICH ET AL. (2007)). The final application
of the optimal interpolated data is to derive geostrophic velocity and transport fields

to estimate the gyre transport, therefore the OI is applied on pressure levels.

The OI is presented in two parts, with the first step allowing a pre-selection of
data, mainly to speed up the routine and the second step including the actual dis-
tance weighting according to the spatial data-grid and data-data covariance matrices.
This technique assumes knowledge of the spatial correlation structure of temperature
and salinity (WONG ET AL., 2003). Therefore, a method to estimate spatial decorre-
lation length scales is presented, using the WOAOL climatology together with recent
hydrographic cruise sections at 20°S, 32°S and 95°E but also together with the DMQC
Argo float data along these sections. From the vertical profiles of decorrelation length
scales representative scales for the meridional and zonal directions are estimated. The
zonal scales are Lxyy =200km for the greater western boundary region west of 45°E,
Lxgp =600 km for the area east of 45°E and Ly =400 km as meridional scale. The main
focus of this work is the assessment of annual and seasonal averages from the float
data. Therefore, a temporal separation (in the sense of a separate temporal decay scale

(AT)) is neglected in the configuration of the OI (Sec. 3.1.2).

The accuracy of the OI is tested by resampling cruise tracks along 32°S and 20°S.
These are then compared with 5 point box averaged smoothed data from the CD139
cruise in 2002 and from the BEAGLE cruise in 2003/2004, respectively. Float re-
alisations extending the cruise periods by +1month and 4+2months, respectively,
are compared. The results indicate only marginal differences in both realisations. At
32°S, the mean RMS difference between the salinity of the float realisations and the
smoothed cruise data was about 0.05 for both sections, which was still 0.01 smaller
than the mean RMS of salinity differences from WOAO1 with the smoothed cruise
data (CD139ma5pt). The mean RMS of temperature differences showed similar results
with 0.5°C for the float realisations and 0.6°C for the WOAOQ1 climatology. At 20°S
similar results are achieved for the mean RMS of salinity and temperature differences,
respectively. The accuracy of the method is good and comparable with recent results
at 36°N in the North Atlantic (HADFIELD ET AL., 2007), keeping in mind that for

the float realisation a maximum of 213 profiles near 32°S and 359 profiles near 20°S
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were available within the £2 months period with most of these sampled after the cruise

period and additionally, that no temporal separation is included in the OI.

Lastly, a simple method is described to derive reference velocities at depth from floats
subsurface drift. This method bears relatively large errors from unknown drift during
ascent /descent of the floats and from the surface time without contact to a satellite.
These errors are estimated based on earlier estimates from PARK ET AL. (2005) and
an upper error of ¢ = 0.49cm/s is given. The subsurface velocities are used later to

generate reference velocities at 32°S and 20°S for comparison.



Chapter 4

Changes in the South Indian

Ocean gyre circulation

On large scales the winds drive the ocean circulation in the upper thousand meters
by transmitting momentum and vorticity to the ocean surface, forcing anticyclonic
subtropical and cyclonic subpolar gyres in each ocean basin. The subtropical gyres
have the crucial role in the climate system to export heat gained in the tropics to the
Poles. In the IO the situation is different, due to it’s closed northern boundary and
the lack of a subpolar region in the north and due to the I0’s direct connection to
the Pacific Ocean via the Indonesian Passages which is a pathway for warm surface
waters (GORDON AND FINE, 1996). Consequently all heat gained through the ITF
and further north, has to leave the Indian Ocean in the south (Fu, 1986; LEE AND
MAROTZKE, 1998), mainly with the AC in the southwest corner, feeding the upper
limp of the northward thermohaline transport in the South Atlantic (GORDON, 1986).
The subtropical SIO is of major interest, because it connects the equatorial Indian
Ocean and its major export path in the south west, the Agulhas Current (AC). This
connection is largely accomplished by narrow currents or eddy propagations in the
Mozambique Channel (MOZC) and the east of Madagascar (MAD), respectively (DE
RULTER ET AL., 2004; SCHOUTEN ET AL., 2002; QUARTLY AND SROKOSZ, 2004).
While the boundary regions and its low-frequency variability have been in the focus of
recent studies (SCHOUTEN ET AL., 2002; PALASTANGA ET AL., 2006; MATANO ET AL.,
2008; BiroL AND MORROW, 2001, 2003), only little is known on the variability of the
interior subtropical gyre, in strength and structure. Recent studies that focussed on the
subtropical SIO’s flow structure and variability conclude that although understanding

of the variability in the SIO has been achieved, mainly from model and altimeter data,
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these findings need further validation by direct hydrographic observations (PALAS-
TANGA ET AL., 2006; MATANO ET AL., 2008).

Recent analyses reported decadal changes in the gyre circulation of the SIO at 32°S
over the past 50years (BINDOFF AND McDOUGALL, 2000; PALMER ET AL., 2004;
MCDONAGH ET AL., 2005) as well as for the South Pacific (ROEMMICH ET AL., 2007),
indicating an increase in gyre strength. PALMER ET AL. (2004) reported an increase
in the gyre strength of up to 40% estimated from three hydrographic transects along
32°S in the SIO taken in 1987, 1995 and 2002. They showed that most of the change
happened between 1995 and 2002. Furthermore, they concluded that there has been
a persistent change between the flow structure of the 1987 and 2002 sections, that
can be seen by the westward shift of the maximum southward transport (in 1987 this
maximum is located at 55°E, while in 1995 at 45°E and in 2002 at 40°E, respectively).
This increase between 1987 and 2002 reverses the reported slow-down of 20% of the gyre
circulation between 1962 and 1987 (BINDOFF AND McCDOUGALL, 2000). Their results
are based on property changes and changes in dissolved oxygen concentrations and
they show a freshening of the upper thermocline waters. In contrast the 2002 upper
thermocline waters were found to be saltier on isotherms than the 1987 estimates
(BRYDEN ET AL., 2003b; MCDONAGH ET AL., 2005), their results are based on five
hydrographic transects taken in 1936, 1965, 1987, 1995 and 2002. Note, that the 1995
cruise data are not used in this study, due to the sparse coverage in the interior resulting
from the different cruise tracks compared to 1987 and 2002. In this context, Argo float
data are used to provide estimates of changes in the SIO gyre circulation over the 5 year
period 2002 to 2006. Using the dynamic method (Sec. 4.1 and 4.2) based on geostrophic
and hydrostatic balance (POND AND PICKARD, 1983) the results are compared with
estimates using the wind-driven circulation (Sec. 4.3) as well as with altimeter data
(Sec. 4.4).

4.1 Estimates of the gyre strength at 32°S

We use results from the annual realisations of the OI applied to Argo profile data
to estimate the annual gyre strength and to identify possible trends in changes in the
gyre circulation. In the analysis the 1°x 1° grid from the WOAO1 climatology is used to
avoid further interpolation of the background climatology, therefore the nominal 32°S
section is at 32.5° latitude. The distribution of profiles along the 32°S section shows
variations in spatial coverage (Fig. 4.1). As expected, the spatial distribution in 2002
is good with no gaps larger than 200 km, since most of the floats were deployed in the
beginning of 2002 during the CD139 cruise (BRYDEN ET AL., 2003a). In 2003 there
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FIGURE 4.1: Maps showing annual distribution of all delayed-mode quality controlled

Argo float profiles in the subtropical South Indian Ocean (blue dots) and those finally

taken into account for the annual estimate of temperature and salinity from the op-

timal interpolation scheme (red dots) along 32°S (green and black dashed). Contours
highlight 1900 m isobath (thin solid black) and coastline (bold).
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exists a gap in spatial coverage of 200 km in the Madagascar Basin (MADB) which is
of the order of the decorrelation length scales estimated in that region (Chapter 3.1.1).
Additionally the region between 53°E and 65°E has no profiles next to the section
and the gaps here are also of the order of the decorrelation length scales. The 2004
distribution map also shows a gap of profiles in the MADB between 37°E and 45°E
(= 800km). This gap is filled by interpolated data taken into account from north of
30°S as well as from south as far as 38°S. In 2005 in the interior between 50°E and
85°E there are few profiles close by the section (closer than 200 km) with larger gaps
in between (~800km). The spatial coverage in 2006 is good, but here only few profiles
exist west of 35°E close to the western boundary. The limitations in the spatial coverage
are important for the later analysis and are also represented in the error estimate given
by the OI, as shown later. Not represented in the error estimate of the Ol is a possible
bias of the final estimate to larger or smaller values respectively in the case when data
only exist towards one side of the section. There is only one region where this might

apply to, namely in 2003 around 40°E.

From the annual realisations we can now calculate geostrophic velocity fields and

geostrophic transport relative to, and above 1910 dbar, using the practical form of
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FIGURE 4.2: Left: Geostrophic velocities [in ecms™!; positive values indicate north-
ward velocities] referenced to and above 1900 dbar across 32°S, calculated from the
CD29 (top) and CD139 (middle) cruise data interpolated onto 32°S and filtered with
an 8°-longitude Gaussian filter (PALMER ET AL., 2004) as well as from the WOAO01
climatology (bottom). Black contours indicate zero velocity and white contours in-
dicate £5cms~!). Right: Mean geostrophic velocity profiles [in cms™!] referenced
to 1900 dbar averaged between 45°E and 110°E for the cruises CD29 (top) and
CD139(middle) and the WOAO1 climatology (bottom).
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the geostrophic equation (POND AND PICKARD, 1983). In the following we label the
zero-velocity (ZV) level with 1900 dbar for ease of reading although the actual pressure
level is 1910 dbar. Before the velocity sections of the float data are discussed, first a
quick look at the velocity sections derived from the filtered CD29 and CD139 cruise
data from 1987 and 2002 (both datasets are filtered with an 8°-longitude Gaussian
filter to remove the high wavenumbers, as described by PALMER ET AL. (2004)) as well
as from the WOAO1 climatology (Fig. 4.2). The most striking feature of the changes
in geostrophic velocities referenced to and above 1900 dbar between the CD29 and
the CD139 cruise data is the apparent westward shift of the area of southward flow,
centred at about 50°E in 1987 (Fig. 4.2 left column, 1st and 2nd panel). The main
areas of change in the geostrophic velocities are just east of MADR and around Broken
Plateau (BP). The greatest difference between the 1987 and 2002 sections occurs at
about 50°E, where southward flow (< —lems™!) in 1987 is replaced by northward
flow (> 2cms™!) in 2002. Additionally, On the western side of BP (80E to 90E) a
change from predominantly northward flow in 1987 to southward flow in 2002 occurs.
Furthermore, there exists a strong signal of northward flow at 104°E in 2002. PALMER
ET AL. (2004) showed that these changes are consistent with a change from downward
sloping isopycnals in the west-east direction in 1987 to upward sloping isopycnals in
2002 east of MADR and vice versa around BP.

PALMER ET AL. (2004) showed that the zonal structure of the velocities and con-
sequently the integrated (from west to east) geostrophic transports, referenced to and
above 2230 dbar, has changed significantly. In 1987 the maximum southward trans-
port was located around 55°E, while in 2002 the maximum southward transport was
located around 35°E. This change in the structure of the gyre is important for the
later analysis, since different longitudinal ranges are applied for the 1987 cruise data
(55°E to 110°E) and the 2002 cruise data and Argo float data, respectively (45°E to
110°E). The strengthening of the gyre, over the period 1987 to 2002, can be seen in
the northward velocities penetrating to greater depth in 2002 than 1987 (Fig. 4.2 right
column, 1st and 2nd panel). The geostrophic velocity section derived from the WOA01
climatology shows strong southward velocities mainly in the western boundary region,
while around MADR and BP only at the surface northward velocities of more than

lems™!

exist. The mean velocity profile shows the same structure in depth as the one
from 2002, while near the surface the velocities derived from the climatology are about

0.1cms~! larger (Fig. 4.2 lower panel).

In contrast to the smooth velocity sections from the filtered cruise data and the
climatology, the geostrophic velocities referenced to and above 1900 dbar from the

annual float realisations show narrow and strong bands of alternating southward and
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FIGURE 4.3: Left: Geostrophic velocities [in cm s™1; positive values indicate northward

velocities] referenced to and above 1900 dbar across 32°S, calculated from annual
realisations using optimally interpolated Argo profiles (black contours indicate zero
velocity and white contours indicate +5cms~!). Right: Mean annual geostrophic
velocity profiles [in cm s~ referenced to 1900 dbar averaged between 45°E and 110°E.
Each year the actual profile is shown in colour whereas the other years are shown as
black lines only. In 2002 additionally the mean profile estimated from the geostrophic
velocity field from the CD139cruise data interpolated onto 32°S and filtered with an
8°-longitude Gaussian filter (PALMER ET AL., 2004) is shown for comparison (black
dashed).

northward flow in the western boundary region (Fig. 4.3). This results from the different
spatial scales applied in the OI and with the 8°-Gaussian filter. The alternation of
northward and southward flow can be attributed to mesoscale eddy activity and the
recirculation signature of the AC and its retroflection in the MOZB and MADB west

of 45°E. The vertical structure reaches deep to 1000 dbar or more associated with
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absolute velocities of more than 5cms™! at 1000 dbar. There exist annual differences in
the location of the patch of strongest southward flow in the boundary current system.
In 2002 and 2005 a large patch of southward velocities exists right at the western
boundary, while in 2003 and 2004 this patch is split into two or more focused and strong
bands of southward velocities. In 2006 it seems that the major part of the southward
flow occurs between 33°E and 40°E indicated by a broad patch of southward velocities,
and not directly at the western boundary. This could be a result of the lack of data in
2006 west of 33°E.

At the far eastern end of the section east of 110°E, the southward velocities in
the upper 300dbar can be attributed to mesoscale eddies connected to interactions
of the southward flowing Leeuwin Current (LC) with the northward flowing Leeuwin
Undercurrent (LUC) right below (WAITE ET AL., 2007). Especially the large southward
velocities at 110°E in 2006 may result from a large mesoscale eddy associated with
the Leeuwin Current System (LCS) (FENG ET AL., 2007). Around 105°E northward
velocities can be associated with the West Australian Current (WAC) flowing at the
eastern flank of the Subtropical Gyre (DOMINGUES ET AL., 2007; YOU AND TOMCZAK,
1993) continuing the far end of the South Indian Ocean Current (SIOC) to the north

east (STRAMMA AND LUTJEHARMS, 1997).

The structure in the ocean interior between 45°E and 100°E is dominated by north-
ward velocities split up into several patches associated with recirculations from the
SIOC possibly connected to the local bottom topography (STRAMMA AND LUTJE-
HARMS, 1997). These patches are not stationary over time, they are shifted laterally
or split up in smaller parts over the five year period with core velocities of 3cms™! or
more. Additionally there exist large deep reaching patches with southward velocities
of up to 3cms™! located between 70°E and 80°E and between 90°E and 100°E respec-
tively in 2002. In 2003 these two patches are narrowed and focused but also shifted
westward by 5°longitude, while at 50°E a broad relatively weak southward velocity
patch also exists. In 2004 this patch at 50°E is much smaller again, while the interior
patch is shifted further west between 60°E and 70°E, whereas the eastern patch is split
up into several small narrow bands between 85°E and 105°E. In 2005 four southward
flowing patches exist with a lateral scale of 3° to 5° longitude and different intensities.
The patch around 80°E shows the largest and most intense southward velocities of
up to -3cms~! in the upper 1000 dbar. In the realisation for 2006 the strength of the
southward flowing patch at 80°E has decreased again, leaving three relatively weak
southward flowing patches in the interior between 50°E and 105°E with core velocities
of about 1cms™!. Along the whole section these velocity patches have a barotropic

vertical structure, at least in the upper 2000 dbar, and we will return to that in the
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FIGURE 4.4: Annual meridional transport relative to and above 1900 dbar at 32°S
cumulative integrated from East to West (started at 115°E); dashed line indicates the
32°S bathymetry with depth given on the right y-axis.

later analysis of sub-surface velocities estimated from the float’s sub-surface drift at

parking pressure.

The mean geostrophic velocity profiles, referenced to and above 1900 dbar, averaged
over the longitude band between 45°E and 100°E indicate the largest velocities in the
year 2006 and the smallest in 2005 (Fig. 4.3). This result is not surprising at least for
the year 2006 since there exist only weak southward velocity patches in the interior. For
the estimate in 2002 we have also added the profile calculated from the CD139 cruise
data, interpolated onto 32°S with an 8°-longitude Gaussian filter applied. Here, both
profiles indicate a strong increase in the velocities between 1500 dbar and 800 dbar and
weaker ones above, compared to the CD29 cruise data (Fig. 4.11). This signature can
be found in the years 2002, 2003 and 2006 respectively, while for 2004 and 2005 this
structure in the deeper mean velocity field is less pronounced. The reason for this is,
that in the years 2002, 2003 and 2006 either more deep reaching patches of northward
velocities exist or fewer deep reaching patches of southward velocities, compared to the

CD29 cruise data and 2004 and 2005.

As a next step, we derive cumulated geostrophic transports integrated from east to
west (starting at 115°E) from the velocity fields discussed above. Since we operate at a
fixed latitude, we then directly estimate meridional transports referenced to and above
1900 dbar (Fig. 4.4). The pressure level of 1900 dbar was chosen to achieve a deep
reference level with a good coverage in depth by the profiles. Additionally PALMER
ET AL. (2004) showed that changing the ZV level by up to 800 dbar from 2230 dbar
would affect the final estimates by less than 3%.

In all the meridional transport curves the southward western boundary transport is
missing, due to sampling characteristics of the Argo floats in this area which are mainly

adjusted to drift at 2000 dbar parking pressure. Therefore the floats generally cannot
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sample the strong southward currents further onshore than the 2000 dbar isobath,
leading to the missing transport of up to 45 Sv that would provide the balance along
the section. Eye catching in this plot is that in the year 2004 there exists only a very
weak northward interior transport between 115°E and 100°E. In the other years a
gyre strength of 10 Sv or more exist at 100°E attributed to the northward extension
of the SIOC changing over into the WAC at this latitude (DOMINGUES ET AL., 2007;
You AND ToMmczAK, 1993). From the previously described patches of northward or
southward velocities in the interior, the patch with the southward transport between

60°E and 80°E is the most pronounced in all years, with transports of up to 12 Sv.

Furthermore the cumulated geostrophic transport estimates show a good linear rela-
tion between 110°E and the MADR at 45°E. Therefore, we will compare these results
later with estimates using the Sverdrup relation of the wind-stress curl over the region
from 110°E to 45°E (Chapter 4.3, Eq. 4.6). Beforehand we will first derive estimates

of the annual gyre strength from float realisations.

4.1.1 Annual estimates of the gyre strength at 32°S

There exist several methods to estimate the gyre strength. Here we focus on two,
the first, in the following called MaxTrp estimates the gyre strength according to the
method used by PALMER ET AL. (2004) and the second, here called LinReg applies a
linear regression to the data. Both methods are restricted to the region between 45°E
and 110°E at 32°S.

4.1.1.1 MazTrp method to estimate the gyre strength

The MazTrp method calculates the gyre strength as the maximum difference in the
cumulated transport between 45°E and 110°E, that means the western end point may
vary from year to year but the eastern end point is fixed to 110°E. This method was
used by PALMER ET AL. (2004) applied to the ocean interior defined between 35°E and
110°E, whereas we restrict the method to a smaller longitudinal band, namely between
45°E and 110°E. This decision is based on the fact that the data coverage in the western
boundary region west of MADR is highly variable, with good coverage only in 2002
and 2006. This is also associated with the large variability present in the geostrophic
transport field (PALMER ET AL., 2004) and finally as a consequence the errors given
by the OI increase steadily towards the western boundary (Fig. 4.5). Additionally, at
45°E the annual variaitions in the error variance estimated during the OI procedure

are small. So the aim is to give a best estimate of the gyre strength covering the
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FIGURE 4.5: Error estimate for transport [Sv] given by the optimal interpolation
scheme for the annual float realisations at 32°S applied as maximum error to each
density profile between station pairs.

largest longitudinal band possible but still with a reasonable error estimate. Please
note that variable eastern end points would not change the results, since the minimum
in cumulated transport is generally in the east of the section at 110°E, if cumulated
from East to West. Only in year 2004 the minimum would be at 103°E, but with a
difference of only 0.1 Sv to the value at 110°E. This is due to the lack of northward
transport in 2004 east of 100°E.

Note that the change in gyre strength estimated from the cruise data between 1987
and 2002 is about 32% (estimated between 35°E and 110°E for comparison) (Tab. 4.1),
which is smaller than the change reported by (PALMER ET AL., 2004). This might be
due to differences in the interpolation onto 32°S. With the MazTrp method we then
get a decrease in gyre strength from 2002 to 2004 followed by an increase afterwards
(Tab. 4.1). If we exclude the surface layer and use the thermocline layer between
200 dbar and 1000 dbar mainly occupied by Mode Water (MW) and Intermediate Water
(IW) the changes in the estimated gyre strength show the same directions (Tab. 4.2)
and similarly for the deeper levels between 1000 dbar and 1900 dbar (Tab. 4.3).

The errors given for the float realisations (Tab. 4.1 , 4.2 and 4.3) are calculated
from different independent error contributions, namely the error estimate given by the
OI at the end points, applied as maximum error to the density profiles (Fig. 4.5),
the errors contributing from the eddy field and for the years 2002 and 2004 errors
from sub-annual variations, because the data coverage was not equally distributed at
both end points in those years (Fig. 4.6). The error contribution from the eddy field
(egppy) over the full depth 0dbar to 1900 dbar varies from year to year but is of the
order of 1Sv, calculated from the standard deviation of the residuals by applying a
linear fit to the transport estimates. The error estimate given by the OI at the end

points, applied as maximum error to the density profiles (Fig. 4.5). In addition to the
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geostrophic velocity calculation at each level between station pairs a maximum error
in velocity is calculated too, resulting from the estimate of error variance during the
OI procedure for temperature and salinity. That means, the estimated error variance
for salinity and temperature is added to the objectively estimated temperature and
salinity values and then the geostrophic velocity is calculated. This geostrophic velocity,
containing the mapping error estimates, is then converted into an geostrophic transport
on each pressure level between station pairs, using the practical form of the geostrophic
equations (POND AND PICKARD, 1983). Finally, by subtracting the annual transport
estimate from the vertically integrated transport, that contains the mapping error
estimates, gives a maximum error for each station pair along the section. At the western
end point, we get larger error estimates (eor,, ) because the data coverage is sparse at
least in the years 2003, 2004 and 2005. Additionally, a larger variability exist there on
monthly to seasonal time scales. At the eastern end point the estimated error (epr,,) is
much smaller which is partially due to the good coverage with profiles. The final error
contribution of the OI (epy), derived from the independent errors at each end point, is
then calculated as the square root of the sum of the squares of the errors at the end
points. The sub-annual error contribution (esyp); only taken into account for 2002 and
2004) over the full depth 0 dbar to 1900 dbar, is estimated as standard deviation of the
seasonal estimates which is of the order of 3 Sv. The final error estimate for the gyre
strength (€rrazrrp) is then calculated as the square root of the sum of the squares of
the contributing errors (Eq.. 4.1 and Tab. 4.1). The errors given for the cruise data are
estimated following the analysis of PALMER ET AL. (2004) and include the uncertainty

associated with the eddy and internal wave fields, the sampling induced uncertainty of

TABLE 4.1: Maximum annual meridional transport above 1900 dbar across 32°S de-
rived from the 1987 (CD29) and 2002 (CD139) cruise data (interpolated onto 32°S
and with an 8°-longitude Gaussian filter applied) and from cumulated geostrophic
transports of the annual float realisations using the MaxTrp method applied between
45°E and 110°E. Also listed are the end points, the associated errors there (eory,
and €py,) and the cumulated transport at 110°E (Trpi1or). Errors shown including
contributions from eddy field, sampling and sub-annual variations (for 2002 and 2004
only), computed as the square root of the sum of the squares.

’ Year H MaxTrp \ End points \ €OIy \ €0Ip \ €OTI \ €EEDDY \ ESUB \ Trpi10E
CD29 35.8+4.7 | 56°E 110°E - - +2.2 | £38 | £1.7 4.3
CD139 || 42.3£5.9 | 45°E 110°E +2.2 | £52 | £1.7 7.2

2002 48.9+£3.7 | 46°E 110°E | £1.0 | £0.9 | £1.3 | *1.7 +3.0 5.3

2003 46.6 +2.8 | 46°E 110°E | +£2.1 | £1.0 | £2.3 | *£1.6 0 8.2
2004 41.3£6.9 | 45°E 110°E | £5.9 | £0.6 | £5.9 | £1.9 £3.0 -0.9
2005 46.3£3.8 | 51°E 110°E | £3.3 | £0.8 | £3.4 | £1.6 0 1.7

2006 58.9+4.6 | 49°E 110°E | 4.1 | £1.2 | £4.3 | £1.5 0 -4.7
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TABLE 4.2: As Tab. 4.1 but between 200 dbar and 1000 dbar.

’ Year H MaxTrp ‘ End points ‘ €0Ty ‘ €01 ‘ Trpi1oE ‘
CD29 22.3+3.7 | 56°E 110°E - - 4.2
CD139 || 26.8+4.4 | 45°E 110°E - - 6.5

2002 30.4+0.8 | 46°E 110°E | +£0.6 | £0.5 4.9
2003 29.5+1.4 | 46°E 110°E | £1.3 | £0.6 6.2
2004 25.44+4.0 | 45°E 110°E | £3.9 | £0.4 0.3
2005 28.9+£19 | 51°E 110°E | £1.9 | £0.5 2.4
2006 37.8+2.6 | 49°E 110°E | £2.5 | £0.7 -2.7

+2.2 Sv and a further uncertainty of +£1.7 Sv was associated with sub-annual variations
in the geostrophic flow field (Tab. 4.1).

— 2 2 2
€MazTrp = \/EOI+6EDDY+€SUB (4.1)

We get larger error estimates if only a few profiles are close to the actual mapping
grid point as can be seen for example in the year 2003 and 2004 in the MADB around
40°E and in year 2003 and 2005 in the interior around 60°E respectively (Fig. 4.5
and 4.1). In 2004 there are only 15 profiles contributing to the OI estimate at the
western end point station pair at 44.5°E and 45.5°E (Fig. 4.6) being at least 260 km
away from the mapping grid point (the OI is configured to use up to a maximum of
100 profiles for the mapping at each grid point). Generally the larger seasonal variation
in the number of contributing profiles takes place at the western end points (Fig. 4.6).
Later in this work we will examine a possible contribution from seasonal variations in
the transport fields too, then we might be able to put the large variation in the number

of monthly contributing profiles in context with changes in the transport.

TABLE 4.3: As Tab. 4.1 but between 1000 dbar and 1900 dbar.

’ Year H MaxTrp ‘ End points ‘ €0Iw ‘ €0Ig ‘ Trpii0e ‘
CD29 5.54+1.5 | 56°E 110°E - - -0.1
CD139 || 6.3£1.7 | 45°E 110°E - - 0.3

2002 7.4+£0.1 | 46°E 110°E | £0.1 | £0.1 -0.1
2003 6.8£0.2 | 46°E 110°E | £0.2 | £0.1 0.9
2004 6.0£0.3 | 46°E 110°E | £0.3 | £0.1 -0.1
2005 6.9+0.6 | 51°E 110°E | £0.6 | £0.1 -0.3
2006 8.2+0.6 | 49°E 110°E | £0.6 | £0.1 -0.9
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FIGURE 4.6: Monthly number of contributing profiles at the variable end points

(Tab. 4.1) for each year. Left panels for western end points, right panels for eastern

end points. In each panel the non-filled bars give the number of profiles contributing

to the western station of the station pair used to calculate the transport and the filled
bars give the number at the eastern station respectively.

The MaxTrp method used here is clearly sensitive to the choice of end points, here
it is necessary to mention again that the western end points vary from year to year,
depending on the position of the maximum northward transport east of 45°E (Fig. 4.4),
whereas the eastern end point is fixed at 110°E. Hence, we would like to examine
possible sensitivity of the results to variability at the eastern end points at 110°E,
since there the cumulated transport, integrated from 115°E to the West, varies by up to
15Sv (Fig. 4.4). Here we compare the total estimated gyre strength using the MazTrp
method with the interannual variability of the cumulated transport (integration started
at 115°E) seen at the eastern end point (110°E). We also include the estimated gyre
strength using the MazTrp method but with the climatological value from the WOAO01
estimate at 110°E called MaxTrpwoa in the following (Fig. 4.7).

This comparison shows two things. First, the estimated gyre strength using the
MazxTrp method is sensitive to the variability at the eastern end point at least for
the years 2002, 2003 and 2006. This is what we would expect, with a decrease in

transport at the eastern end point, at 110°E, the total difference in the transport over
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the longitude band increases. But it does not hold for all years, in 2004 and 2005 the
change in the cumulated transport at 110°E and the change in total gyre strength have
the same sign. Here either the estimate of the gyre strength is erroneous as probably in
2004 indicated by the large error at the western end point, or an additional overlaying
process exists. Secondly, if we now use the MaxTrpwoa method and make the gyre
strength estimate independent to the eastern end point we see a very good agreement in
the structure of the change in gyre strength and change in transport at 110°E between
2002 and 2005. Only the estimate in year 2006 is not decreasing as the cumulated

transport at 110°E does, instead it increased hugely.

This comparison shows that care needs to be taken at the eastern end point at 110°E,
because of the large seasonal and interannual variations possibly remotely forced from
the ITF (POTEMRA, 2001; BIROL AND MORROW, 2001), and additionally because of
the variations of the coastal boundary current, the LC. The LC is a density-driven
current with a strong seasonal cycle with maximum in May/June (SMITH ET AL.,
1991) that carries warm, low-salinity waters southward against the prevailing north-
ward winds. There off the coast, mesoscale eddies form from mixed baroclinic and
barotropic instability of the LC (FENG ET AL., 2005; WAITE ET AL., 2007). Between
20°S and 35°S an energetic Rossby wave band exists (MORROW AND BIROL, 1998)
that carries both the eastern boundary variations associated with the ITF and sig-
nals associated with the energetic eddy field from the LC into the ocean interior. The
eddies, that may penetrate up to a depth of 2500m (MORROW ET AL., 2003), are
present in the latitudinal band between 20°S and 35°S (CRESSWELL AND GOLDING,
1980; GRIFFITHS AND PEARCE, 1985; MORROW ET AL., 2003) and can be tracked to
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FIGURE 4.7: Comparison of estimated gyre strength using the MazTrp method (filled
black square) and the MazTrpwoa (contoured black square) with the interannual
variability of the cumulated transport (referenced to 115°E) seen at the eastern end
point at 110°E (green: surface to 1900 dbar; red: 200 dbar to 1000 dbar and blue:
1000 dbar to 1900 dbar). note that the green and black lines use the right y-axis.



Chapter 4 Changes in the South Indian Ocean gyre circulation 75

95°FE using altimeter data, with maxima in SLA between 105°E and the Australian
coast (MORROW ET AL., 2003). Therefore we use the MazTrpwoa method as best
estimate in this section and obtain a final set of gyre strength values (Tab. 4.4 and

Fig. 4.7) that still show the same direction of interannual change.

4.1.1.2 LinReg method to estimate the gyre strength

The LinReg method uses the whole longitudinal band between 45°E and 110°E to
get an estimate for the gyre strength that is independent of the choice of the end
points and therefore we expect to get better results without the reference to the cli-
matological value in the east at 110°E. A linear regression is applied to the vertically
integrated geostrophic transport profiles. This method eliminates a possible bias from
intense meso-scale eddies seen in the geostrophic velocity sections (Fig. 4.3) compared
to the linear regression applied to the already zonally cumulated transports. The final
meridional transport is calculated by integrating the regression result from east to west
between 45°E and 110°E (Fig. 4.8). The maximum gyre strength is then just the differ-
ence in the cumulated transport between the western end at 45°E and the eastern end
at 110°E (Tab. 4.5). Note that the end points used here are fixed and do not vary from
year to year in contrast to the previously described MazTrp method (An exception
is the 1987 cruise estimate, where the LinReg method is confined to the longitudinal
range between 55°KE and 110°E, because west of 55°E the assumed linearity does not

hold due to the extension of the southward flowing western boundary current regime

TABLE 4.4: Maximum annual meridional transport above 1900 dbar across 32°S de-
rived from the 1987 (CD29) and 2002 (CD139) cruise data (interpolated onto 32°S and
with an 8°-longitude Gaussian filter applied) and from cumulated geostrophic trans-
ports of the annual float realisations using the MazTrpyw o method applied between
45°E and 110°E. Also listed are the end points, the associated errors there (eor,,
and €pry ). Errors shown including contributions from eddy field (egppy ), sampling
(eor) and sub-annual variations (esyp), computed as the square root of the sum of
the squares.

’ Year H MaxTrpWOA ‘ End points ‘ €OIw ‘ €0Ig ‘ €EEDDY ‘ €ESUB ‘
CD29 37.0£4.7 56°E 110°E - +£2.2 | £3.8 +1.7
CD139 46.3+5.9 45°FE 110°E - +£2.2 | £5.2 +1.7
2002 51.143.6 46°FE 110°E | £1.0 | £1.0 | *1.7 | £3.0
2003 51.7%2.6 46°E 110°E | £2.1 | £2.1 +1.6 +0
2004 37.346.9 45°FE 110°E | £5.9 | £56.9 | *1.9 +3.0
2005 44.9 3.7 51°E 110°E | £3.3 | £3.3 | £1.6 +0
2006 51.1+4.4 49°FE 110°E | £4.1 | £4.1 | *1.5 +0
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into the ocean interior (PALMER ET AL., 2004).) Just for completeness, if we use the

cimatological value of the cumulated transport at 110°E, integrated from 115°E to the

west, the estimate of the gyre strength is less than 3% different to the values shown in

Table 4.5 for all years. This confirms that the variability at the eastern end point has

small influence to the final estimate of the gyre strength if we use the LinReg method.
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FIGURE 4.8: Linear regression applied to the annual vertical integrated transports

profiles across 32°S between 45°E and 110°E shown in Figure 4.3. This solution is

then zonally cumulated from East to West. Numbers give the estimated gyre strength
with text colours matching legend entry.

TABLE 4.5: Maximum annual meridional transport across 32°S derived from the
geostrophic transport profiles from 1987 (CD29) and 2002 (CD139) cruise data (in-
terpolated onto 32°S and with an 8°-longitude Gaussian filter applied) and from the
annual float realisations with the LinReg method applied to the vertical integrated
geostrophic transport profiles between 45°E and 110°E (Fig. 4.8). Listed are the esti-
mates for the full profile depth (up to 1900 dbar) and two separate layers, the thermo-
cline layer mainly occupied by the MW and IW between 200 dbar and 1000 dbar and
the deeper layer below 1000 dbar reaching to the maximum depth of 1900 dbar of the
float realisations. Additionally shown the upper layer between 0dbar and 1000 dbar
for later comparison with geostrophic Sverdrup transport. The percentage in brack-
ets indicates increase/decrease relative to the CD29 and 2002 estimates, respectively.
Given errors include contributions from eddy field and sampling.

| Year [ LinReg g/1900 | LinReg 2901000 | LinReg 10001900 | LinReg o/1000 |
CD29 33.6+3.4 20.443.1 5.3+1.5 28.943.0
CD139 || 43.74+5.5 (4+30%) || 27.3+4.1 (+34%) | 6.6 £1.7 (+25%) 38.9+4.9
2002 47.542.5 29.4+1.5 7.4+0.3 40.5 +2.1
2003 150126 (3%) || 29.0+1.6 (1%) | 7.0+0.4 (5%) | 392422
2004 || 40.7L2.6 (-14%) | 25.3+L.7 (-14%) | 5.9+04 (21%) | 35.1+2.2
5005 || 37.6%£3.1 (21%) || 233+L9 (21%) | 5.4%0.5 (-27%) | 32.5+2.6
2006 || 505523 (13%) || 32.1E15(10%) | 74204 (£0%) | 43.5L1.9
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The associated errors of the method include the meso-scale variability from the
eddy field along the section, as well as the mean error given by the OI resulting from
sampling. The errors are independent, therefore the final error is given as square-root
of the sum of the squares of the contributing errors. Note that the LinReg method
is not influenced by sub-annual variations, since the method uses all available grid
points between 45° and 110°E and it is assumed that over this longitudinal range no

sub-annual bias is included in the Argo float data.

The gyre strength estimated with the LinReg method shows a continuous decrease
from 47.5Sv in 2002 to 37.5Sv in 2005 followed by a large increase to 50.5 Sv in 2006,
which gives the strongest gyre for the Argo float period but also compared to the cruise
data. The large increase in 2006 cannot be explained just by the error estimate given
with the LinReg method since they are relatively similar for all years with the smallest
error estimate of 2.3 Sv in 2006 (Tab. 4.5). The estimates from the cruise data show an
increase in the gyre strength of 30% from 1987 to 2002 over the water column down
to 1900 dbar. In the thermocline layer between 200 dbar and 1000 dbar the change is a
34% increase in strength, while in the deep layer between 1000 dbar and 1900 dbar only
a change of 25% in gyre strength occurred. Whereas the estimates of the annual float
realisations show the contrary, at least between 2002 and 2005, where the decrease in
gyre strength is proportionally larger in the deep layer than in the thermocline. Only
in 2006 the proportionally largest changes occurred in the thermocline (Tab. 4.5).
For the 5year period 2002 to 2006 we calculate an interannual variability, defined as
standard deviation of the annual estimates, of 5.2 Sv with a maximum amplitude of

13 Sv between 2005 and 2006.

4.1.2 Seasonal estimates of the gyre strength at 32°S

The motivation of this work is based on the analysis of the cruise data in 1987 and
2002. In this section, we will now examine a possible seasonal contribution in the signal,
since during CD29 in 1987 the profiles were collected in October and November, which
is the spring season in the southern hemisphere, while during CD139 in 2002 profiles
were taken in the period March and April, which is the autumn season. We use the
seasonal float realisations (Sec. 3.1.3, Tab. 3.2) to examine a possible seasonality in the

gyre strength.

The seasonal float realisations show a very good coverage of data points with no gaps
larger than about 200 km (Fig. 4.9). This is also expressed in the much smaller error
estimates calculated from the given OI error applied as maximum error to the station

pairs (Fig. 4.10). Nevertheless, temporal coverage of each season might have a larger
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weighted contribution from the years 2004 onwards because of the small numbers of

profiles in 2002 and 2003 in the region (Chapter 3.1.1).

The geostrophic velocity section referenced to and above 1900 dbar show fewer
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FIGURE 4.9: Maps showing seasonal distribution of all delayed-mode quality con-
trolled Argo float profiles in the subtropical South Indian Ocean (blue dots) and
those finally taken into account for the seasonal estimate of temperature and salinity
from the optimal interpolation scheme (red dots) along 32°S (green and black dashed).
Contours highlight 1900 m isobath (thin solid black) and coastline (bold). Seasons are
set as followed: Spring contains September, October and November; Summer contains
December, January and February; Autumn contains March, April and May; Winter
contains June, July and August
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FIGURE 4.10: Error estimates for transport [Sv] given by the optimal interplation
scheme for the seasonal float realisations at 32°S applied as maximum error to each
density station pair.
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FIGURE 4.11: Left: Geostrophic velocities [in cms™!] referenced to and above
1900 dbar across 32°S, calculated from seasonal realisations using optimally interpo-
lated Argo profiles (black contours indicate zero velocity and white contours indicate
absolute velocities larger than +5cms™!). Right: Mean seasonal geostrophic velocity
profiles [in cms™!] referenced to 1900 dbar averaged between 45°E and 110°E. Each
season the actual profile is shown in colour whereas the other years are shown as black
lines only. For spring and autumn the CD29 (October/November 1987) and CD139
(March/April 2002) cruise data are shown for comparison (black dashed), interpolated
onto 32°S with an 8°-longitude Gaussian filter applied (PALMER ET AL., 2004).
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patches of alternating flow direction in the interior compared to the annual realisa-
tions (Fig. 4.11) with the region between 60°E and 80°E mainly occupied by patches
of southward flow with different intensities from 0.5 cms™! to 1.5 cms™!. Between 80°E
and 88°E a stationary patch of northward flow exists over all seasons with different
intensities ranging from 0.5cms™! to 2cms™!. Then centred at 90°E a weak but sta-
tionary patch of southward flow exists for all seasons. Around 100°E and further east
the patch of intense northward velocity can be attributed to the northward flowing
WAC. Only in the summer and autumn seasons intense southward velocities exist in a
patch of about 5° width with velocities between 0.5 cms™! and 2.5 cms~!. The offshore
parts of the southward flowing LLC and the northward flowing LUC are represented in
all seasons with the maximum intensity of the LC in winter as reported by SMITH
ET AL. (1991) and FENG ET AL. (2003).

In the western boundary region southward flow exists over the MADR at 45°E, to
the west and the east of MOZP at 35°E and directly at the western boundary at 30°E.
Only in the autumn season the patch of southward flow occupies the whole width of
the MOZB from the western boundary to MOZP. The southward flow is focused and
intense with velocities between 1cms™! up to 1500 dbar and more than 3cms™! in the
top 1000 dbar. In between these patches of southward flow, northward flow exist with

similar intensity and structure resulting from recirculations.

The geostrophic velocities averaged zonally between 45°E and 110°E (Fig. 4.11, right
panel) highlight two modes in the vertical structure above 800 dbar. In spring and au-
tumn we see a stronger increase in the averaged velocities in the pressure horizon
between 700 dbar and 800 dbar as well as above 400 dbar. At the surface in both sea-

1 is reached, while for summer and winter

sons a maximum mean velocity of 1.0cms™
the averaged velocities are smaller between 800 dbar and the surface with maximum
velocities at the surface of about 0.8 cms™!. The estimate from the WOAO1 climatol-
ogy (not shown) shows the same characteristics as the summer and winter seasons.
That means the seasons spring and autumn are characterised by exceptionally large

northward mean velocities in the top 800 dbar.

The interpolated and filtered cruise data deviate from the averaged geostrophic ve-
locity profiles from the float realisations. The CD29 profile from spring 1987 lacks
a deep northward mean velocity below 1500dbar. The CD139 profile from autumn
2002 follows the autumn profile from the float realisation but deviates in the upper
500 dbar with a smaller velocity (up to 0.2cms™!) and an additional large decrease in
the top 20 dbar of about 0.2 cms™!, resulting in a final mean velocity at the surface of

0.6cms™ L.
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FIGURE 4.12: Seasonal meridional transports relative to and above 1900 dbar at 32°S
cumulated from East to West estimated from float realisations. The numbers are
seasonal estimates of gyre strength using the MaxTrp method with a fixed eastern
end point at 110°E. Note that without the climatological reference end point in the
east at 110°E no seasonality becomes apparent. The dashed line indicates the section
bathymetry.

From the geostrophic velocities we now calculate cumulated geostrophic trans-
ports referenced to and above 1900 dbar and integrate them again from east to west
(Fig. 4.12). We get very coherent transport curves in the interior between 95°E and
45°E and larger variations in the boundary regions, in the west between 30°E and 40°E
and in the east between 95°E and 110°E. For the calculation of the gyre strength we
exclude the western boundary region, while the variations in the east mainly take place
in the interior west of 110°E. We show the estimates of the gyre strength using the
MazTrpw o4 method with the fixed eastern end point at 110°E given from climatolog-
ical properties (Tab. 4.6) and also the estimates using the LinReg method (Tab. 4.7).

TABLE 4.6: Maximum seasonal meridional transport above 1900 dbar across 32°S de-
rived from the 1987 (CD29 in October and November) and 2002 (CD139 in March
and April) cruise data (interpolated onto 32°S and with an 8°-longitude Gaussian
filter applied) and from cumulated geostrophic transports of the seasonal float reali-
sations using the MazTrpw o method applied between 45°E and 110°E. Also listed
are the end points, the associated errors there (eor,, and €or,) and the cumulated
transport at 110°E (Trp110g). The percentage in brackets indicates increase/decrease
of the cruise estimate relative to the spring (SPR) and autumn (AUT) estimates,

respectively.

’ Season H MaxTrpwoa \ End points \ €EOTw \ €0Ig \ Trp11or ‘
SPR (SON) 45.74+2.5 45°E 110°E | £2.2 | £1.1 2.7
CD29 (ON) 37.0£4.7 (-19%) | 56°E 110°E - - 4.3
SUM (DJF) 41.142.2 46°E 110°E | £1.9 | £1.1 0.0
AUT (MAM) 45.0+4.9 45°E 110°E | £4.8 | £0.8 3.2
CD139 (MA) 42.3+5.9 (-6%) | 45°E 110°E - - 7.2
WIN (JJA) 43.5+2.1 46°E 110°E | £1.9 | £0.9 1.7
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TABLE 4.7: Seasonal estimates of gyre strength across 32°S derived from the
geostrophic transport profiles from 1987 (CD29 in October and November) and 2002
(CD139 in March and April) cruise data (interpolated onto 32°S and with an 8°-
longitude Gaussian filter applied) and from the seasonal float realisations with the
LinReg method applied to the vertical integrated geostrophic transport profiles be-
tween 45°E and 110°E. Listed are the estimates for the full profile depth (up to
1900 dbar) and two separate layers, the thermocline layer mainly occupied by the
MW and IW between 200 dbar and 1000 dbar and the deeper layer below 1000 dbar
reaching to the maximum depth of 1900 dbar of the float realisations. The percentage
in brackets indicates increase/decrease of the cruise estimates relative to the spring
(SPR) and autumn (AUT) estimates, respectively.

[ Season | LinReg g/1000 || LinReg 20071000 | LinReg 1000/1900 |
SPR (SON) 46.2 +£1.6 29.14+1.0 6.6 £0.3
CD29 (ON) || 33.6+£3.4 (-28%) || 20.4+3.1 (-30%) | 5.3+1.5 (-20%)
SUM (DJF) 39.94+2.0 24.6 +£1.3 6.4 £+0.3
AUT (MAM) 45.74+2.1 28.4+1.3 6.7+0.4
CD130 (MA) || 43.7%5.5 (4%) || 273441 (4%) | 6.6=L7 (-1%)
WIN (JJA) 41.7+1.6 26.3£1.0 6.6 +0.3

Please note that the numbers given in figure 4.12 give the gyre strength using the
MaxTrp method without the climatological reference end point at 110°E.

Both methods show the same tendency in the data, namely that the seasons spring
and autumn give a 5%-10% larger gyre strength than the summer and winter esti-
mates, with the LinReg method showing the larger seasonality of the two methods.
The seasonality can be found in the upper 1000 dbar whereas the gyre strength in
the deeper layer between 1000 dbar to 1900 dbar indicates no seasonality. Nevertheless,
the seasonal cycle found in the upper layer does not agree with the seasonal cycle
estimated from geostrophic Sverdrup transport derived from wind-stress curl, which
indicates maximum in winter and minimum in summer. The seasonal cycle estimated
from the density field seems to be delayed by about 3 months. The Ekman transport
component, derived from wind-stress curl for the 5 year period 2002 to 2006, indicates
maxima in February and June of 2.8 Sv and 4.2 Sv, respectively and minima in April

and December of 1.6 Sv and 1.1 Sv, respectively.

These results (Tab. 4.7 and 4.6) show clearly that the CD29 section from 1987 has
an exceptionally low gyre strength compared to the spring estimate which is the ap-
propriate season. Assuming the individual errors given in Table 4.7 to be independent,
then the 1987 estimate is lower than the spring estimate by 3 times of the combined
error. Whereas the CD139 section estimate from 2002 is in good agreement with the

autumn estimate calculated from the float realisations.
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Finally, we use the analysis of seasonal changes to adjust the error estimates for the
annual gyre strength derived from the float realisations using the MazTrp method, at
least for the years 2002 and 2004, where no equal distribution of profiles over the year
exists at the end oints. The seasonal variability, and therefore the error associated with
sub-annual changes, is calculated as the standard deviation of the seasonal estimates.
Then the seasonal variability (sub-annual error) is 3.0 Sv for the full profile depth
up to 1900 dbar and 2.0 Sv for the thermocline layer between 200 dbar to 1000 dbar,
respectively. While for the deep layer no seasonal variability is detected. Note that the
sub-annual error is already only added for the years 2002 and 2004 and only using the
MazTrp method (Tab. 4.4).

4.1.3 Variability of the gyre strength at 32°S

We estimate a mean gyre strength over the 5 year period 2002 to 2006 of 44.44+1.2 Sv us-
ing the LinReg and 47.24+1.9 Sv using the MazTrpw o4 method, respectively (Tab. 4.5
and 4.4). Here, it is assumed that the annual error estimates (Tab. 4.5 and 4.4) are
independent and any bias of the distribution of the data is already included in there.
Therefore, the annual errors can be seen as randomly distributed for the 5 year period
and it can be assumed that the error for the 5year mean is smaller and more rep-
resentative than the errors for the annual estimates. Using the average of the annual
errors as a representation of the 5year period seems admissible, because the annual
errors show little variance. Therefore, the final errors given here are calculated as some
kind of ”standard error”, by taking the average of the annual error estimates divided
by the square-root of the number of years taken, into account (here 5years). The in-
terannual variability, defined as standard deviation of the annual estimates, is 5.2 Sv
using the LinReg and 6.2 Sv using the MaxTrpyw o4 method. The overall trend of the
time series of the gyre strength over the 19 year period between 1987 and 2006, taking
the cruise data as well as the annual float realisations into account, estimated with a
least-square linear fit is positive, no matter which method (MaxTrpwoa or LinReg) is
used (Fig. 4.13). However, if we use only the estimates from the Argo float realisation
over the 5 year period 2002 to 2006, a potential positive trend over the period 1987 to
2002, estimated from 2 hydrographic sections only, changes to a negative one there-
after, again no matter which method is used. It appears that the 5year trend of the
Argo period is sensitive to the method and shows a different magnitude in the slope
of the trend. Therefore, we now calculate the correlation coefficient (R) for the time
series of the gyre strength (tsgyrestr) and the according time vector (tsgime) following

the formulation in Eq. 4.2 and Eq. 4.3 and their associated confidence levels.
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FIGURE 4.13: Comparison of the gyre strength estimated from the different methods

(LinReg in blue; MaxTrpwoa in black) with associated errors for the annual float

realisations (blue and black filled) and the estimates from the interpolated cruise

data (green filled). Data taken from Table 4.5 and Table 4.4. Also shown is the trend

estimated for each method for the period between 1987 and 2006 (dashed) and only
for the Argo period between 2002 and 2006 (solid).

K (tSGyreSth tSTime)

R (tSGyreStn tSTime) = (42)
\/K(tSTime7 tSTime) K(tSGyreStr’ tS’GyreStr)
with the covariance K calculated from
N
1
K (tsGyrestr: t5Time) = N z;(tSGYreStr — ) (t8Time — V) (4.3)
1=

where p and v are the mean of the vectors tsgyrestr and tstime respectively.
Ideally a set of observations showing a perfect linear trend would show a correlation
coefficient of R = 1 and a p-value p = 0 with a significance level of 100%. For the
19years time period 1987 to 2006 we get a statistically significant positive trend
on a 80% and 90% significance level, respectively, depending which method is used
(Tab. 4.8). The large significance results from the long temporal separation of the
cruise data. If, additionally, the 1995 cruise data would be included (assuming that
the 1995 cruise data give still similar results as the 1987 cruise data (PALMER ET AL.,
2004) applying the LinReg or MaxTrp method) probably no significant trend would
be detected. However, for the 5year period 2002 to 2006 where we used only the
estimates derived from Argo float realisations we find no statistically significant trend,
again no matter which method is used (Tab. 4.8). This is due to the large changes

in the annual gyre strength estimates. For a better confidence a longer time series
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TABLE 4.8: Comparison of the time series of estimated gyre strength split into the

full time period 1987 to 2006 and only the Argo era 2002 to 2006. Trends of change

in the gyre strength are given with associated correlation coefficient, the p-value and
the significance level for both methods (LinReg and MazTrpwoa).

’ Period | Trend [Sv/year] [ R [ p-value | Significance level |
1987-2006 LinReg 0.61 0.67 0.10 90%
1987-2006 MaxTrpwoa 0.56 0.56 0.19 81%
2002-2006 LinReg -0.22 -0.07 0.91 not significant
2002-2006 MaxTrpwoa -0.67 -0.17 0.78 not significant

would be necessary providing more independent estimates. The maximum amplitude
of interannual change in the estimated gyre strength over the 5year period 2002 to

2006 is 13 Sv without and 18 Sv including the errors, respectively (Tab. 4.5).

Considering the results estimated with the LinReg method, the gyre strength esti-
mate from the CD29 cruise in 1987 exceeds 2 o (standard deviations) of the variability
in the annual estimates between 2002 and 2006. Additionally, the gyre strength using
CD29 data exceeds 3o of the seasonal variability of the gyre strength derived from
the Argo data. Directly compared to the appropriate season, the gyre strength esti-
mated from CD29 is about 30% smaller than the estimate for the mean spring season
between 2002 and 2006 (Tab. 4.7). Considering the MazTrpwoa method, the gyre
strength estimate using CD29 data exceeds 3 o of the seasonal variability to the spring
season. Compared to the 5year mean it exceeds the gyre strength estimate by 2o of

interannual variability (Tab. 4.4 and 4.6).

The cumulated geostrophic transport estimated from the CD29 section in 1987 across
32°S referenced to and above 2230 dbar showed a broad regime of southward transport
connected to the western boundary region up to 55°E (PALMER ET AL., 2004). In con-
trast, none of the annual or seasonal estimates between 2002 and 2006 showed such a
structure in the large scale velocity or transport field across 32°S (Fig. 4.4 and 4.12).
PALMER ET AL. (2004) showed that most of the change between 1987 and 2002 hap-
pened between 1995 and 2002. Additionally, the 1995 cruise data (not used in this
study) give the impression that there has been a persistent change between the flow
structure of the 1987 and 2002 sections, that can be seen by the westward shift of
the maximum of southward transport (in 1987 the maximum is located at 55°E, in
1995 at 45°E and in 2002 at 40°E; Figure3 from PALMER ET AL. (2004)). No such
structural change in the gyre transport was detected from the argo float data between
2002 and 2006. In contrast to the 1987 estimates the gyre strength calculation using

the recent CD139 cruise data is within 1o of the interannual and seasonal variability
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of the b year period, as well as within the given errors to the 2002 estimate, no matter
which method is used. Nevertheless, that does not imply that a single hydrographic
section is representative to describe the mean state of the gyre circulation, because of

the large amplitude in the interannual changes.

Furthermore it is notable, that the annual float realisations indicate a proportionally
larger change in the deep layer (1000 dbar to 1900 dbar) compared to the thermocline
layer (200 dbar to 1000 dbar) between 2002 and 2005, while from 2005 to 2006 the
increase in gyre strength is proportionally equally distributed between both layers.
The proportional change in gyre strength between 1987 and 2002 takes place rather
equally distributed too (Tab. 4.5), indicating a possible contribution from changes in
the wind field to the interannual variability. Nevertheless, the seasonal cycle is not
in agreement with the seasonal cycle estimated from geostrophic Sverdrup transport
derived from wind-stress curl, which indicates maximum in winter and minimum in
summer. The seasonal cycle estimated from the density field seems to be delayed by

about 3 months.

In conclusion the gyre strength estimate from the CD29 cruise data in 1987 is sig-
nificantly different to the mean gyre strength estimated between 2002 and 2006 from
float data. This is further emphasised by looking at the seasonal variability. The results
suggest that the structure as well as the strength of the gyre circulation in 1987 was

significantly different to the mean state of the circulation in the very early 21st century.

4.2 Estimates of the gyre strength at 20°S

Further north at 20°S the meridional component of the gyre is smaller because that
latitude is closer to the northern edge of the gyre bordered by the SEC. A larger
variability is expected due to the vicinity of the ITF, which is known to show large
variability on short and long time scales (SPRINTALL ET AL., 2002). Again we will focus
the analysis on the interior defined as the longitudinal band from 55°E to 110°E. This
will exclude the transports in the east shallower than 2000 dbar and also the major
part of the boundary transport of the East Madagascar Current (EMC) at the eastern
flank of MAD.

As an introduction, results from the recent BEAGLE cruise are presented to describe
the gyre strength in early 2004. In detail the results come from the 20SBEAGLE
cruise realisation with the OI applied to the cruise data to map the properties to 20°S,
smoothed by the decorrelation length scales 200 km west of MAD and 600 km east of
MAD (Chapter 3.1.3). Note that the actual latitude is 20.5°S given by the 1°x1° grid
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FIGURE 4.14: Left: Meridional geostrophic velocities [in cms™!] referenced to and

above 1000 dbar across 20°S, calculated from World Ocean Atlas 2001 climatology

(top) and from 20SBEAGLE realisation (bottom). Black contours indicate zero veloc-

ity and white contours indicate +5cms~!. Right: Mean geostrophic velocity profiles

[in cms™!] referenced to 1900 dbar (black) and 1000 dbar (blue) averaged between

55°E and 110°E calculated from WOAOQ1 climatology (top) and from 20SBEAGLE
realisation (bottom).
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of the background climatology but for the ease of reading we refer to it as 20°S as for
the 32°S section. The cruise CTD stations between 48°E and 110°E have an average
latitude of 20.1°S with a standard deviation of 0.19° latitude.

From the hydrographic measurements we calculated the geostrophic velocity and
transport field referenced to either 1000 dbar or 1900 dbar. While WARREN (1981)
showed that the geostrophic transport estimates at 18°S, east of 60°E are not sensitive
to the choice of the ZV level so long as it is chosen between 1000 dbar and 2000 dbar
we find an area of large vertical shear of more than 1cms™! in the geostrophic veloci-
ties between 1900 dbar and 1000 dbar between 65°E and 80°E (Fig. 4.14). This could
result from a large mesoscale deep-reaching eddy or more likely from a meander of the
southern most part of the SEC. In the WOAO1 data the feature is less pronounced
but we still find a shear in geostrophic velocities of 0.5cms™! in that region. This
indicates that care needs to be taken to estimate the gyre strength. Using the MaxTrp
method we estimate either 34.843.5Sv referenced to and above 1900 dbar, with the
maximum transport in the interior at 71°E, or we estimate 27.14+4.1 Sv referenced to
and above 1000 dbar with the maximum transport located at 55°E (Fig. 4.15). Using
the LinReg method the estimates for the different ZV assumptions are 24.6+ 2.8Sv and
27.0+2.3 Sv referenced to 1900 dbar and 1000 dbar, respectively.

From the general structure of the meridional geostrophic velocity section it seems
likely that with a larger smoothing length scale this large signal at 71°E in the merid-
ional transport (Fig. 4.15bottom) would reduce or disappear from the cruise data, as
it seems to represent an intense mesoscale eddy (Fig. 4.14). Additionally in the zonally
averaged velocity profiles between 55°E and 110°E the change in the ZV level shows
very little differences (Fig. 4.14). We will therefore use the 1000 dbar level for the ZV

assumption in the following.

Both geostrophic velocity sections show large northward velocities in the eastern
MOZC with only a small narrow band of southward velocities close to the continental
slope (Fig. 4.14). Although a strong anticyclonic circulation was reported for 24°S at
the southern exit of the MOZC using a global hydrographic inverse geostrophic box
model, a net southward mass flux of 5 Sv (STRAMMA AND LUTJEHARMS, 1997) to 14 Sv
(GANACHAUD AND WUNSCH, 2000) would be expected. That basically indicates that
the uniform ZV assumption at the western boundary of either 1000 dbar or 1900 dbar
is not valid and the derived velocities for either reference surfaces do not represent the
circulation. In the following we start with the estimates of the seasonal gyre strength
at 20°S which can then be included as a seasonal error contribution for the estimates

of the annual gyre strength, described later.
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As pointed out, the two methods to estimate the gyre strength, described previously
(sec. 4.1.1.1 and 4.1.1.2) have different advantages. While for the MazTrpy o4 method
measurements only at the end points are needed and therefore, it is more suited for
long time records with moorings for example. In contrast, the LinReg method does
take the interior into account making the method less dependent on the choice of end
points but also in this case less sensitive to eddy signals in the transports, as seen for
example in the CD139 cruise data near 104°E ((PALMER ET AL., 2004) their figure
3). The relatively early stage of the Argo project at the time of this study in the SIO
indicates that the LinReg method may be the appropriate method, being less sensitive
to the profile distribution. Therefore, in the following at 20°S we use solely the LinReg
method to estimate the gyre strength.

4.2.1 Seasonal estimates of the gyre strength at 20°S

The seasonal coverage of profiles is very good, even in the western boundary region west
of MAD. Only during the autumn season does a profile free area exist further south
of 20°S between 85°E and 95°E with a latitudinal extent of 3°latitude, which does
not affect the seasonal estimate because many profiles exist close to 20°S (Fig. 4.16).
Additionally it is important to keep in mind that in this area many floats with a parking
level of 1000 dbar or 1500 dbar have been deployed taking only every 3rd cycle (or less
frequently) a profile down to 1900 dbar. For the seasonal float realisations this affects
mainly the interior between MAD and 80°E, where for depths below 1000 dbar only
30% to 50% of the number of profiles are available compared to the upper 1000 dbar,
while in the east the percentage of deep profiles (>1900 dbar) is generally more than
70% compared to the upper 1000 dbar.

Generally the seasonal geostrophic velocity sections (not shown) agree well with the
geostrophic velocity section from WOAO1 climatology with two large areas of north-
ward velocities in the interior between 65°E and 80°E and between 85°E and 100°E,
respectively. In summer the broad southward flow in the east of the section is reversed
to a deep reaching northward flow with velocities up to 2cms™' extending between
100°E and 110°E and a narrow southward boundary flow at 113°E. While during the
other seasons the flow field east of 100°E is more like the one seen from climatol-
ogy, with generally southward velocities and a northward boundary or under current
(Fig. 4.14). In the west of the section, intense southward velocities exist directly off the

L occupying

African coast followed by strong northward velocities of more than 5cm s~
the major part of the MOZC as seen in the climatology, indicating the weakness of the

ZV assumption in that region (Chapter 4.2). Between MAD and MAU southward flow
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FIGURE 4.16: Maps showing seasonal distribution of all delayed-mode quality con-
trolled Argo float profiles in the subtropical South Indian Ocean (blue dots) and those
finally taken into account for the seasonal estimate of temperature and salinity from
the optimal interpolation scheme (red dots) along 20°S (green and black dashed).
Contours highlight 1900 m isobath (thin solid black) and coastline (bold).

is dominating with maxima of -3 cms™!

existing in an intense and focused EMC dur-

ing summer and winter. East of MAU northward velocities form a narrow but intense

boundary current.

The cumulated seasonal transports from the float realisations for the upper 1900 dbar

referenced to 1000 dbar indicate a very consitent interior flow between 100°E and 45°E.

Fast of 100°E the summer period shows a northward transport of 6.3 Sv between 110°E

and 100°E, while during spring and winter a small southward transport of -0.3 Sv exists
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and during autumn a northward transport of 2.5Sv exists. The estimate from the
interpolated cruise data (20SBEAGLE) fits well in the seasonal transport estimates
(Fig. 4.17).

The transport estimates for the layer between 200 dbar and 1000 dbar indicate a very
similar structure to the total transport structure in the interior and at the eastern end of
the section. While the deep layer between 1000 dbar and 1900 dbar indicates differences
to the total transport over the upper 1900 dbar. In the deep layer the seasons spring
and summer indicate a very similar structure and magnitude between 100°E and 55°E,
with a southward transport of about 4 Sv between 80°E and 70°E which is in the order
of the total meridional layer transport between 110°E and 55°E. During the autumn
and winter season the cumulated meridional transport is positive in autumn and almost

zero in winter. Additionally the deep layer gyre strength estimate of the interpolated
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FIGURE 4.17: Cumulated geostrophic transports for the upper 1900 dbar (top), the

thermocline layer between 200 dbar and 1000 dbar (middle) and the deeper layer be-

tween 1000 dbar and 1900 dbar, derived from seasonal float realisations along 20°S

using a ZV level at 1000 dbar. Also shown is the transport derived from the 20SBEA-
GLE realisation (black thin).
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cruise data (20SBEAGLE) does not fit well in the west to the appropriate summer

seaso1l.

With the LinReg method applied we get a semi-annual variation of 4.2 Sv in the gyre
strength between the surface and 1900 dbar and between 55°E and 110°E estimated as
standard deviation of the seasonal estimates (Tab. 4.9). In the upper layer (200 dbar to
1000 dbar) we find a maximum gyre strength of 17.6+0.7 Sv during summer while for
the other seasons it is smaller with 13.5Sv, 13.1Sv and 12.3 Sv in spring, autumn and
winter, respectively. Also a seasonality can be found with the maximum gyre strength
during summer with the minimum much less pronounced during winter (Tab. 4.9). In
the deep layer (1000 dbar to 1900 dbar) the situation is different again, with spring
and summer showing similar estimates for the gyre strength of -2.2+0.4 Sv while in
autumn we estimate 2.24+0.4 Sv and in the winter period no net transport of 0£0.3 Sv
(Tab. 4.9).

It is interesting that the magnitude of change in the gyre strength in the upper layer
between spring and summer is of the same order as between summer and autumn.
In contrast, the change of the gyre strength for the upper 1900 dbar between spring
and summer is 3 times larger than between summer and autumn. This difference is
balanced in the deeper layer with almost no change between spring and summer but
an increase in the gyre strength of 4 Sv between summer and autumn, compensating
almost completely the decrease in gyre strength in the upper layer (Tab. 4.9). Between
autumn and winter and between winter and spring, respectively the change seems to
take place mainly in the deep layer as well as in the surface layer, which we conser-

vatively take to be the upper 200 dbar. The change from spring to summer is based

TABLE 4.9: Similar to table 4.7 but now along 20°S for interpolated BEAGLE cruise
data (December and January) and for seasonal float realisations with the LinReg
method applied to the vertical integrated geostrophic transport profiles referenced
to 1000 dbar between 55°E and 110°E. Listed are the estimates for the full profile
depth (0dbar to 1900 dbar) and two separate layers, the thermocline layer mainly
occupied by the MW and IW between 200 dbar and 1000 dbar and the deeper layer
below 1000 dbar reaching to the maximum depth of 1900 dbar of the float realisations.
Error contribution from meso-scale variability and from sampling given by the OI are
included as square-root of the sum of the squares.

[ Season [ LinReg o/1900 || LinReg 2001000 | LinReg 1000/1900 |
SPR  (SON) 19.6 +1.5 13.5+0.7 -2.1+0.3
BEAGLE (DJ) 27.0£2.3 16.5+1.3 -0.3+0.4
SUM (DJF) 27.5+1.4 17.6 +£0.7 -2.24+04
AUT (MAM) 25.0£1.5 13.14+0.7 2.2+0.4
WIN (JJA) 18.8+1.4 12.340.6 0+0.3
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in the upper (200 dbar to 1000 dbar) and the surface layer (0dbar to 200 dbar). This
shift in the dominant role contributing to the seasonal changes in the gyre strength
is represented in the seasonal or semi-annual variation of both layers, estimated as
standard deviation of the seasonal estimates with 2.4 Sv in the upper layer and 2.1 Sv
in the deeper layer. Such a shift was not found at the 32°S section (Tab. 4.7 and 4.5).
It is worthwhile to note that the seasonal error estimates at 20°S are slightly smaller
than those at 32°S. This might be due to a better spatial coverage of profiles possibly

resulting in a smaller error contribution from sampling or meso-scale variability.

4.2.2 Annual estimates of the gyre strength at 20°S

The annual distribution of profiles in the vicinity of 20°S is sparse in the earlier two
years (Fig. 4.18). In 2002 almost no profiles are available, with the largest number in
the east of the section east of 100°E. Therefore year 2002 is excluded from the following
analysis, because the density field is based almost entirely on the WOAO1 climatology
(Chapter 3). In year 2003 the situation is slightly better but still a large area exists
between 75°E and 90°E with no profiles available (Fig. 4.18). In 2004 east of 108°E
only profiles north of 16°S exist but with some profiles existing very close to 20°S at
105°E there should not be problems for the analysis. The number of profiles taken
into account for levels deeper than 1000 dbar is less than 10% in the interior between
50°E and 95°E for 2003 compared to levels above 1000dbar. In contrast for 2004
a good coverage exists with generally more than 70% of profiles taken into account
compared to the level above 1000 dbar, which is due to the deployment of 13 floats
during the BEAGLE cruise in early 2004. In 2005 and 2006 the coverage on deep levels

is comparable to the seasonal float realisations with a better coverage east of 80°E.

The annual geostrophic velocity sections (not shown) agree well with the broad
structure seen in the WOAO1 climatology. Still the interior structure is relatively noisy
making it difficult to see clear differences. In the west of the section, we find the
southward flowing EMC very strongly represented in 2003 and 2006. In 2004 the flow
field in the MOZC seems dominated by strong southward flow at the African coast and
northward flow west of MAD. None of the years show a possible net southward flow in
the geostrophic velocity section in the MOZC which indicates again the problem of the
ZV assumption in the boundary current region as pointed out in the beginning of this
section (Chapter 4.2 and 4.2.1). The geostrophic transports referenced to 1000 dbar
cumulated from east to west are very focussed together within a range of 10 Sv from
the eastern end of the section at 115°E to 55°E. The transport for the interpolated
BEAGLE data (20SBEAGLE) fits very well between the 2003 and 2004 data with

about 5 Sv larger transports around 95°E.
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FI1GURE 4.18: Maps showing annual distribution of all delayed-mode quality controlled
Argo float profiles in the subtropical South Indian Ocean (blue dots) and those finally
taken into account for the annual estimate of temperature and salinity from the op-
timal interpolation scheme (red dots) along 20°S (green and black dashed). Contours
highlight 1900 m isobath (thin solid black) and coastline (bold).
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FIGURE 4.19: Cumulated geostrophic transports for the upper 1900 dbar (top), the

thermocline layer between 200 dbar and 1000 dbar (middle) and the deep layer between

1000 dbar and 1900 dbar, derived from annual float realisations across 20°S using a ZV

level at 1000 dbar. Also shown is the transport derived from 20SBEAGLE realisation
(black thin).

From the cumulated geostrophic transports, referenced to and above 1000 dbar
(Fig. 4.19), we derive the gyre strength estimates by applying the LinReg method
between 55°E and 110°E as described previously (Chapter 4.1.1.2). The annual float
realisation show a decrease in gyre strength from 29.0+4.8 Sv in 2003 to 21.0+2.4Sv
in 2005 followed by a small increase to 22.54+2.0 Sv in 2006, with a similar tendency
given for the upper layer between 200 dbar and 1000 dbar. The deep layer between
1000 dbar and 1900 dbar exhibits an different change, from a negative gyre strength
in 2003 to a positive one in 2005 and finally a negative one in 2006 again, but taking

the errors into account, these changes might not give a robust signal in interannual
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TABLE 4.10: Similar to table 4.9 but now for annual float realisations at 20°S. Includ-
ing the estimate for the layer 0 dbar to 1000 dbar for later comparison with geostrophic
Sverdrup transport. Given errors include contributions from meso-scale variability
(egppy) and sample errors given by the OI (eos). Additionally for the year 2003 a
sub-annual error contribution (esyp) is taken into account, due to the sparse data

coverage.

[ Year [ LinReg /1900 || LinReg 200/1000 | LinReg 100071900 | LinReg o/1000 |
2003 29.0£4.8 15.8+2.7 -1.0+£0.7 28.1+4.5
BEAGLE 27.0+2.3 16.5+1.3 -0.3+0.4 26.1 £2.2
2004 22.5+2.1 14.74+1.1 -0.94+0.4 23.4+2.0
2005 21.0+£2.4 12.5+1.3 0.24+0.5 20.9+2.1
2006 22.5+£2.0 13.5+1.0 -1.3+04 23.5+1.7

chnage (Tab. 4.10). This means that a small, but not significant, anticorrelation ex-
ists, between the upper and the deeper layer in the changes in gyre strength between
2003 and 2006. A compensation of the changes in the gyre strength in the upper layer
(200 dbar to 1000 dbar) by the deeper layer (1000 dbar to 1900 dbar), as clearly seen in

the seasonal estimates, is not identifiable.

The given errors include contributions from meso-scale variations (ezppy) and from
sampling which is given by the OI (eps). Additionally for the year 2003 a sub-annual
error contribution (esyp) is taken into account, due to the sparse data coverage. This
sub-annual error contribution is taken as the standard deviation of the seasonal esti-
mates for the different layers (from top to bottom), 4.2 Sv, 2.4 Sv and 2.1 Sv, respec-
tively (Sec. 4.2.2). Therefore, differences in the data coverage as seen between 2003
and 2006 for example are represented in the sub-annual error contribution, while the
differences in sampling error estimates and meso-scale error contributions, respectively,

play a minor role in the finally error estimate.

4.2.3 Variability of the gyre strength at 20°S

The estimated mean gyre strength at 20°S over the 4 year period 2003 to 2006 is
23.84+1.4 Sv. The interannual variability is 3.6 Sv and the seasonal variability is 4.2 Sv,
estimated as standard deviation of the annual and seasonal gyre strength, respectively.
The direction of interannual and seasonal changes are the same as those seen at 32°S
(Chapter 4.1.3). Although we have fewer estimates at 20°S we calculate a trend for the
period 2003 to 2006 with associated correlation coefficient as shown in section 4.1.3.

We find a negative trend in the estimates of the gyre strength at 20°S but depending
on the period and data selected this trend shows small or no significance especially

including the associated error estimates (Fig. 4.20 and Tab. 4.11).
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TABLE 4.11: Comparison of the time series of estimated gyre strength split into the

period 2003 to 2006 including estimates from Argo and cruise data or solely from

the Argo float data, and also for the period 2004 to 2006. The gyre strength was

estimated using the LinReg method applied to the vertically integrated geostrophic

transport profiles. Trends of the change in the gyre strength are given with associated
correlation coefficient, the p-value and the significance level.

’ Period | Trend [Sv/year] [ R [ p-value | Significance level |
2003-2006 Cruise & Argo -2.4 -0.82 0.09 91%
2003 - 2006 Argo only -2.2 -0.79 | 0.21 79%
2004 - 2006 Cruise & Argo -1.7 -0.70 0.30 70%
2004 - 2006 Argo only -0.2 -0.22 0.86 24%

The seasonal peak-to-peak variation in the gyre strength seen between summer and
winter exceeds the associated errors for both seasons and indicates that they are sig-
nificantly different. The seasonal estimates suggest an important role of the deep layer
(1000 dbar to 1900 dbar) contributing to the seasonal gyre strength indicated by the
large seasonal variations of 2.1 Sv which is about the same as the 2.4 Sv seasonal vari-
ability seen in the upper layer (200dbar to 1000 dbar). The deep layer is acting as
a buffer between summer and autumn and between winter and spring, respectively,
compensating the decrease/increase in gyre strength in the upper layer. In contrast,
between autumn and winter the deep layer indicates the largest changes of the two
layers and between spring and summer the change takes place mainly in the upper
layer (always excluding the near surface layer of the upper 200 dbar). The interannual
variations indicate anticorrelated changes in the deep layer compared to the upper layer
too, but less pronounced. The gyre strength estimated from BEAGLE cruise data is

in good agreement with both the annual and seasonal estimates, repsectively.
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FIGURE 4.20: Time series of gyre strength estimated using the LinReg method with

associated errors for the annual float realisations (blue dots) and the interpolated

cruise data (green filled). Also shown is the trend estimated for the period between

2003 and 2006 including the interpolated BEAGLE data (blue dashed) or solely the

Argo realisations (blue solid) and the same for 2004 to 2006 including the cruise data
(black dashed) or solely the float realisations (black solid).
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In the following sections we try to put the results into context with other observations
such as Sverdrup transport derived from wind-stress curl or sea surface height anomaly

measured from satellite.

4.3 Comparison to Sverdrup transport

Generally the structure of the cumulated transports with its linearity reflects the Sver-
drup flow one would expect at the centre of the subtropical gyre (TOMCZAK AND
GODFREY, 1994). The Sverdrup theory relates the curl of the wind-stress to mass
transport within the upper ocean assuming that the flow is stationary, that lateral
friction and molecular viscosity are small, and that turbulence near the sea surface
can be described using an eddy viscosity (SVERDRUP, 1947). Furthermore, the theory
assumes that the flow is baroclinic and that a uniform level of no motion exists for the
wind-driven layer at some depth. With the horizontal momentum equations written as

follows

~ Op 0 ou
_ Op 0 v
fou “ou 92 <AZ8Z> ) (4.5)

where f is the Coriolis parameter, p the density, u and v are the horizontal velocity
components, dp/dx and dp/dy the horizontal pressure gradient, and the last term on
the right hand is side the eddy viscosity. Sverdrup defined the mass transport in the
wind driven layer M, = [ pu(z)dz and M, = [ pv(z)dz and set the wind-stress (75, 1)
as horizontal boundary conditions of the eddy viscosity while there is zero stress at
the depth of the assumed level of no motion. Vertical integration of the horizontal
momentum equations over the depth of the wind-driven layer with these definitions
and boundary conditions applied and cross differentiation with respect to x and y as
well as the combination with the similarly integrated continuity equation provides the

fundamentals of Sverdrup’s theory

BM, = curl, (1), (4.6)

where curl, (1,) is the vertical component of the wind-stress curl, the only component

which is non-zero for a horizontal wind. The symbol 3 refers to the rate of change of
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FI1GURE 4.21: Depth-integrated Sverdrup transport applied globally using the wind-
stress from HELLERMAN AND ROSENSTEIN (1983). Contour interval is 10 Sverdrups.
Figure taken from TOMCZAK AND GODFREY (1994).

the coriolis parameter with latitude 5 = 0f/0y. Finally, M, is the total mass transport

in the wind-driven layer extending down to an assumed level of no-motion

My, = Myg + My, , (4.7)

including the Ekman wind-driven transport (Myg) and the geostrophic transport
(Myg). A detailed description of Sverdrup’s theory is given in many physical oceanog-
raphy textbooks, as for example POND AND PICKARD (1983); PEDLOSKY (1987, 1996);
ToMCzAK AND GODFREY (1994).

The Sverdrup solution has been used for describing the global system of upper ocean
currents. While the solution is applied throughout each basin all the way to the western
limit of the basin, conservation of mass is forced by including north-south currents
confined to a narrow, horizontal western boundary layer (Fig. 4.21). The Sverdrup
relation has been used widely to deduce the wind-driven interior circulation of the
ocean (e. g. WELANDER (1959); HELLERMAN AND ROSENSTEIN (1983)) and it is well
suited to the subtropical regions where it provides a good indication of the mean
flow in the upper 1000 m of the ocean. This is due to the stratification in the main
thermocline where the effect of topography is proportional to the vertical scale distance.
In the subtropics for features with a horizontal scale of about 100 km the vertical scale
will be less than 2.5km (WEBB AND SUGINOHARA, 2001). In high latitude regions

where bottom topography is important and the ZV assumption at the bottom may
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FIGURE 4.22: Comparison between time series of geostrophic Sverdrup transport
across 20°S (top) and 32°S (bottom) derived from monthly NCEP wind-stress data
and estimates for the gyre strength in the upper 1000 dbar from cruise data (green
squares) and optimally interpolated Argo float data (blue squares) using the LinReyg
method (Sec. 4.1.1.2 and 4.1). The wind-stress data have been averaged over a 6°
latitudinal band with a 1-year low-pass filter applied (solid red). The time lag in the
estimates derived from wind-stress data shown here is 1year at 20°S and at 32°S.

be invalid, the Sverdrup relation is not sufficient to describe upper ocean circulation
(WEBB ET AL., 1991).

Here we apply the Sverdrup solution to the interior of the SIO, excluding the west-
ern boundary region, to compare the geostrophic component of the Sverdrup transport
derived from the wind-stress curl with the previously estimated meridional transports.
The estimates of the gyre strength using the LinReg method are used due to greater con-
fidence in these results (Chapter 4.1). The wind-stress curl is taken from the monthly
surface fields from the NCEP-NCAR Reanalysis Project CDAS-I' (KISTLER ET AL.,

2001). Time series of Sverdrup transport across 20°S and 32°S were generated using

!Climate Data Assimilation System I from NCEP-NCAR Reanalysis Project
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the vertical component of the wind-stress curl (curl.(7;,), see Equation 4.6) averaged
over a 6°latitudinal band centred around 20°S and 32°S, respectively. With the de-
composition of the total mass transport in the wind-driven layer into Ekman (Myg)
and geostrophic (My,) components (Eq. 4.7) we derive geostrophic Sverdrup trans-
port across 20°S and 32°S, respectively. The data have been low-pass filtered with a
1-year second-order Butterworth filter (BUTTERWORTH, 1930) with different time lags
of 1year, 18 months, 2, 3 and 4 years applied (to accommodate different possible time
scales of dominating processes such as Rossby Waves for example). At 20°S away from
the centre of the subtropical gyre the geostrophic Sverdrup transport is smaller than
further south while the Ekman component increases, therefore it might be easier to
find an agreement at 32°S than at 20°S (Fig. 4.22). At 32°S a crude estimate for the
transient baroclinic adjustment time to long baroclinic Rossby waves would be at least
Syears (QIU AND CHEN, 2006), while at 20°S it would only take about half of that
time (CHELTON AND SCHLAX, 1996; QiU AND CHEN, 2006). In contrast, the annual
estimates of the gyre strength between 45°E and 110°E show good agreement with a
time lag of 1year to 2 years at 32°S, while at 20°S no significant correlations are found
(Fig. 4.22).

The estimated gyre strength derived from cruise data and annual float realisation
agree well with the gyre strength derived from Sverdrup transport, if the later is
lagged by one year. While it is to note, that the gyre strength estimate for 1995
would probably not fit very well, because it was assumed that the major changes in
the gyre strength have taken place between 1995 and 2002 (PALMER ET AL., 2004).
From their results it seems likely that in 1995 the gyre strength estimate from the
cruise data would be much smaller than those derived from wind-stress curl. Between
the 1year filtered Sverdrup transport, lagged by 1year, and the estimates from the
cruise data and float realisations at 32°S we find a large correlationof R? = 0.92 with
a 99% significance level (Tab. 4.12). We also see that the correlation is still large
for a lag of 18 months or 2years with a high level of confidence. These correlations
are based on the estimates of the gyre strength derived from the interpolated cruise
data and from the Argo float realisations (Tab. 4.5). The response to the wind field
with a l-year time lag agrees well with findings from DE RUIJTER ET AL. (2004);
PALASTANGA ET AL. (2006) on the relation between the interannual variability in
the EMC and large-scale climate variability in the 10. The westward propagation
of the large-scale anomalies associated with ENSO/IOD-cycles is suggested to take
one year (MURTUGUDDE ET AL., 2000). According to PALASTANGA ET AL. (2006)
an intensification of the subtropical gyre occurs after a positive ENSO/IOD event.
Additionally, during a positive IOD event sea surface temperature anomalies off western

Australia are positive and connected with positive SLA. The good correlation at 32°S
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TABLE 4.12: Correlation of the gyre strength at 32°S (top) and 20°S (bottom) from

geostrophic Sverdrup transport time series and the LinReg estimates using cruise data

and float realisations. Different time lags have been applied to the Sverdrup transport
time series, which have been additionally low-pass filtered with 1 year.

Time lag \ R \ p-value \ Significance level ‘
no lag 0.10 0.83 17%
1 year 0.92 | 0.002 99%
18 months | 0.67 0.10 90%
2 years 048 | 0.28 72%

4years | 0.03 | 0.95 5%

’ Time lag \ R \ p-value \ Significance level ‘
no lag 0.59 0.30 70%
1 year -0.75 0.14 86%
18 months | -0.98 | 0.003 99%
2 years -0.87 0.05 95%
4 years 0.75 0.14 86%

for a time lag of 1 to 2 years, between Sverdrup transport time series and that from
float realisations, does not agree with the typical assumption of perturbations being
initiated in the east of the basin and travelling over the whole basin to affect the
west. The adjustment time for such phenomena is longer than 1 to 2 years. But, if
the perturbations are forced near the western boundary, then the adjustment time
would reduce and a time lag of 1 or 2 years could be possible. Additionally, MATANO
ET AL. (1998) showed that the MADR has a significant effect on westward propagating
perturbations at 40°S probably leading to large baroclinic wave energy arising from
the interaction of barotropic waves from the interior of the Indian Ocean and the ridge.
At 20°S no significant correlation between the gyre strength estimated from the Argo

and cruise data and the Sverdrup transport time series can be detected (Tab. 4.12).

Now the question is, how does the estimated gyre strength, derived from the float
realisations, fits in detail to the time series of geostrophic Sverdrup transport. For this
we look at the non-cumulated geostrophic Sverdrup transport at 32°S with a moving
average of 5°longitude applied for the time period 1971 to 2007 to identify possible
areas of importance (Figure not shown, but the discussed features can also be found
in Figure 4.23). Generally, the structure shows alternating strong and weak northward
geostrophic Sverdrup transports on an annual scale with local maxima in the east at
110°E but also with maxima between 50°E and 110°E varying over time. The stronger
transports are associated with the winter season (defined by June, July and August),

while the weaker transports occur during summer. Only in the years 1978, 1986, 1987
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FIGURE 4.23: Left: Longitude time plot of geostrophic Sverdrup transport anomalies
at 20°S (top) and 32°S (bottom) calculated between 110°E and 55°E and between
115°E and 30°E as described in the text, with a moving average of 3 months and of
5° longitude applied. Right: Longitude time plot of geostrophic Sverdrup transports at
20°S (top) and 32°S (bottom) integrated from east to west also with a 13 months and
5° longitude moving average applied. Note that the colour scales in the left column are
identical for 20°S and 32°S, whereas in the right column the colour scale is different.
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and 2003 do the winter seasons, show very little northward transport with early 1987
showing exceptionally weak transports between 60°E and 80°E, which is also apparent
in the seasonal anomalies, generated using seasonal means from the time period 1949
to 2007 (Fig. 4.23). This could be an indicator for the change in the gyre transport
structure reported in the 1987 data from CD29, where the point of maximum transport
was shifted unusually far to the east to 55°E (PALMER ET AL., 2004). In 2003 the sit-
uation is similar but less pronounced, here the winter season is missing large (>1.5Sv)
northward transports (not shown) and additionally the winter in 2003 and 2004 does
show negative anomalies in the geostrophic Sverdrup transport between 50°E and 65°E
(Fig. 4.23), while in 2003 also there are negative anomalies across the whole interior
basin. This could be the cause for the only moderate increase of cumulated geostrophic
transport estimated from the 2004’s float realisation west of 60°E. Additionally this
could have affected the 2005 estimate too, resulting in weak northward transports in
the interior between 70°E and 100°E (Fig. 4.4). At 20°S the maximum in the cumu-
lated geostrophic Sverdrup transport is given in winter too, while the seasonal estimate
of the gyre strength showed the maximum during summer (Fig. 4.4, Tab. 4.9). The
comparison of the 20°S cumulated geostrophic Sverdrup transport with the one at 32°S
shows extreme weak transports in 1989 and 2001 at 20°S with a time lag of 1 year and
2 years, respectively. This could be just a coincidence, since for the weak transport in

1978 at 32°S no connected signal can be found at 20°S.

In the context of changes in the gyre strength, at 32°S the time series from
geostrophic Sverdrup transport (with the wind leading by one year) shows a clear min-
imum of 28 Sv in the gyre strength around 1987. From 1987 to 2002 the gyre strength
increases, indicating a positive trend (3.6 Sv/decade; with a statistical significance of
more than 85%), while for the period 1987 to 2006, no significant trend is detectable.
Testing the trend’s dependency on the selected period, with period length changed by
up to 4years, gives still robust positive trends with a confidence level of more than
85%, but with a smaller slope. From around 2002 on, a strong decrease exists until 2005
but with no significant trend detectable. It is interesting, that at 32°S, the minimum
in gyre strength derived from Sverdrup transport, as well as the increase afterwards to
larger values, occurs in the beginning of the period of reported increase in global mean
surface temperatures (IPCC, 2007). Whereas, at 20°S, no such connection is apparent

nor are any regimes with significant trends detectable.
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4.4 Comparison to satellite altimetric height

We compare the results from the annual float realisations with merged data from
satellite altimetric height collected over the 13 year period from 1993 to 2006 from
various satellite missions (DIBARBOURE ET AL., 2008) available from the Aviso Data
Product website?, to gain knowledge about changes in the spatial structure of the
subtropical South Indian Ocean gyre. A shift of the centre of the gyre, as found by
ROEMMICH ET AL. (2007) in the subtropical South Pacific, leads to changes in the
observed gyre strength, if the observations are locally fixed (i. e. to a specific latitude).
To detect possible shifts, 2-dimensional maps of the dynamic height, computed from the
annual float realisations, are examined and compared with maps of absolute dynamic
topography (ADT), derived from satellite altimetry. The ADT dataset can provide
essential space-time context for interpreting sparser in-situ datasets. Additionally, the
high-resolution altimetric data can be used to identify signal propagation across the

basin.

From the temperature and salinity fields from the annual float realisations we com-
pute dynamic height differences (ADH) following the proposal of BJERKNES AND
SANDSTROM (1910)

AD

ADH = =~ (4.8)
g

where g is the acceleration potential in ms™2 and A® is the difference in geopotential

2

distance in m?s~2 as described in standard oceanographic textbooks (for example

POND AND PICKARD (1983); TOMCZAK AND GODFREY (1994); STEWART (2007)).

2
Ad = @2—@1 = —/ (Sdp (49)
1

with § the specific volume anomaly in m?3 kg~!

integrated between the pressure levels p;
and py in decibars (dbar). The slope of the sea surface is proportional to geostrophic
flow at the sea surface that can also be expressed by the gradient of differences in

dynamic height.

Here we compare Dynamic Height (DH) calculated from the float realisations at the
surface, relative to 1900 dbar (DHO0/1900) with maps of absolute dynamic topography
(ADT) derived from satellite altimetry (Fig. 4.24). The structure of the DH maps
agree very well with those from ADT, with little large scale variation over the 5 years.

The maximum of the gyre reaches from the Southeast African coast to east of MAD.

Zhttp://www.aviso.oceanobs.com/en/data/products/index.html
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The northern part of the Antarctic Circumpolar Current (ACC) is well represented
extending from the west at 40°S to the east at 45°S with a large meridional gradient in
the isolines. In the ADT data the maximum is apparent east and south west of MAD
with a tendency to expand eastward and southward from 2002 to 2006. A similar
tendency is found in the map of DH0/1900 where the maximum east of MAD extends
eastward and southward. In 2003 we also see a separation of the maximum in the
ADT into two separate maxima, one in the MOZB and one east of MAD, this is also
apparent in the map of DH at the surface, referenced to 1900 dbar. Additionally, in
the east we see patches of low DH near the southern tip of Australia in all years but
also extending west to BP at 95°E in 2003 and 2004. This is also partly apparent in
the maps of ADT where we find patches of low ADT near the south western tip of
Australia. The lows in ADT or DH are presumably connected to eddies generated in
the LCS as observed for example in late 2003 (FENG ET AL., 2007). In 2003 there
seems to be a pathway of eddy activity represented by low DH from the south western
tip of Australia to BP in the north west. The lack of that feature in the maps of ADT
might be explained by spatial and temporal sampling bias of the float data.

Remarkable is that in 2006 the area east of 95°E from 30°S to about 42°S, including
the whole Perth Basin (PB) and parts of the connecting South Australia Basin (SAB)
further south, indicates an ADT increase of 10 dyn cm. This signal is not represented
in the field of DH although this area is very well sampled from float profiles. A possible
explanation can be found by looking at annual differences in ADT with respect to
2001 (not shown), where only year 2006 indicates a positive difference for almost the

complete SIO area.

The separation into a shallow layer (DH200/1000) between 200 dbar and 1000 dbar
and a deeper layer (DH1000/1900) between 1000 dbar and 1900 dbar gives the following
(Fig. 4.25). The centre of the gyre is indicated by two separated maxima in the upper
layer, the southern one extends from the MOZB to southeast of the Southwest Indian
Ridge (SWIR) at 60°E and 40°S, while the northern one occupies the region east of
MAD to 70°E. This separation is induced by large eddy activity at the southern tip of
MAD (LUTJEHARMS, 1988; PALASTANGA ET AL., 2006) and the east or north eastward
flowing South Indian Counter Current (SICC) at about 25°S (PALASTANGA ET AL.,
2007).

As reported previously, the maps of DH200/1000 also indicate a patch of low DH
in 2003 north of BP and at the southern and northern tip of Australia. In 2005 and
2006 we find again patches of low DH west of Australia, while in 2005 the shape
and orientation of the patch suggest a connection to the northeast, in 2006 the patch

is located and oriented to the south east (Fig. 4.25). From the south western tip of
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Australia a possible source of low DH are cyclonic eddies formed in the LCS between
30°S and 35°S. From the north western coast of Australia a possible source might be
perturbations at the exit of the ITF in combination with the SEC. The deeper layer
(DH1000/1900) indicates only one centre of the gyre located further east and south
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FIGURE 4.24: Left: Maps of dynamic height (0/1900 dbar) computed from the WOA01
climatology (top) and the annual float realisations (2nd to 6th panel). Colour contours
generally indicate 10 dyn cm intervals but between 170dyncm and 190 dyn cm inter-
vals are refined to 5dyncm. Bold black contours indicate coastline and the 1900 m
isobath. Right: Maps of annual mean of satellite altimetric height using the merged
Aviso MADT product with a Gaussian filter of 2°longitude and 1° latitude applied.
Colour contours set accordingly to the dynamic height maps (generally 10 cm intervals
but between 170 cm and 190 cm intervals are refined to 5cm).
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than in the upper layer, as is characteristic for subtropical gyres (ROEMMICH ET AL.,
2007). The centre extends from east of the coast of South Africa to 70°E across the
SWIR. Additionally the connection to the subtropical gyre of the South Pacific becomes
apparent, indicated by the 60 dyn cm isoline (RIDGWAY AND DUNN, 2007; ROEMMICH,
2007). The near-surface portion of the so-called supergyre controls a significant amount
of the planetary heat balance. For ocean surface waters, the westward limb of the
South Pacific gyre bifurcates at the coast of Australia, where part of the current turns
northward across the Equator and feeds the Indonesian Throughflow. The connection
south of Tasmania constitutes a second pathway for Pacific waters to reach the Indian
Ocean.The large transport of warm water into the Indian Ocean, balanced by much

colder eastward flow south of Australia, represents an immense heat exchange from the
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FIGURE 4.25: Maps of dynamic height [dyn cm] computed from the annual float
realisations (left: dynh200/1000; right: dynh1000/1900). Colour contours generally
indicate 10dyncm intervals but between 170dyncm and 190dyncm intervals are
refined to 5 dyn cm. Bold black contours indicate coastline and the 1900 m isobath.
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FIGURE 4.26: Longitude time plots of sea level anomaly derived from the merged
Ssalto/Duacs MSLA product filtered with a 3 months and a 5° longitude moving av-
erage at 20°S (top) and 32°S (bottom).

Pacific (RoEMMICH, 2007). As shown by RIDGWAY AND DUNN (2007) it is possible to
detect the supergyre using Argo float data by tracing the salinity minimum along its

path, associated with the AAIW, in combination with the acceleration potential field.

Sea level anomalies show for both latitudes a positive signal propagating from the
eastern boundary starting in 1998 (Fig. 4.26). At 20°S the signal has a maximum of
more than 8cm in SLA at 110°E and in late 2002 at 45°F it still shows anomalies
of 5cm. While at the southern section at 32°E the signal is much weaker and in the
west it is superimposed by a anomaly appearing at 45°E between 2000 and 2002 with
more than 5cm. Additionally, it seems that the signal seen at 20°S needs about 2
to 3years to reach MAD, while at 32°S the signal reaches the western part at 45°E
within 1 year. That difference in the transit time could be explained by the fact, that at
midlatitudes where the transient time is long, the wind-forced sea surface height signals

tend to dissipate due to eddy mixing as they propagate westward (Qiu AND CHEN,
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FIGURE 4.27: Annual estimates of differences in linearly regressed ADT or DH (0/

1900 dbar) differences between 55°E and 110°E at 20°S (top) and between 45°E and

110°E at 32°S (bottom), at both latitudes averaged over a two degree latitudinal
range. DH is calculated from annual float realisations.

2006). Additionally, it was shown that a possible connection exists between interannual
changes in the EMC and ENSO/IOD-cycles. PALASTANGA ET AL. (2006) suggested
that a positive ENSO/IOD event causes an intensification of the gyre. Additionally,
sea surface temperature anomalies are positive off western Australia and associated
with positive SLA. In the longitude time plots of SLA (Fig. 4.26) large anomalies are
found in the east in 2000 at 32°S and 20°S, respectively. The signal is propagating

westwards and reaches 55°E within one year at 32°S and within two years at 20°S.

ROEMMICH ET AL. (2007) found an excellent agreement between estimates of sea
surface height from satellite altimeters and dynamic height calculated from the den-
sity field from Argo float data. For our comparison, we calculated annual differences of
linearly regressed ADT and DH (0/1900 dbar) between 55°E and 110°E at 20°S, and
between 45°E and 110°E at 32°S, at both latitudes averaged over a 2 degree latitudinal
range (Fig. 4.27). The comparison does show an agreement between 2002 and 2005
between the different variables, while in 2006, differences in ADT show an ongoing de-
crease, especially at 32°S, whereas differences in DH (0/1900 dbar) show an increase.
At 20°S, the gyre strength estimates is represented quite well from DH, while the ADT

data show a large increase in the year 2005. At 20°S, the interannual variability, defined
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as standard deviation of the annual estimates is 5.8 dyncm in ADT and 4.5dyncm in
DH. At 32°S, the differences in DH do not represent the change in the gyre strength
estimated from geostrophic transports referenced to and above 1900 dbar. Here, a con-
tinuous increase is observed in DH differences, with no decrease in 2004 and 2005. The
changes in the differences in ADT do not match with the changes in gyre strength
either. At 32°S, the interannual variability, defined as standard deviation of the annual
estimates is 3.1dyncm in ADT and 2.2dyncm in DH. A speculative explanation for
the differences between changes in ADT and DH could be that signals of different time
scales are included. Whereas it is not clear, why the differences exist in the results
of interannual changes derived from DH and changes in the gyre strength estimates,
using the LinReg method applied to geostrophic transports. Here, more work is needed

on this to examine a possible reason for the differences.

4.5 Summary

In this chapter we analysed changes in the subtropical SIO gyre circulation using recent
hydrographic cruise data from CD29 in 1987 and CD139 in 2002 along 32°S, from
BEAGLE in 2003/2004 along 20°S and from Argo float profiles from the 5 year period
2002 to 2006, repsectively. The major focus was set to 32°S to investigate potential
ongoing trends over the 5year period 2002 to 2006 in changes of the gyre strength,
based on reported changes for the 15 year period between 1987 and 2002 derived from
two hydrographic cruise data (PALMER ET AL., 2004; MCDONAGH ET AL., 2005).
PALMER ET AL. (2004) showed that most of the change happened between 1995 and
2002. Furthermore, they concluded that there has been a persistent change between
the flow structure of the 1987 and 2002 sections, that can be seen by the westward
shift of the maximum southward transport (in 1987 this maximum is located at 55°E,
while in 1995 at 45°E and in 2002 at 40°E, respectively). Note, that the 1995 cruise
data are not used in this study, due to the sparse coverage in the interior resulting from
the different cruise tracks compared to 1987 and 2002. In the context of interannual
changes in the gyre circulation, the seasonal variability was investigated too, to classify
the reported decadel change between 1987 and 2002 in terms of possible seasonal bias
of the results, because the CD29 cruise took place in October/November 1987 while the
CD139 cruise took place in March/April 2002, namely the spring and autumn season,

respectively.

We compared two methods (MazTrpwoa and LinReg) to estimate the gyre strength
at 32°S between 45°E and 110°E (at 20°S between 55°E and 110°E) derived from
geostrophic velocity fields using a ZV level at 1900 dbar (at 20°S 1000 dbar is used).
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At 32°S the ZV level was set as deep as the data coverage allowed to fulfil the need
for a deep reference level, whereas at 20°S we followed the ZV assumption proposed
by WARREN (1981). The longitudinal band was selected to exclude major boundary
currents but also because the varibility in the greater boundary current area in the west
together with partly sparse coverage of profile data generates large errors in the final
estimates. We found that using the LinReg method with the cumulated transport from
WOAUO1 climatology at 110°E does change the gyre strength estimates by less than
3% compared to the gyre strength estimates based solely on cruise and float data,
respectively. For the MaxTrpywoa method a change of up to 10% became apparent.
While both methods showed broadly the same results in terms of interannual variability
and the seasonal cycle, we prefer to use the LinReg method because it depends less on
the choice of end points. Furthermore, the relatively early stage of the Argo project
at the time of this study in the SIO indicates, that the LinReg method might be the

appropriate method, being less sensitive to the profile distribution.

Gyre circulation at 32°S: We estimate a mean gyre strength of 44.44+1.2 Sv over
the 5year period 2002 to 2006. The interannual variability, defined as standard devia-
tion, is 5.2 Sv with a maximum amplitude of interannual changes of 13 Sv between 2005
and 2006. We found no significant trend in the annual gyre strength between 2002 and
2006. The gyre strength estimate from the CD29 cruise section in 1987 is more than
10 Sv smaller than the mean gyre strength for the period 2002 to 2006, exceeding 2 o
of the interannual variability estimated for the 5 year period. Whereas, the amplitude
of the change in gyre strength between the 1987 and the 2002 estimate from cruise
data is smaller than the maximum amplitude of the interannual changes (about 13 Sv
between 2005 and 2006) derived from float realisations (Tab. 4.5). The estimate from
CD139 cruise data in 2002 is in good agreement, within the given errors, with the 2002

annual estimate from float data.

The seasonal variability of the gyre strength is estimated to be 3.0 Sv with maxima
in spring and autumn. This seasonal cycle exists only in the upper 1000 bar (Tab. 4.7).
The gyre strength estimate from the CD29 cruise section in 1987 is more than 12 Sv
smaller than the spring season estimate, exceeding the 3¢ of the seasonal variability
calculated for 2002 to 2006. Whereas the 2002 estimate from cruise data is in good
agreement, within the given errors, with the autumn estimate.

The results obtained from section 4.1 show that the structure as well as the strength
of the gyre circulation was significantly different to the mean state of the very early
21st century. But also they show that interannual changes can be larger than possible
decadal changes. That might yield to problems estimating trends in the change of the

gyre circulation when the temporal coverage is sparse.
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Gyre circulation at 20°S: Depending on the method MazTrp or LinReg we found
differences in the estimated gyre strength and structure using either a ZV assumption
at 1000 dbar (WARREN, 1981) or at 1900 dbar. This difference is mainly caused by large
northward velocities in the geostrophic velocity field between 70°E and 80°E. To avoid
that problem we use the LinReg method with a proposed ZV level at 1000 dbar.

The estimated mean gyre strength at 20°S over the 4 year period 2003 to 2006 is
23.8+1.4Sv. From the seasonal float realisations we get a semi-annual variation in
the gyre strength with largest estimates in summer and autumn with 27.54+1.4 Sv and
25.041.5 Sv respectively, while the total variation is 4.2 Sv. Additionally, we found an
important role attributed to the deep layer (1000 dbar to 1900 dbar) contributing to
the seasonal changes in the gyre strength. The deep layer is acting as a buffer between
summer and autumn and between winter and spring, respectively, compensating the
deacrease/increase in gyre strength in the upper layer. Whereas between autumn and
winter the deep layer indicates the largest changes of the two layers and between
spring and summer the change takes place mainly in the upper layer. The interannual
variations indicate a countermovement in the deep layer compared to the upper layer
too, but less pronounced. The gyre strength estimated from BEAGLE cruise data is

in good agreement with the annual and seasonal estimates, repsectively.

Comparison to Sverdrup transport: The comparison of the gyre strength esti-
mates at 32°S with Sverdrup transports derived from National Centers for Environ-
mental Prediction (NCEP) wind-stress data reveal a high correlation in the time series
with lags between 1 year and 2 years. Changes in the wind-stress curl and therefore in
the resulting geostrophic Sverdrup transport that take place within 10° longitude could
be responsible for significant parts of the interannual changes in the gyre strength. The
good correlation at 32°S for a time lag of 1 to 2 years, between Sverdrup transport
time series and that from float realisations, does not agree with the typical assumption
of perturbations being initiated in the east of the basin and travelling over the whole
basin to affect the west. The adjustment time for such phenomena is longer than 1 to
2 years. If perturbations are forced near the western boundary, the adjustment time
would reduce and a time lag of 1 or 2 years could be possible. Additionally, MATANO
ET AL. (1998) showed that the MADR has a significant effect on westward propagating
perturbations at 40°S probably leading to large baroclinic wave energy arising from
the interaction of barotropic waves from the interior of the Indian Ocean and the ridge.
At 20°S the Sverdrup transport and its variability is generally smaller because that
latitude is further away from the centre of the subtropical gyre and the maximum of
wind-stress curl. In the context of changes in the gyre strength, at 32°S it is to note,

that the time series from geostrophic Sverdrup transport indicates a robust positive
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trend (3.6 Sv/decade; with a statistical significance of more than 85%) for the period
1987 to 2002. Testing the trend’s dependency on the selected period, with period length
changed by up to 4years, gives still robust positive trends with a confidence level of
more than 85%, but with a smaller slope. It is interesting, that at 32°S, the minimum
in gyre strength derived from Sverdrup transport, as well as the increase afterwards to
larger values, occurs in the beginning of the period of reported increase in global mean
surface temperatures (IPCC, 2007). Whereas, at 20°S, no such connection is apparent

nor are any regimes with significant trends detectable.

Comparison to satellite altimetric height: Time series of SLA indicate for both
latitudes large positive anomalies in the east in early 2000 which seem to propagate
westward. While the magnitude of the anomaly is >8cm at 20°S between 105° and
115°E for about 2years, it is much more confined at 32°S to 115°E. Additionally to
the spatial differences, temporal differences exist in propagation times. At 32°S the
anomaly seems to cross the basin interior within 1year, while at 20°S it takes more
than 2years to reach MAD. This defies linear Rossby wave theory, where the transit
time is shorter at lower latitudes. An explanation is that the MADR has an significant
effect on westward propagating signals, leading to large baroclinic wave energy from

the interaction of barotropic waves from the interior and the ridge.

Generally, the large scale structure of DH0/1900 calculated over the full profile depth
agrees well with ADT data, with both showing local minima at the southern tip of west
Australia extending into the PB indicating eddy activity in the LCS. But no significant
change in the structure or position of the gyre can be detected, as seen on decadel time
scales in the South Pacific Ocean (ROEMMICH ET AL., 2007). The different layers of DH
show clearly different circulation patterns. The upper layer DH200/1000 maps show the
two centres of the subtropical gyre divided at the southern tip of MAD by eddy activity
and the north eastward orientated SICC dominating the upper 500 bar. The deeper
layer DH1000/1900 maps indicate the recently described connection to the subtropical
South Pacific Ocean as part of the supergyre of the Southern Ocean (RIDGWAY AND
DuUNN, 2007; ROEMMICH, 2007) and reveal that this is a strong permanent circulation

feature on annual and seasonal time scales.



Chapter 5

Subsurface reference velocities

from float trajectories

As well as information about the density structure the floats provide further useful
information, namely a mean subsurface drift velocity. In section 3.3 a simple method
is described to derive subsurface velocities from each float’s drift at parking level. At
this stage the method includes errors from the drift during ascent and descent, from
the drift at the surface before the float’s position is recorded by a satellite, and from
the uncertainties in positioning. A difficulty in interpreting the data is the relatively
sparse temporal and spatial coverage of data, at least in the SIO up to 2006. There is
the potential for single profiles to bias velocity estimates in the mapping procedure.
The overall errors might be too large to use the float’s subsurface velocities as reference
velocities for geostrophic calculations (at least at this stage of the project). Neverthe-
less, useful information is provided about temporal and spatial scales of deep velocity

features in the interior of the ocean.

First, meridional reference velocities along the CD139 cruise track are compared with
reference velocities derived from an inverse calculation (MCDONAGH ET AL., 2008).
Then seasonal and annual estimates of meridional reference velocities at different levels
are presented for the 32°S and 20°S section, respectively. Finally, subsurface velocity
maps for the SIO are shown to examine possible permanent circulation features at
depth.
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5.1 Comparison of reference velocities across CD139

cruise track: Float estimates vs. inverse calculation

MCDONAGH ET AL. (2008) used the geostrophic shear derived from the density field
from the CD139 cruise and initialised their inverse method with reference velocities
from the ADCP! data with an additional Ekman velocity imposed on the top 60 m of
the section using the HELLERMAN AND ROSENSTEIN (1983) wind climatology. Further-
more, 11 constraints of volume and silicate flux of the major currents and basins are
used to solve the system for reference velocities (for a detailed description of the inverse
method see MCDONAGH ET AL. (2008)). Here we compare reference velocities from
the inverse calculation (INV, OI_LINV) with velocity estimates from float trajectories
(OI+2mon, OI2002). The appropriate float realisations are estimated by applying the
OI to the dataset of deep reference velocities (1900 dbar) derived from the floats sub-
surface drift (Tab. 3.5). Different temporal coverage is used, first extending the cruise
period by £2months (OI£2mon) and second using the 2002 annual mean (0I2002).
Additionally a smoothed inverse solution reference velocity field is used (OI_LINV). This

is generated by applying the OI to the reference velocities from the inverse calculation.

Beginning in the far west of the CD139 section west of MOZP at 35°E, we find large
gradients in the reference velocities (Fig. 5.1). This is probably due to the sparse data
coverage in that region. The inverse solution shows large northward velocities indicating

the Agulhas Undercurrent. In the MOZB between 35°E and 45°E the velocities compare
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FIGURE 5.1: Meridional reference velocity section at 1900 dbar across CD139 cruise
track. Shown are the velocities taken from the inverse calculation from MCDONAGH
ET AL. (2008) with the ADCP solution (thin black), the filtered velocities after ap-
plying the Optimal Interpolation algorithm on the inverse solution (magenta), the
velocities from the OI+2mon (thick dashed black) and OI-2002 (thick red) realisation
using the Optimal Interpolation algorithm.
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rather well, reproducing the deep front there. At 50°E the 4 month mean (OI+2mon)
shows a deep northward current with velocities up to 2cms™! but with even large
errors. Between 60°E and 85°E the annual estimate (OI2002) agrees relatively well
with the smoothed velocities from the inverse solution, here the associated errors are
smallest with less than 0.7 cms™!. Especially the transition from southward velocities
of -2cms™! at about 60° to zero or northward velocities at 65°E is well represented
in the inverse solution (unfiltered and filtered) and the annual float estimates. At
87°E where the topography is shallower than 1900 m no estimate exists from the float
data. East of BP up to 95°E the tendency of decreasing velocities agrees well between
the smoothed inverse solution (OI_INV) and the float realisations (OI+2mon, 0I12002).
Further east, especially near 105°E the velocities indicate opposite directions, although
the unfiltered inverse solution shows negative velocities there as well. The comparison
showed a good agreement in some parts of the section between the inverse solution
velocities, especially the unfiltered ones, and the annual float realisations. From the
permanent deep circulation feature suggested by MCDONAGH ET AL. (2008) the float
data do confirm the southward velocities east of BP at 95°F as well as the southward

velocities in the Crozet Basin (CB) at 60°E.

The zonally averaged (between 45°E and 110°E) meridional velocities for the differ-
ent float realisations (OI£2mon and OI2002) give an indicator of the accurracy of the
ZV assumption, which was applied when the gyre strength was estimated (Tab. 5.1).
The averaged velocities are relatively small, while the associated errors given by the OI
method are much larger. Assuming these mean velocities are uniformly applied over the

water column down to 1900 dbar (only around BP this assumption is infringed) as well

TABLE 5.1: Zonally averaged (between 45°E and 110°E) meridional reference veloc-
ities at 1900 dbar across CD139 cruise track. Given are the velocities taken from the
inverse calculation from MCDONAGH ET AL. (2008) with the ADCP solution (INV),
the filtered velocities after applying the Optimal Interpolation algorithm on the in-
verse solution (OILINV), the velocities from the OI+2mon and OI2002 realisation
using the Optimal Interpolation algorithm. The second column gives the associated
average errors (from OI), while the third column gives the standard deviation of the
meridional velocities. The last column gives a crude estimate of the associated trans-
port induced solely by these mean velocities applied uniformly over the water column
down to 1900 dbar between 45°E and 110°.

H mean velocity \ mean error (from OI) \ standard deviation \ approx. transport

INV 0.21 cms™! - +3.2 cms™ ! 30 Sv
OLINV 0.14 cms™! 1.0 cms™! +0.7 cms™! 20 Sv
OI & 2mon 0.22 cms! 0.8 cms! +1.3 cms™! 31 Sv
012002 -0.25 cms— 1 0.7 cms ! +0.7 cms™ T -36 Sv
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as for the longitudinal range from 45°E to 110°E, large transports can result. These,
together with the possible errors included (here the errors to estimate the subsur-
face drift velocities directly from the float profiles is not taken into account) highlight
two things. Firstly, it is shown that very accurate measurements/methods are needed
to derive subsurface reference velocities since even small velocities can produce large
transport estimates (Tab. 5.1). If we assume for a moment, that the velocities are ac-
curate enough, this method would show that the ZV assumption is not fulfilled in 2002
along the CD139 cruise track. Secondly, the missing background reference field during
the OI algorithm is partly responsible for the large error contributions. The standard
deviation is much larger than the mean value highlighting the large variability along

the section.

5.2 Meridional reference velocities along 32°S

At 32°S the majority of floats are adjusted to drift on a deep parking level at either
1900 dbar or 2000 dbar, which is assumed to be a good choice of a ZV level(TOOLE AND
WARREN, 1993; PALMER ET AL., 2004). MCDONAGH ET AL. (2008) showed that the
2000 dbar level is in the horizon where the northward flowing Circumpolar deep water
and the southward flowing Indian deep water are separated, thus absolute velocities in

that level should be small allowing a reasonable good ZV assumption.

Seasonal estimates of reference velocities at 32°S: The seasonal float reali-
sations show a relatively good coverage for all seasons with zonally coherent error
estimates between 75°E and 110°E (Fig. 5.2). The reference velocities highlight a deep
current west of BP at 85°E with relatively large northward velocities in winter and
spring of up to 2cms™! and 3cms™! respectively, while in autumn and summer the
current is weaker or changes direction with small southward velocities of -1cms™".
The errors in that region are smaller than 1cms™! for all seasons. A detailed control
of the contributing float data reveals that no bias to a specific year causes this seasonal

variation.

In the east at 104°E a strong southward current is found during the summer period
with velocities of -2 cm s™1, whereas the other seasons do not show this deep southward
current. The errors are smaller than 1cms™! but the distribution of the data points
does give reason to believe that the summer estimate is biased or erroneous in that
region because the large southward velocities come from 3 data points collected close

to the grid point from one float within 1 month.
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FI1GURE 5.2: Top: Position of data points used for the seasonal realisations of subsur-

face velocities during the Optimal Interpolation algorithm to produce gridded veloc-

ities along 32°S. Bold black contours indicate coastline and the 1900 m bathymetry.

Middle: Final seasonal estimates of meridional velocities [cms™1] across 32°S. Bot-

tom: Associated errors of seasonal meridional velocities solely taken from Optimal
Interpolation.

Between 60°E and 85°E the autumn estimate shows northward velocities of more
than 1cms™! with errors of the same order. Such a broad northward flow is not rep-
resented in the other seasons. In the east of the section at 113°E northward velocities

1'in summer, while in spring and autumn the reference veloci-

exist of up to 3cms™
ties are southward with -2cms™! and -1 cms™! respectively. The winter estimate does
not show any significant velocities there. The error estimate in that region increases
slightly to about 1 cms™!. This area shows large eddy activity with different pathways
of cyclonic and anticyclonic eddies (MORROW ET AL., 2004). It is thought that the
general spreading of the eddies in specific directions could be responsible for the dif-
ferences in the reference velocities. The seasonally varying LC shows largest mesoscale
eddy production during it’s maximum in winter (WAITE ET AL., 2007). Since the ve-

locity estimates are for the 1900 dbar level it seems difficult to derive a general rule
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FIGURE 5.3: As figure 5.2 but for the annual realisations of meridional reference

velocities across 32°S, showing the position of the data points (top), the estimated

velocities (middle) and the associated error estimates given by the Optimal Interpo-
lation algorithm (bottom).

for which eddies are generated during which season. Here, the velocity estimate for the
1000 dbar level would be helpful, because the majority of the eddies does not penetrate
to 1900 dbar. Although generally the LC/LUC interactions result in the generation of
eddy pairs where cyclonic eddies form in the LUC and anticyclonic eddies in the LC
(RENNIE ET AL., 2007).

In the west of the section in the MOZB around 40°E, the velocities become larger
due to deep reaching boundary currents or associated undercurrents. At the same time
the error estimates increase, due to larger variability on shorter time scales than in
the interior. Therefore, the reference velocities in the western boundary region are not
discussed here. Although they clearly indicate that the ZV assumption comprises large

uncertainties in that region.
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Annual estimates of reference velocities at 32°S: The annual velocity estimates
give less reliable information about deep currents across 32°S due to large errors of
the order of the velocity estimates themselves, and due to an inferior data coverage
especially in 2005 and 2006 (Fig. 5.3). Although the total number of profiles and floats
stayed more or less the same along 32°S over the 5year period (Chapter 3.1.1), the
sparse coverage for the velocity estimates is due to the spreading of floats using a deep
parking level away from the 32°S section while more and more floats adjusted to a

shallower parking level enter that region in the last two years of the 5 year period.

At first glance, the summary of the zonally averaged meridional velocities suggest
that for the winter and the 2002 realisation a ZV assumption would be acceptable. But,
taking the standard deviation of the averaged velocities into account, it becomes clear
that, even though the zonally averaged meridional velocity is small, large variations
exist over the section that could affect the transport estimate dramatically (Tab. 5.2).
Additionally, the zonally averaged errors, given by the OI algorithm, suggest a relatively
equally distribution of the seasonal data, while for the different years the errors change

largely.

TABLE 5.2: Zonally averaged (between 45°E and 110°E) meridional reference veloc-

ities at 1900 dbar across 32°S for the different seasonal and annual float realisations

using the Optimal Interpolation algorithm. The second column gives the associated

average errors (from OI), while the third column gives the standard deviation of the

meridional velocities. The last column gives a crude estimate of the associated trans-

port induced solely by these mean velocities applied uniformly over the water column
down to 1900 dbar between 45°E and 110°.

’ H mean velocity | mean error (from OI) \ standard deviation | approx. transport ‘

SPR 0.32 cms™! 0.9 cms—! +1.2 cms™ ! 46 Sv
SUM -0.27 cms~ T 0.9 cms ! +1.1 cms™ T -38 Sv
AUT 0.92 cms™! 0.6 cms™! +0.9 cms™ ! 131 Sv
WIN 0.03 cms™! 0.8 cms ! +1.4 cms™ T 4 Sv
2002 0.02 cms™! 0.9 cms! +0.7 cms~ ! 3 Sv
2003 || -0.06 cms™T 1.2 cms™ ! +0.7 cms~ ! -9 Sv
2004 1.14 cms™! 1.1 cms™! +0.9 cms~ ! 162 Sv
2005 || 0.40 cms~! 1.2 cms™! +1.5 cms™! 57 Sv
2006 -0.78 cns~ ! 2.0 cms! +0.8 cms~ ! -111 Sv

5.3 Meridional reference velocities along 20°S

At 20°S a large number of floats are adjusted to drift at 1000 dbar taking periodically
deep profiles from 2000 dbar to the surface every 3rd cycle or less. Between 55°E and
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85°E no data are available from floats adjusted to a deep parking level (>1900 dbar),
therefore it does not seem useful to examine and discuss estimates of subsurface veloc-
ities at a depth of 1900 dbar or 2000 dbar along the whole 20°S transect. Whereas it
is possible to use data from floats adjusted to drift at 1000 dbar to estimate velocities

across the 20°S section.

Annual estimates of reference velocities at 20°S: The reference velocity data
points show a good coverage from 2004 to 2006, especially in the interior between 50°E
and 85°E (Fig. 5.4). It was already noted (Chapter 4.2) that especially in 2002 only
sparse data coverage exist. Although 13 floats have been deployed during the BEAGLE
cruise along 20°S in 2003/2004, the annual coverage in 2003 is still insufficient, since
the first float deployment on that cruise was on the 26th of December 2003 at 55°E.
In the remaining annual estimates (2004, 2005 and 2006) the zonally focused band of
data points between 23°S and 18°S in the interior between 55°E and 85°E is remark-
able, possibly indicating the southern border of the SEC and the associated zonally
orientated velocity field north of 18°S (STRAMMA AND LUTJEHARMS, 1997).

A possible signal exists at 100°E in 2006 showing a northward velocity of 9cms™?.

Few data points are within 200 km distance and the associated error is 2cms™! which
is about average compared to the other years at this location. Further investigation
showed that this signal results from one nearby profile from float 5900259 at the end of
year 2006, therefore a similar signal can be found in the summer realisation discussed
later. The float generally shows large velocities in the meridional and zonal direction
mainly of the order of O(10cms™!) while travelling north north-east for the whole
year 2006. The direction of travel indicates strong eddy activity seen by the float at
1000 dbar.

At 65°E annual variations exist with northward velocities up to 2cms™! in 2004
and southward velocities up to -2 cms~! in 2005 and 2006, while in 2003 no significant
velocities exist also due to the large error estimates and insufficient coverage in that
year. The errors for 2004 and 2006 are small in that region with less than 1cms™!
while in 2005 errors are slightly larger with 1.5 cms™!. For the rest of the section east
of 45°E the estimated velocities at 1000 dbar are very small and do not show significant

meridional flows within the error estimates (Fig. 5.4).

Seasonal estimates of reference velocities at 20°S: The seasonal estimates of
the subsurface reference velocities at 20°S indicate a reasonable coverage for all seasons,
especially between 50°E and 100°E. Hence, only a small (2°x2°) data free area exists

near 100°E. The coverage is comparable to the annual data point distribution discussed
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FI1GURE 5.4: Top: Position of data points used for the annual realisations of subsurface

velocities during the Optimal Interpolation to produce gridded velocities along 20°S.

Bold black contours indicate coastline and the 1000 m bathymetry. Middle: Final

annual estimates of meridional velocities [ems™!] across 20°S. Bottom: Associated
errors of annual meridional velocities solely taken from OI.

previously including the zonally focused distribution in the interior between 55°E and

80°E (Fig. 5.5).

Here three features in the velocity section need to be mentioned. First, similar to
the 2006 annual estimate a strong northward velocity signal at 100°E is found in
summer time, with velocities up to 8cms™!. Several data points are within 150 km
distance and the associated error is 2cms™', that is on average compared to the
other years. Nevertheless the closest profile comes again from float 5900259 from the
end of December 2006. This bias of the mapping from one single profile indicates the
care that needs to be taken concluding results from the analysis. This is because for
the subsurface velocities no first guess background velocity field exist, unlike for the
estimates of temperature and salinity (Sec. 3.1). That means the mapped velocities
are completely controlled by the decorrelation length scales. It is known, that the

results from the OI method depend ultimately on the decorrelation length scales
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FIGURE 5.5: As figure 5.4 but for seasonal realisations of meridional reference veloc-
ities across 20°S.

(BOHME AND SEND, 2005), especially where large gradient exist (HADFIELD ET AL.,
2007). Additionally there exists a relatively broad area between 95°E and 110°E of
northward velocities in spring but with smaller velocities, only up to 3cms™! and a

relatively large associated error of up to 2cms™!.

The second feature in the seasonal estimates of reference velocities is at the western
flank of the Ninetyeast Ridge (NER) at 85°E. A similar signal was found in the seasonal

estimates of deep (at 1900 dbar) reference velocities at 32°S (Fig. 5.2). Northward

velocities exist with a maximum of 3cms™?!

1

in spring and southward velocities with
a maximum of -3cms™" in summer respectively. The data coverage is very good with
several data points near by and the associated errors are smaller than 1cms™!. A
further investigation of contributing float data shows that no bias to a specific year
exist. At 65°E seasonal variations exist comparable to the ones described for the annual

1

velocity estimates. During winter time northward velocities exist up to 1.5cms™, and

in summer and autumn southward velocities exist up to -1.5cms™!, while in spring
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no significant velocities are apparent. The errors for summer in that region is slightly
larger than 1cms™! while for the other seasons they are less than 1cms™!. A closer
look at the floats involved shows that here no bias from single profiles seems possible,

because the summer and autumn realisations show contributions from all years.

The zonally averaged (between 55°E and 110°E) meridional velocities are relative
small and for the autumn season and the years 2003 and 2005 they are even negative
(Tab. 5.3). This could have several reasons, first, the 1000 dbar level is not the appro-
priate ZV level. Secondly, as mentioned previously, the OI method uses no background
velocity field, just the average of the subset of velocity measurements at each grid
point, therefore the method heavily relies on the spatial decorrelation length scales as
well as the data distribution. The impact of this can be found in the large averaged
errors from the OI method and the standard deviation of the meridional velocities

along the 20°S section.

TABLE 5.3: Zonally averaged (between 55°FE and 110°E) meridional reference veloc-

ities at 1000 dbar across 20°S for the different seasonal and annual float realisations

using the Optimal Interpolation algorithm. The second column gives the associated

average errors (from OI), while the third column gives the standard deviation of the

meridional velocities. The last column gives a crude estimate of the associated trans-

port induced solely by these mean velocities applied uniformly over the water column
down to 1000 dbar between 55°E and 110°.

’ H mean velocity \ mean error (from OI) \ standard deviation | approx. transport ‘

SPR 1.2 cms™! 0.9 cms™! +1.2 cms™! 64 Sv
SUM 0.1 cms™! 1.1 cms™! +2.4 cms~ L 7 Sv
AUT -0.7 cms~! 1.1 cms™! +0.9 cms™! -37 Sv
WIN 0.4 cms! 1.2 cms™! +0.8 cms~ ! 20 Sv
2003 -0.2 cms~1! 2.8 cms~! +0.8 cms~! -11 Sv
2004 0.3 cms ! 1.1 cms™ 1 +0.6 cms L 17 Sv
2005 -0.3 cms~! 1.5 cms! +0.9 cms™ ! -17 Sv
2006 0.7 cms ! 1.1 cms™ 1 +2.6 cms L 39 Sv

5.4 Maps of subsurface velocities for the SIO

The estimated meridional and zonal velocity components are then used to gener-
ate maps of the SIO showing the estimated subsurface flow field at 1000 dbar and
1900 dbar (Fig. 5.6 and 5.7, respectively). The velocities in the boundary region are

much larger than in the interior. Hence, velocities >5cms™! (>10cms™!) are scaled
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contours indicate error given by the Optimal Interpolation algorithm and black line

contours indicate coast line (bold) and 1900 m bathymetry (thin).
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down to 5cms™t (10cms™!) at the 1900 dbar (1000 dbar) level. Furthermore, veloci-
ties <0.5cms™! (<1ems™!) are not shown at the 1900 dbar (1000 dbar) level (Fig. 5.6
and 5.7).

The annual velocity estimates from float’s subsurface drift at 1900 dbar show a cy-
clonic recirculation at the southern exit of the MOZC north of 25°S with different
intensities (Fig. 5.6). The same circulation pattern is found in the seasonal estimates
(Figure not shown). Further south at 32°S between 36°E and 45°E only in 2002 a
strong cyclonic recirculation existed as suggested by MCDONAGH ET AL. (2008) while
in 2004 an anticyclonic circulation of similar strength exists there (Fig. 5.6). The deep
circulation features highlighted by MCDONAGH ET AL. (2008) as southward flow at
60°E and topography following eastward flow at 95°E are represented in the 2002 ve-
locity estimates as well (Fig. 5.6). South of 40°S in the west both levels indicate strong
eastward velocities, associated with the SIOC (STRAMMA AND LUTJEHARMS, 1997) as
a continuation of the Agulhas retroflection, in combination with the gyre return flow.
While at 1000 dbar the flow in the south east is predominantly eastward (Fig. 5.7) a
south-westward directed flow exists at 1900 dbar in that area south of Australia with

different intensities (Fig. 5.6).

The mean velocity field for the 5 year period (Fig. 5.7 5th panel) shows only broadly
agreement with results from DAvis (2005), who derived the intermediate-depth cir-
culation of the Indian and South Pacific Oceans at 900 m depth from autonomous
floats. The SIOC is well represented in magnitude and location, with velocities of
5 —10cms~! flowing eastward to south-west corner of the study area at 45°S, 110°E.
The SEC is represented too, with westward velocities of 2 — 5cms™!, but it can not
be traced over the whole basin. Additionally, the mainly north-westward return flow
in the ocean interior is only partly given with velocities of 1 — 3cms™!, while DAVIS
(2005) estimate slightly large velocities of about 3cms~!. The maps show clearly the
missing background reference velocity field. A compensation for this could be a two
step mapping with large decorrelation length scales of the order of 1000 km or more in
the first step and the now used scales in the second step. On the one hand this would
possibly highlight more clearly the large scale circulation features, such as the SEC
around 20°S, the SIOC around 42°S, the WAC in the east of the basin and the AC
in the west. On the other hand, the errors would increase largely with such a second

mapping step (WONG ET AL., 2001).
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5.5 Summary

Mean reference velocities are estimated from the float’s subsurface drift as described
in section 3.3. With the appropriate modified Ol annual and seasonal averages are
derived for meridional velocities across 20°S and 32°S, respectively. The aim was to

reveal robust circulation features in mid-depth at 1000 m and deeper at 1900 m.

The results of reference velocities from different float realisations along CD139 are
compared with the solution from an inverse calculation performed along the CD139
cruise track (MCDONAGH ET AL., 2008). It is shown that some deep circulation features
agree very well in both studies such as the southward flow around 60°E and at 95°E.
Nevertheless, it was shown that the reference velocities derived from float’s subsurface
drift are not accurate enough to provide useful reference velocities for the geostrophic
transport calculations, since the variability and the error from the method are much
larger than the velocities. Additionally, it was shown, that the ZV assumption could

lead to large errors of O(10Sv) and even larger in the final transport estimate.

The relatively sparse data coverage showed that seasonal and annual estimates are
easily biased by single data points from one single float. Nevertheless, the results
revealed seasonally varying currents west of BP and NER at 85°E across 32°S at
1900 dbar and across 20°S at 1000 dbar. Additionally, from the 1900 dbar velocity maps
a recirculation north of 27°S in the MOZC became apparent, with northward inflow in
the west and southward outflow in the east, showing varying intensity over the 5 year
period. The strong cyclonic recirculation between MOZP and MADR at 32°S (Mc-
DONAGH ET AL., 2008) was confirmed in the 1900 dbar data but it was shown that
this is not a permanent feature since in 2004 an anticyclonic circulation existed there

of similar intensity.

In conclusion the number and distribution of observations available for the 5 year
period 2002 to 2006 does not seem sufficient to provide robust estimates of annual or
seasonal subsurface velocity fields for the SIO. This is concluded from the examples of
biased velocity estimates as seen at 20°S and 103°E. Additionally, the sparse annual
data coverage cannot mask out the eddy activity, at least with the confiuration of the
analysis used in this study. The OI procedure does not use a reference background
field (because no such field was available). Therefore, the large-scale circulation field is
rather poorly represented, since the velocities themselves are mapped rather than the
anomalies to the reference field. This could be compensated with a two step mapping
procedure, with large decorrelation length scales of the order of 1000 km or more in
the first step and the now used scales in the second step. Comparing the 5 year mean

velocity field at 1000 dbar with results from DAvis (2005) or SALLEE ET AL. (2006)
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shows that only some of the large-scale circulation features are fully represented in

magnitude and location. For the deep level around 2000 dbar no such mean velocity

fields have been estimated yet.



Chapter 6

Property changes in the
subtropical South Indian Ocean
between 2002 and 2006

Many authors have reported a warming trend over the past decade for both the world
ocean (LEVITUS ET AL., 2000) and in individual basins at mid-depths associated with
MW and IW (PARILLA ET AL., 1994; WONG ET AL., 2001; GILLE, 2002; CURRY ET AL.,
2003; BRYDEN ET AL., 2003b; MCDONAGH ET AL., 2005). In addition, coincident
changes of increasing ocean salinity and its distribution are reported, for example in
the deep waters of the Mediterranean (ROETHER ET AL., 1996), the IW in the Pacific
(WONG ET AL., 1999) and in the SIO (BRYDEN ET AL., 2003b; MCDONAGH ET AL.,
2005). The global importance of these changes and their broader implications are more
and more taken into the focus of present studies on global climate change. Recent
studies have highlighted the role of SAMW in the climate system via observed changes
in temperature, salinity and CO2 in MW properties (SABINE AND FEELY, 2001) or
indirectly by the control on COg fluxes (CALDERA AND DUFFY, 2000; SARMIENTO
ET AL., 2004).

In chapter 4 changes in the gyre strength are analysed in the first 5 years of the Argo
project in the SIO in the context of decadal changes reported by PALMER ET AL. (2004);
MCDONAGH ET AL. (2005). Here, in this chapter, we investigate the link between
changes in the gyre strength and changes in the water mass properties with a focus
on the MW and IW because of the restriction in profile depth of the Argo floats to
2000 dbar. Again, the analysis is focused on 32°S. That latitude is close to the centre
of the gyre and therefore may provide the clearest signal of possible property changes,

compared to the section at 20°S.
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6.1 Water mass property field at 32°S

This section gives a brief overview of the characteristic water mass properties at 32°S
derived from the WOAO1 climatology (Fig. 6.1). Although the WOAO1 climatology
does not necessarily represent the best dataset to identify water mass signals, it does
show the typical water masses that can be found along 32°S. For a more detailed
description of the water masses at this latitude, the reader is referred to TOOLE AND
WARREN (1993).

At the surface, the subtropical SIO is characterised by Surface Water showing
the highest salinity (S> 35.4psu) and temperature (T > 14°C) along the section
(Fig. 6.1 a, b). Additionally, it can be identified by minima in silicate, phosphate and ni-
trate concentrations (MCDONAGH ET AL., 2008). Generally this layer moves northward
but at the western and astern boundaries the Agulhas and Leeuwin current move this
layer south. The layer of Surface Water includes the Subtropical Mode Water (STMW),
that can be found in the southwest Indian subgyre (GORDON ET AL., 1987; STRAMMA
AND LUTJEHARMS, 1997), although not identifiable in the WOAO1 climatology. Indian
Ocean STMW properties are 17-18°C and 35.6 psu. It was noted in the 1987 section
along 32°S (TOOLE AND WARREN, 1993) and also in the 2002 section (MCDONAGH
ET AL., 2005), but it was not observed in the 1995 section along 32°S (DONOHUE AND
TOOLE, 2003).

Below the Surface water, the SAMW exists, it can be identified by its minimum
in large-scale PV (PV = |f|/p - dp/dz, where f is the Coriolis parameter, p the
density and z is the depth) as well as a maximum in oxygen (Fig. 6.1 c,d). The
derived parameter PV plays an important role in large-scale oceanography, acting
both passively as a tracer and dynamically to direct flow. Since the float data used
in this study contain only temperature and salinity, PV is used to identify SAMW.
The SAMW, a major contributor to the MW, is formed south of the subtropical gyre
along the Subantarctic Front primarily as a result of air-sea interaction (SPEER ET AL.,
1995) and is advected equatorwards in each ocean basin of the Southern Hemisphere
(McCARTNEY, 1977, 1982). While it is difficult to directly measure changes in the
air-sea fluxes generating the MW characteristics at the formation site, the northward
spreading of this vertically and horizontally nearly homogeneous water mass enables
direct measurements further north in the subtropical gyres. In the Indian Ocean, a
special type of SAMW needs to be mentioned, the Southeast Indian Subantarctic Mode
Water that is the densest subducting water formed in the southeastern Indian Ocean,
south of Australia (S~ 34.55 psu and T =~ 8°C; HANAWA AND TALLEY (2001)). While

generally moving north, at the western boundary, the SAMW layer moves southward.
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FIGURE 6.1: Property sections (from top to bottom: salinity [psu], potential tempera-
ture [°C], potential vorticity [107*! ms™!] and oxygen [ml/1]) along 32°S derived from
WOAO1 climatology.
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Further below, the AAIW, a major contributor of IW, exists. AAIW is formed by a
combination of deep winter mixing and circumpolar cross-frontal exchange of Antarctic
Surface Water and SAMW (McCARTNEY, 1977; SLOYAN AND RINTOUL, 2001). The
AAIW is distributed in each ocean basin and can be identified by it’s minimum in
salinity (Fig. 6.1 a; S< 34.5psu). At 32°S, this low salinity layer is invaded at the
western end of the section by southward flowing warm, high salinity Red Sea Water,
that was formed in the evaporative regime at the surface of the Red Sea (BOWER
ET AL., 2000). In the WOAO1 climatology this water mass is not well represented at
32°S, but it generally can be identified by a salinity maximum and oxygen minimum,
compared to other South Indian Ocean intermediate water masses (BEAL ET AL., 2000;
DONOHUE AND TOOLE, 2003). The AAIW generally moves north but with southward

flow in the western boundary current.

The last water mass to mention for this study is the Upper Deep Water, identifiable
by a minimum in oxygen concentration (Fig. 6.1 d) and relative high phosphate and
nitrate concentrations (MCDONAGH ET AL., 2008). The Upper Deep Water flows south

and is part of the upper limb of the deep overturning of the Indian Ocean.

6.2 Characteristics of thermocline water mass properties
at 32°S

The subtropical SIO is characterised in the upper 2000 dbar by its MW and IW. Here,
the annual float realisations (Tab. 3.2) along 32°S are used to compare characteristics
of MW properties with the cruise data from CD139 in 2002 and CD29 in 1987. In the
main thermocline PV is a good indicator for the location of the mode waters, here the

SAMW, identifiable by it’s minimum in potential vorticity.

The properties of the potential vorticity minimum of the annual float realisations
along 32°S show very coherent structures for the different years. While MCDONAGH
ET AL. (2005) reported a system of two modes between 40°E and 115°E with a tran-
sition in between, however here, three separate modes are identified (Fig. 6.2). These
modes are identified most clearly in salinity but also in potential temperature from
the annual float realisations and the cruise data, but only tentative in the WOAO1 cli-
matological data (Fig. 6.2). The reason for the poor representation of the thermocline
properties in the climatology is given by the interpolation on pressure surfaces during
generation (STEPHENS ET AL., 2002; BOYER ET AL., 2002), the relatively sparse data
coverage in that region as well as the coarse vertical resolution. For comparison, the

properties of the potential vorticity minimum are directly calculated from the Argo
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FIGURE 6.2: Properties at the minimum of potential vorticity at 32°S (from top to

bottom: potential temperature [°C], salinity [psu], potential vorticity [ms~!]) analysed

between 200 dbar and 800 dbar, from the annual float realisations. For comparison the

properties derived from the CD139 cruise data in 2002 (grey star), as well as from
WOAOL1 climatology (black line) are shown.

float profiles within each year within the latitude range 30°S to 34°S, with a linear

interpolation onto the one-degree spacing grid at 32°S applied. Here, the properties

show more variations, but it seems that broadly these three modes are represented as

well (Fig. 6.3). Additionally, larger gaps in the annual distribution of the profiles can

be identified in the property plots, indicated by the linearly characteristics, for example
in 2004 between 35°E and 48°E and in 2005 between 55°E and 67°E (Fig. 4.1) . For

consistency, the results from the annual float realisations, using the OI algorithm, are
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FIGURE 6.3: Properties at the minimum of potential vorticity at 32°S (from top to
bottom: potential temperature [°C], salinity [psu], potential vorticity [ms—!]) analysed
between 200 dbar and 800 dbar, directly Argo profiles within the latitudinal range
between 30°S and 34°S. For comparison the properties derived from the CD139 cruise
data in 2002 (grey star), as well as from WOAO1 climatology (black line) are shown.

used to investigate a possible link between changes in the gyre strength and changes

in the water mass properties.

Returning now to the property characteristics of the potential vorticity minimum
derived from the annual float realisations using the optimal interpolation method
(Fig. 6.2). Interannual variations are largest in the MOZB west of 45°E, in the CB
between 55°E and 70°E, and near BP at 90°E. In the west only in 2003 a 17°C mode
water at 35°F is also identified by a PV minimum, while in 2004 a variant with 16°C
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and less saline, with 35.5, is found at 36°E. It is suggested that this STMW is the result
of winter mixing in the Agulhas retroflection zone forming that relatively weak 17°C
mode, which is not permanent over the last decade. Furthermore, the mode water west
of 40°E is a mix of recirculated waters containing several variants carried south by the
AC (GORDON ET AL., 1987; MCDONAGH ET AL., 2005). The first mode along the sec-
tion broadly extends from 45°E to 70°E with temperatures between 12°C and 13°C,
and salinities between 35.2 and 35.4 (Fig. 6.2 top and middle). We define the start
of the first mode at 45°E due to the shallow barrier of MADR reaching to 850 dbar.
Additionally, there is more variability apparent west of 45°E this, on the one hand,
because of variations in the recirculation in the MOZB, and on the other hand, due to
sparser float data coverage. The second mode covers 70°E to 90°E with temperatures
around 11°C and salinities between 34.9 and 35.1. The third mode extends from 90°E
to 115°E with temperatures between 9°C and 10°C and salinities between 34.65 and

34.85. Both transitions between the modes are rather short and steep.

The exact position of the second mode (Fig. 6.2 top and middle) varies by year over
several degrees longitude and by strength of transition. It seems that the boundary of
the inner regime can also be identified from the annual relative geostrophic velocities
(Fig. 4.3). In 2002 the second mode extends from 70°E to 90°E where we find a large
patch of southward velocities in the west and a patch of large northward velocities
in the east. In 2003 the second mode covers 7T0°E to 93°E, and while the same gross
structure in the velocity field is found, there are more variations in the east at 90°E.
Additionally, the most western mode shows large variations. In 2004 the separation
between the first two modes is difficult due to large variations around 60°E. For 2004
the second mode is set from 74°E to 92°E. Note this covers only a large patch of
northward velocities with some additional variations in the flow field in the east at
90°E. In 2005 a clearer separation exists again, with the second mode reaching from
64°E to 92°E showing patches of alternating directions in the velocities. Finally in
2006 the second mode could be identified from 66°E to 85°E, coinciding again with
patches of alternating but relatively weak geostrophic velocities. With the relatively
small variations in properties within the second mode it seems likely that this part of
the section represents recirculations from the SIOC over the Crozet Basin (CB), with
the alternating directions in the velocities indicating the meandering of the flow field

(STRAMMA AND LUTJEHARMS, 1997).

The eastern mode (Fig. 6.2 top and middle) shows variations between 90°E and
100°E, while east of 100°E the properties remain very constant, with temperatures
around 9.5°C and salinities of 34.65. This is close to the original SEISAMW charac-

teristics (HANAWA AND TALLEY, 2001).
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The properties of the PV minimum estimated from the float realisations show little
variations, compared to the CD139 data in 2002. This confirms the stable charac-
teristics of the SAMW. Next the change in salinity at 32°S is compared, where the
gyre strength was estimated previously. It is possible that the strong increase in gyre
strength between 2005 and 2006 can be associated with in property changes in the ther-
mocline waters, as was found for the 15 year period between 1987 and 2002 (BRYDEN
ET AL., 2003b; MCDONAGH ET AL., 2005).

6.3 Interannual variations in thermocline properties at

32°S

The analysis of the zonal structure of the water property changes between the CD29
data from 1987 and the CD139 data taken in 2002, showed a zonally coherent increase
in upper thermocline salinity on potential temperature levels between 13°C and 11°C to
9°C. However this was not necessarily connected with the PV minimum (McDoNAGH
ET AL., 2005). For completeness this comparison is shown again but including the
differences to the annual float realisations (Fig. 6.4). The salinity differences of annual
float realisations to the CD29 data do all show the zonally coherent increase in salinity
in the upper thermocline centred between 11°C in the east and 13°C in the west. Only
in 2006 (Fig. 6.4, 6th panel) the increase in salinity occures mainly on the potential

temperature levels between 9°C and 15°C.

When the differences are directly compared between the CD139 and the float reali-
sations along 32°S no zonally coherent change is found instead the changes vary sub-
stantially in strength and location (Fig. 6.5). In 2002 a freshening signal exists around
80°E penetrating from the surface into the MW and IW down to 1900 dbar (Fig. 6.5,
1st panel). This partly agrees with results from direct comparison of SAMW proper-
ties of the cruises in 1987 and 2002 and the first year of float data at 32°S reported
by KING AND McDONAGH (2005). However, they see the freshening of the 2002 float
data extending further east up to 110°E. It seems likely that the float profiles had to
be corrected in the salinity during the DMQC, as shown in the example of the CORI-
OLIS! 1900136 float and the BODC 5900184 float (Fig. 6.6). The two floats shown
have been active from January 2003 to August 2004 (CORIOLIS 1900136) and from
April 2002 to December 2004 (BODC 5900184), respectively. The period of interest for
the comparison made by KING AND McDONAGH (2005) is from early 2002 up to May
2003. This is the sampling period of the first 42 profiles from float 5900184. KING AND
McDONAGH (2005) assumed a drift in the salinity sensor of float BODC 5900184 and

!The Coriolis data center was initiated as a French contribution to operational oceanography



Chapter 6 Property changes in the subtropical South Indian Ocean 139

Potential
temperature [°C]

Potential
temperature [°C]

Potential
temperature [°C]

Potential
temperature [°C]

Potential
temperature [°C]

Potential
temperature [°C]

60 70 80
Longitude [°E]

FIGURE 6.4: Salinity changes with respect to CD29 data in 1987, for CD139 data

in 2002 and annual float estimates. Salinity has been interpolated onto 0.1°C O-

levels and then horizontally onto a 0.5°-longitude grid. Grey shading denotes increase
(positive changes) in salinity on ©-levels and contour intervals are 0.2.
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FIGURE 6.5: Salinity changes between the annual float realisations and the CD139

cruise data. Salinity has been interpolated onto 0.1°C ©-levels and then horizontally

onto a 1°-longitude grid. Grey shading denotes increase (positive changes) in salinity
on O-levels with respect to CD139, contour lines give 0.02 intervals.

included only the first ten profiles in their analysis, while from float 1900136 the first

13 profiles have been used. During the DMQC procedure, described in section 2.1.1, an

offset to fresher salinity values was found almost for the whole profile depth indicating

a drift in the salinity sensor. From the DMQC software a vertically averaged salinity
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additive correction of about 0.06, for float number 1900136, and of about 0.03, for float
number 5900184, is suggested. These measurements clearly give reason to believe that
at least part of the freshening seen in the analysis of KING AND McDoNAGH (2005)
east of 80°E, is due to salinity sensor drift or malfunction. In 2003 (Fig. 6.5, 2nd panel)
the patch of fresher waters at 80°E seen in 2002 is still present but less pronounced. A

more uniform increase in salinity is seen over most of this section, with local maxima
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FIGURE 6.6: Different plots generated with the DMQC software (WONG ET AL., 2003)
for float number 1900136 (CORIOLIS operated) active from January 2003 to August
2004 (left panels) and float number 5900184 (BODC operated) from September 2002
to December 2004 (right panels). For both floats a map of float profile locations
with surrounding historical data points taken into account for delayed-mode quality
control is shown (top) as well as the proposed vertically averaged salinity additive
correction with errors (middle) and the salinities on isotherm with smallest salinity
variance (bottom), which is ©=9.5°C for float 1900136 and ©=7.5°C for float 5900184,
respectively.
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of 0.02 over the full profile depth around 60°E. In 2004 (Fig. 6.5, 3rd panel) again less
uniform changes are found, while in 2005 (Fig. 6.5, 4th panel) around 75°E a patch
exists showing a salinity increase larger than 0.02 up to 1900 dbar. Additionally, west
of 60°E large areas exist showing freshening mainly near the surface but also deep
reaching. In 2006 (Fig. 6.5, 5th panel) this freshening aggregates to more than 0.02
and forms a pool of fresher water at the surface from the western boundary to 60°E
reaching down to the 13°C isotherm. From 60°E to 90°E this signal continues while at
80° it penetrates down to 1900 dbar. Around 65°E a relatively large signal of increased
salinity (AS>0.02) exists in the lower SAMW.

O-S property differences on isopycnals According to previously identified three
modes (Fig. 6.2) changes between O-S properties on isopycnals are examined in the
following. The profiles have been vertically interpolated onto 2 x 1073 kgm™2 spaced
o-levels. Then they have been horizontally averaged within the longitude band of the
western (45°E to 70°E), inner (70°E to 90°E) and eastern (90°E to 115°E) segments,
representing the different modes seen in the properties of the potential vorticity mini-
mum, at 32°S (Fig. 6.7). The changes on ©-levels have been computed with respect to
the 2002 estimate from the annual float realisations. The 2002 float realisation showed
small differences to the CD139 cruise estimate of less than 0.1°C in temperature of the
MW and IW in the eastern and inner segment and a change in salinity off about 0.02

occured (not shown).

In the western mode (averaged between 45° and 70°E; Fig. 6.7 left column) the
interannual changes of water mass properties are smallest compared to the other modes.
The vertical structure of the changes for the different years is quite similar below the
13°C isotherm, showing generally an increase in temperature up to 0.1°C and in salinity
up to 0.02, respectively. Additionally, a local maximum in warming and salinification
exist near the 3°C isotherm. The increase in salinity and temperature between the
2°C and 13°C isotherm is largest in 2004 and 2006 with an increase of 0.02 in salinty
and 0.12°C in temperature. Above 13°C the 2003 estimate shows a large warming of
0.2°C around 15°C with a parallel increase in salinity of 0.06. Further up in the water
column most of the years (2004, 2005 and 2006) show a cooling and freshening of the

near surface waters compared to the 2002 estimate above the 15°C isotherm.

In the inner region (averaged between 70° and 90°E; Fig. 6.7 middle column) the
interannual changes below the 9°C isotherm are relatively small with 0.01 in salinity
and 0.05°C in temperature below the 9°C isotherm. Only in 2005 larger changes exist
with an increase in salinity of 0.02 and in temperature of 0.1°C, respectively. On the

11°C isotherm, defining the level of the minimum in PV, interannual variations are
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about 0.03 in salinity and 0.15°C in temperature. The salinity and temperature around
11°C increase from 2003 to 2004 and further to 2005, while to 2006 the properties
decrease again. This counter movement in the property changes to the gyre strength
changes appears to exist for the levels below the 12°C isotherm (Fig. 6.7 middle column,
1st and 2nd row). Only 2003 does not fit in that scheme because the gyre strength
decreased from 2002 to 2003, while the water mass properties do the same. At 14°C

20
5 5 5
] o o
E E ERE
g g g
(0] [0 [}
Q. o Q.
g : :
— - ~ 10
s 8 8
2 =2 2
Q O Q
3 3 3
o o o 5
-04 -02 0 02 04 -0.4
de
20 20
5 5 5
o [0] [0)
5 15 = S 15
s s ©
(0] [0} [0
o o Q
£ £ £
2 10 4 o 2 10
= 0103 3 5
£ £ oios|| £
15 0104 5 —o4|| &
£ 5 0l105 £ 5 o5/ & 5
—— 0106 ——0I06
01 -0.05 0 005 0.1 -01 -005 0 005 0. -01 -005 0 005 0.1
d d d
20 20 20
5 5 5
(0] (0] [0}
5 15 5 15 5 15
® s I
[} [0] [0]
Q Q. Q
£ £ £
2 10 2 10 2 10
8 8 8
= 2 2
g g g
£ 5 —doe e 5 —de £ 5 —doe
—ds —ds —ds
05 -02 0 02 05 05 -02 0 02 05 05 -02 0 02 05

FIGURE 6.7: Changes in potential temperature (top) and salinity (middle) on ce-
levels between annual float estimates and the 2002 estimate from the annual float
realisations. Also shown for comparison the changes in potential temperature (black)
and salinity (blue) between CD139 and CD29 cruise data on og-levels (bottom).
Divided into western part (45°E to 70°E), inner part (70°E to 90°E) and eastern part
(90°E to 115°E). Please note that for clarity different scales have been used.
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a local maximum exists for 2003, 2004 and 2005 with an increase of more than 0.1°C
in temperature and 0.04 in salinity. The properties in 2006 are cooler by 0.2°C and
fresher by 0.05 then in the other years between the 13°C and 17°C isotherm. On the
17°C isotherm all years show a local minimum in temperature and salinity compared

to 2002.

In the east (averaged between 90° and 115°E; Fig. 6.7 right column) the largest
interannual changes exist, especially in the SAMW level and below. Except for 2006,
a cooling of up to 0.2°C and a freshening of up to 0.03 in salinity is shown below the
9°C isotherm, which we relate to the core of SAMW, above the AAIW. The largest
changes occur here in 2004, with the other years showing a continuous decrease (2002 to
2004) and increase again (2004 to 2006). Above, we find a local maximum of increased
temperature and salinity around the 13°C isotherm for all years. 2005 shows by far the
largest change (about twice the size compared to the other years). In 2003 a constant
freshening and cooling is found, while the other years show a salinification and warming

up to close to the surface.

In conclusion the variations seen in the changes on og levels are smallest in the
western segment on levels below the 9°C isotherm. The second mode exhibits large
year-to-year variations in the properties below 13°C in the order of O(0.1°C) in tem-
perature and O(0.02) in salinity. Closer to the surface the changes become even larger.
The eastern mode shows the largest interannual variations, especially between 2005
and 2006 above 10°C. A clear signal connecting the water mass property changes with
the changes in gyre strength was not detected with our analysis. The large increase
in the strength between 2005 and 2006 may be connected with the large cooling and
freshening of the water masses above the 12°C isotherm in the eastern mode and over
the whole profile depth in the interior mode. In the eastern mode these changes are
largest with a cooling between 0.2°C and 0.35°C between 13°C and 16°C and a fresh-
ening between 0.05 psu and 0.1 psu in the same range. Such a signal is also found in the
property changes between the 1987 and the 2002 cruise data. But the interannual vari-
ability did not show such zonally coherent change of temperature and salinity below
the 14°C isotherm. In contrast the increase in gyre strength between 1987 and 2002
was thought to be at least partly connected to the warming and increase in salinity
(MCDONAGH ET AL., 2005) seen in the 2002 thermocline properties (Fig. 6.7, lower
panel). Possibly a different mechanism is responsible to alter the water mass properties
on short time scales such as years. As a mode water, SAMW takes the temperature and
salinity properties of its formation layer into the ocean interior. A freshening (increase
in salinity) of SAMW on isopycnals can be the result of either warming (cooling) or

freshening (increase in salinity) on pressure surfaces of the winter mixed layer where
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the water mass outcrops (BINDOFF AND McDouGALL, 2000). Generally, the forma-
tion of the cold dense eastern 10°C mode is at 45°S, 110°E or further east, while the
warmer western 13°C mode is formed around 40°S, 70°E (BELKIN AND GORDON, 1996;
McCDONAGH ET AL., 2005; STARK ET AL., 2006). These mode waters are then sub-
ducted and moved northwards in the subtropical gyre, while the anticyclonic subgyre
(STRAMMA AND LUTJEHARMS, 1997) in the southwest Indian Ocean enhances the sep-
aration into the western and eastern mode. From the analysis of the properties of the
PV minimum it seems that the fronts in the geostrophic velocities (Fig. 4.2) are directly
linked to the annual variation of boundaries of the modes, especially at the transition
between the 1st and the 2nd mode at 70°E (Fig. 6.2 ,6.3). Therefore, changes in the lo-
cation or extension of the southwest Indian Ocean subgyre could alter the mode water
properties. At the formation site, direct surface forcing or Ekman processes can change
the winter mixed layers in the SAMW formation outcrop regions (ENGLAND ET AL.,
1993; RINTOUL AND ENGLAND, 2002; RIBBE, 1999). RINTOUL AND ENGLAND (2002)
showed, that a density-compensating change in properties of the mode water is unlikely
to be caused by air-sea fluxes, but rather by the advection of water with different © —.S
properties but similar density into the formation site. The thickness of the mode water
layers and the short time available in winter to modify their properties means that
large surface flux anomalies are needed to change mode water properties (WARREN,
1972; RINTOUL AND ENGLAND, 2002). Using a coupled climate model, RINTOUL AND
ENGLAND (2002) showed, that the model changes in SAMW properties are correlated
significantly with changes in the wind stress and northward Ekman transport of cool
low-salinity water. This was also suggested by SALLEE ET AL. (2006), who analysed
the formation of the SAMW in the southeastern Indian Ocean using Argo float data,

surface drifter and surface forcing and wind fields from NCEP reanalyis.

Additionally, the OI method could be partly responsible for a poor connection of
changes in water mass properties and changes in the gyre strength, since mapping
temperature and salinity on pressure levels could dilute the water mass signals, espe-
cially when using WOAO1 as a background climatology. Here, it becomes clear that
longer monitoring is necessary, preferably with a better temporal resolution, to define
the interannual variability in the water mass properties. On the one hand, these re-
sults agree with the findings of STARK ET AL. (2006), who explored the consistency
between observed changes in SAMW properties at 32°S in the SIO and model simu-
lations. They concluded that the observed changes between 1987 and 2002 in SAMW
properties are due to interannual oscillations. On the other hand, the structure of the
change and therefore of the water masses is significantly different in the period 2002

to 2006 compared to the changes from 1987 to 2002.
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6.4 Summary

Three separate modes in upper thermocline properties are identified along the 32°S
section, the western mode between 45°E and 70°E, the inner mode between 70°E and
90°E and the eastern mode between 90°E and 115°E, with the boundaries of the inner
mode varying by several degree longitude from year to year. This is different to the
results shown by MCDONAGH ET AL. (2005) who identified two separate modes. This
difference could be caused by the deviation of the cruise tracks in 1987 and 2002 from
the 32°S latitude.

The analysis of thermocline properties showed that the large freshening in the eastern
part of the CD139 section, reported from Argo float data collected near 32°S in 2002
and 2003 (KING AND MCDONAGH, 2005) is at least partly caused by salinity sensor

malfunction of individual floats.

Finally, the analysis of differences in ©-S properties at 32°S averaged over each
segment on isopycnals does not give a complete explanation for the large variation in
the gyre strength between 2005 and 2006, although large variations exist in the east
in the upper thermocline water between 2005 and 2006, comparable to those reported
by MCDONAGH ET AL. (2005). Hence, it is suggested that the variations seen between
2002 and 2006 do show year-to-year variability because the changes did not show a
coherent signal between the three modes. The changes observed are most likely due
to changes in the equatorward Ekman transport of cool, low salinity water across
the subantarctic front because the magnitude and density-compensating nature of the
temperature and salinity changes cannot be explained by variations in air-sea exchange
of heat and freshwater in the subantarctic zone where SAMW is formed (RINTOUL
AND ENGLAND, 2002). Additionally, SALLEE ET AL. (2006) found a rapid transition
to thicker of mode water layers in the central SIO, at about 70°S, associated with a
reversal of the horizontal eddy heat diffusion in the surface layer and the meridional
expansion of the ACC near the Kerguelen Plateau. These effects are ultimately related
to the bathymetry of the region, leading to the seat of formation in the region southwest
of Australia. While upstream of this region, the dominant terms in the heat budget are
the air-sea flux, eddy diffusion, and Ekman heat transport, all having approximately
equal importance, within the formation area, the Ekman contribution dominates and

leads to a downstream evolution of mode water properties.
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Discussion and conclusion

This study has provided a quantitative description of the temporal evolution of the
strength and zonal structure of the subtropical SIO gyre circulation derived from Argo
float data. The Argo project, as a follow-up of the WOCE program, is part of a global
observing system providing high resolution measurements of the upper ocean in space
and time. In the SIO the Argo program started with the deployment of a small number
of floats in late 1999, south of MAD and northwest of Australia in the ITF region. The
number of profiles taken in the SIO until the end of 2001 was only about 650 in total.
Whereas, in early 2002 a major step towards a continuous realtime monitoring of the
ocean basins was taken in the SIO, marked by the deployment of 25 floats along 32°S
during the R/V Charles Darwin cruise 139 (BRYDEN ET AL., 2003a).

The subtropical SIO connects the equatorial Indian Ocean to its major export path
in the south west, the AC. This connection is largely accomplished by narrow currents
or eddies propagating in the MOZC and the east of MAD, respectively (DE RUIJTER
ET AL., 2004; SCHOUTEN ET AL., 2002; QUARTLY AND SROKOSZ, 2004). While the
low-frequency variability in the boundary regions has been the focus of recent studies
(SCHOUTEN ET AL., 2002; PALASTANGA ET AL., 2006; MATANO ET AL., 2008; BIROL
AND MORROW, 2001, 2003), the present study focusses on seasonal to interannual vari-
ations in the interior gyre circulation, away from the direct influence of the boundary

currents in the west and east.

The study is motivated by recent analyses reporting decadal changes in the gyre
circulation in the SIO at 32°S over the past 50 years (BINDOFF AND MCDOUGALL,
2000; PALMER ET AL., 2004; MCDONAGH ET AL., 2005) and an increasing gyre strength
in the South Pacific (ROEMMICH ET AL., 2007). PALMER ET AL. (2004) reported an
increase in the gyre strength of up to 40% estimated from three hydrographic transects
along 32°S in the SIO taken in 1987, 1995 and 2002. Their findings together with the
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start of the Argo project in the SIO area are the foundations of this work. The following

questions have been addressed in detail:

e What is the interannual and seasonal variability in the interior gyre circulation
at 32°S over the 5year period between 2002 and 20067

e Does the gyre strength exhibits a trend between 2002 and 20067

e How well do the results derived at 32°S compare with those derived at 20°S?

7.1 Summary and discussion

Answering the above questions using Argo float data a careful preparation of the data
was required. This is due to the early stage of the Argo project in the SIO area. Only
a small fraction of the Argo data was already DMQC processed by the DAC in the
beginning of 2005, while now about 30% to 40% are processed. Nevertheless, the years
2005 and 2006 still contain large numbers of profiles from the SIO without appropriate
DMQC applied. Therefore, the data have been quality controlled using a DMQC pro-
cedure as proposed and supplied by WONG ET AL. (2003). The recommended reference
climatology (KING AND SUDHEER, 2006) was updated and accomplished with recent
hydrographic cruise data in the subtropical SIO. During the DMQC process a selection
criterion was used, to identify possible salinity sensor malfunctions. According to this
criterion vertically averaged salinity that differ by more than 0.05 from the climatology
are carefully inspected for malfunctions of the sensor. The final accuracy of the DMQC
profiles was then within the AS = 20 criterion selected by WoNG (2005b). The finally
selected DMQC profiles were linearly interpolated onto 20 dbar levels.

The accuracy of the DMQC salinity measurements is then estimated at 32°S follow-
ing broadly the approach used by WONG (2005b) in their study on averaged SAMW
and AAIW proprties. They estimated the uncertainties in salinity to be 0.01, based
on minimum noise variance on 4 predefined isotherms (0=11.7°C, 10°C, 9.5°C and
9°C) from profiles averaged on isotherms over 10°x5° boxes. The 4 isotherms were
selected because they are within the range of the tightest part of the ©-S relation-
ship in the SIO (WONG, 2005b). In contrast, in the present study the profile data are
mapped on pressure levels using an OI algorithm. Therefore, the nearest pressure levels
to the 4 preselected isotherms are used. The time series of 12 month averages generally
indicate a noise level of about 0.04 in salinity. The test with a larger averaging pe-
riod of 24 months gives smaller noise levels of order of O(0.02). The larger noise level

compared to WONG (2005b) results from the interpolation on pressure levels and the
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shorter averaging period of 12 months. The final accuracy of the salinity measurements,

presented here is estimated to be 0.04.

The DMQC float dataset was then mapped onto a regular grid (either 1°x1° grid
from the WOAOL or repetitive cruise tracks from CD139 and BEAGLE) using an OI,
which was successfully applied in the DMQC procedure (WONG ET AL., 2003; BOHME
AND SEND, 2005; OWENS AND WONG, 2008) but also in recent studies using Argo
float data (e. g. GUINEHUT ET AL. (2002); WONG (2005b); HADFIELD ET AL. (2007);
ROEMMICH ET AL. (2007)). For the mapping procedure important decorrelation length
scales are estimated from variance analysis of temperature and salinity residuals of
float and cruise data, relative to the WOAO1 climatology. For the SIO area anisotropic
decorrelation length scales are selected for the full profile depth of 2000 m of the Argo
floats. The final choice of decorrelation length scales was somewhat subjective trying
to balance the weight given to cruise and float data. The zonal length scale (Lxy) for
the western boundary region, between Africa and 45°E was set to 200 km, while for
the rest of the basin (Lzg) 600 km was selected. The meridional decorrelation length
scale (Ly) was set to 400 km. Compared to other studies in subtropical oceans WHITE
(1995); HADFIELD ET AL. (2007); ROEMMICH ET AL. (2007) the scales are of similar

size.

The accuracy of the OI method was evaluated by means of resampled cruise
tracks (CD139 in March/April 2002 along 32°S and BEAGLE in December/January
2003/2004 along 20°S) using optimally interpolated float data within +1month and
+2months of the cruise date compared to 5° box averaged smoothed cruise data. It
was shown that the section wide averaged root-mean-squares of differences is 0.05 for
salinity and 0.5°C for temperature, which is smaller than estimated from the clima-
tology. This is consistent with the results of HADFIELD ET AL. (2007) who included
a temporal separation in their mapping procedure used for studying the accurracy of

Argo heat storage fields

The quality controlled Argo data are then used to calculate geostrophic velocity and
transport sections at 32°S and 20°S. The ZV level is set at 1900 dbar and 1000 dbar
for 32°S and 20°S, respectively. The ZV assumption at 32°S is used in order to fulfil
the need for a deep reference level and to allow the inclusion of as many data as
possible. Although the float profiles sampled generally to the 2000 dbar pressure level,
the number of valid data points on pressure levels below 1900 dbar decreased rapidly
with depth. Additionally, according to PALMER ET AL. (2004), who analysed changes
in the gyre circulation from three hydrographic transects along 32°S using ZV level
at 2230 dbar, their transport estimates were affected by less than 3% if the ZV level
was varied by up to 800 dbar. The decision to use a shallow ZV level at 1000 dbar at
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20°S is based on the study by WARREN (1981) and on the fact that at 20°S, there are
generally less data points available below 1000 dbar due to differences in the predefined
setting of floats deployed in that region.

Two methods for the calculation of the gyre strength are compared at 32°S, the
MaxTrp and the LinReg method. The gyre strength is defined as the transport over
the ocean interior, between 45°E and 110°E. The MazTrp method, which simply takes
the maximum difference over the defined longitude referenced to 110°E, was used in the
study by PALMER ET AL. (2004). They used this method to compare the hydrographic
transects between 1987 and 2002. Additionally, it was shown in the present study that
the method’s sensitivity to the choice of end points is due to eddy activity in the east
around 110°E which are connected to the LCS (FANG AND MORROW, 2003; RENNIE
ET AL., 2007; WAITE ET AL., 2007). Referencing the eastern end point to the WOA01
climatology largely solved that problem and showed good agreement between changes
in the estimated gyre strength and changes at 110°E, which was selected to be the
eastern end point. The region around the western end point at 45°FE contained large
error estimates, increasing further to the west, due to sparse data coverage and the
large eddy activity in the MOZB south of MAD as seen in the RMS of weekly SLA data
analysed for the period 1992 to 2004 (PALASTANGA ET AL., 2007). The LinReg method
avoids the necessary referencing to the climatology, because it depends only marginally
on the eastern end point (the gyre strength changed less than 3% by referencing to
the WOAO1 data). The method uses a zero-order linear fit to the vertically integrated
transport profiles at each grid point of the ocean interior defined between 45°E and
110°. The gyre strength is then taken to be the difference at the end points of the
fitted transport data integrated from the east. This method is less sensitive to the end
points and the residuals provide a useful error estimate, especially in the present case
where property estimates can be biased by the float data distribution. Furthermore,
the LinReg method is less biased by large eddy signals in the transport compared to
a simple regression of the zonally integrated gyre transports. Additionally, the error
estimates from the MaxTrp method are slightly larger than for the LinReg method.
Therefore, for this study the LinReg method seemed to be the better suited method.

The mean gyre strength between 2002 and 2006 at 32°S was estimated to be
44.441.2 Sv, i. e. northward flow. The interannual variability, defined as standard devi-
ation, is 5.2 Sv. The seasonal variability, defined as standard deviation, was estimated
to 3.0 Sv, with maxima in spring and autumn. The interannual peak to peak changes
are large, up to 13 Sv, indicating the dominant role of the interannual variability at
32°S. The comparison with the gyre strength estimated from CD29 cruise in 1987
and CD139 cruise in 2002 showed clearly the significant difference between the 1987
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estimate and the state of the gyre circulation during the 5 year period 2002 to 2006,
as reported by PALMER ET AL. (2004); McDONAGH ET AL. (2005). PALMER ET AL.
(2004) showed that most of the change happened between 1995 and 2002. Furthermore,
they concluded that there has been a persistent change between the flow structure of
the 1987 and 2002 sections, that can be seen by the westward shift of the maximum
southward transport (in 1987 this maximum is located at 55°E, while in 1995 at 45°E
and in 2002 at 40°E, respectively). Note, that the 1995 cruise data are not used in
this study, due to the sparse coverage in the interior resulting from the different cruise
tracks compared to 1987 and 2002. However, no significant trend in gyre strength was
found over the 5year period. The 1987 estimate is more than 10Sv lower than the
mean gyre strength estimate, exceeding 2 standard deviations of the interannual vari-
ability estimated for the 2002 to 2006 period. The amplitude of the change between
1987 and 2002 is smaller than the largest interannual peak-to-peak variations which
are observed between 2005 and 2006. The estimate from CD139 cruise in 2002 is well

within the given errors with the 2002 estimate using optimally interpolated float data.

The analysis showed that a possible bias of the large increase in the gyre strength
between 1987 and 2002 due to the sampling season can be excluded. The gyre strength
estimate in 1987 is more than 12Sv smaller than the appropriate spring estimate,
exceeding 3 standard deviations of the seasonal variability calculated for the period
2002 to 2006. The 2002 estimate from CD139 cruise data is in good agreement, within
the given errors, with the autumn estimate. This indicates that the gyre strength may
be estimated from single hydrographic cruise data but this estimate is restricted to a
period of one year or so. The large interannual variability indicates that care needs
to be taken to interpret changes in gyre strength from just two or three transects as

decadal trends.

The comparison of the geostrophic Sverdrup transport time series with the gyre
strength time series constructed from cruise and float data estimates, respectively,
indicates a large correlation of R? = 0.92, with a time lag of one year. Here annual
averages and cruise data are used, providing 6 independent estimates. Additionally, the
comparison shows surprisingly good agreement in the magnitude of the gyre strength
estimates, at least for the interior gyre circulation of the upper 1000 dbar, which is
different to the findings showed by BRYDEN ET AL. (2005). They reported a difference
of about 25Sv between AC transport and Sverdrup transport at 31°S, from analyses
of a year-long moored array of current meters and synoptic hydrographic sections. The
geostrophic Sverdrup transport time series was calculated from NCEP wind-stress
data averaged over a 6° latitudinal band centred at 32°S, with a Gaussian low-pass

filter of one year applied. Anomalies of geostrophic Sverdrup transport show small
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positive anomalies over the interior in most of 2005 while in 2003 and 2004 relatively
large negative anomalies exist. Additonally, the extremely small gyre strength in 1987
can be at least partly attributed to the persistent large negative zonal wind-stress
anomalies over the longitudinal band between 50°E and 100°E existing between 1985
and 1988. The time lag of 1 to 2 years at 32°S, between Sverdrup transport time
series and that from float realisations, does not agree with the typical assumption of
perturbations being initiated in the east of the basin and travelling over the whole
basin to affect the west. The adjustment time for such phenomena is longer than 1
to 2 years. However, if perturbations are forced near the western boundary, then the
adjustment time is reduced and a time lag of 1 or 2 years could be possible. Additionally,
MATANO ET AL. (1998) showed that the MADR has a significant effect on westward
propagating perturbations at 40°S probably leading to large baroclinic wave energy
arising from the interaction of barotropic waves from the interior of the Indian Ocean
and the ridge. The good correlation of the 32°S gyre strength time series with 1-year
time lag supports the findings by DE RUIJTER ET AL. (2004); PALASTANGA ET AL.
(2006). They reported a connection between interannual variability in the strength
of the EMC related to equatorial climate modes such as ENSO/IOD. The westward
propagation of the large-scale anomalies takes about one year (MURTUGUDDE ET AL.,
2000).

However, it seems that changes in the wind-stress in the SIO area cannot be the main
driving force for seasonal changes in the gyre strength between 45°E and 110°E. The
seasonal cycle of the wind-stress curl shows its maximum in July around 50°E, 40°S
and its minimum in January over the whole SIO (ScHOTT AND MCCREARY, 2001).
In comparison, the seasonal cycle of the gyre strength at 32°S estimated from float
data shows a higher frequency with two maxima of similar amplitude during spring
and autumn and two minima of similar size during summer and winter. This suggests
that a sub-annual modulation of the wind induced signal may exist as for example the
observed semi-annual (MORROW AND BIROL, 1998) and 4-5 time/year (SCHOUTEN
ET AL., 2002) westward propagating Rossby waves in the latitudinal band 20°S - 30°S.
Additionally, PALASTANGA ET AL. (2007) reported seasonal variations in the SICC, be-
ing stronger (weaker) in summer (winter) while the SEC weakens (strengthens) due to
large-scale wind variability (TCHERNIA, 1980). At 32°S the time series from geostrophic
Sverdrup transport indicates a robust positive trend (3.6 Sv/decade; with a statistical
significance of more than 85%). It is interesting, that at 32°S, the minimum in gyre
strength derived from Sverdrup transport, as well as the increase afterwards to larger
values, occurs in the beginning of the period of reported increase in global mean surface
temperatures (IPCC, 2007). Whereas, at 20°S, no such connection is apparent nor are

any regimes with significant trends detectable.
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Additionally, altimetry data are used to evaluate the temporal evolution and propa-
gation of signals apparent in SLA. At 32°S a large positive anomaly exists in the east
at 110°E between 1999 and 2002. This positive anomaly could be associated with the
persistent La Nina state in the equatorial Pacific between 1998 and 2001 (PALASTANGA
ET AL., 2006). The positive SLA propagates westward with a pronounced westward
decrease of the amplitude, reaching 50°E within less than 12 months. This coincides
with a large positive SLA signal developing at 45°F in the vicinity of MADR. In 2004
and 2005 the SLA shows negative anomalies in the east, while in 2006 the SLA is back
to the 2002 state or even increased, especially in the eastern and western boundary

regions.

The reported decadal change in gyre strength between 1987 and 2002 (PALMER
ET AL., 2004) was associated with a large increase in salinity in the upper thermocline
©-S properties as well as with an increase of the dissolved oxygen concentration (Mc-
DONAGH ET AL., 2005). The large interannual changes in gyre strength between 2005
and 2006 estimated from the annual float data are associated with the largest year
to year variability in ©-S properties, especially in the east. However, the decreases in
salinity of about -0.08 and in temperature of about -0.3°C, are limited to levels between
the near surface layer and the upper portion of the SAMW, which is between 13°C and
17°C. Although the magnitude of the change in properties is similar between 2005 to
2006 and 1987 to 2002 in the 5 year period the change is less coherent over the whole
section but focused on the eastern end between 90°E and 115°E. At the moment it
is not quite clear if the large increase in salinity and temperature between 1987 and
2002 could be attributed solely to interannual variability, as reported by STARK ET AL.
(2006).

Applying the LinReg method at 20°S shows the same tendency in the interannual
changes in the gyre strength, though less pronounced and with smaller interannual
peak to peak changes (maximum interannual change is 6.5 Sv between 2003 and 2004).
The estimated mean gyre strength at 20°S over the 4 years period 2003 to 2006 is
23.84+1.4 Sv, with an interannual variability, defined as standard deviation, of 3.6 Sv.
The largest gyre strength estimates exist during summer with 27.5+1.4Sv and the
smallest estimates exist during winter with 18.8+£1.4 Sv, while the total seasonal varia-
tion estimated as standard deviation of the four seasons is 4.2 Sv. This is again, contrary
to the seasonal cycle in the geostrophic Sverdrup transport derived from wind-stress
curl (SCHOTT AND MCCREARY, 2001). Compared with the 32°S section the role of the
deep layer, defined between 1000 dbar to 1900 dbar is different. The deep layer is acting

as a buffer between summer and autumn and between winter and spring, respectively
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compensating the decrease/increase in gyre strength in the upper layer (defined be-
tween 200 dbar and 1000 dbar). Between autumn and winter the deep layer undergoes
the larger changes of the two layers, and between spring and summer the change takes
place mainly in the upper layer. The estimated gyre strength using the BEAGLE cruise
data (27+2.3 Sv) is in good agreement with the 2003 and 2004 estimates of 29+4.8 Sv
and 22.5+2.1 Sv, respectively. An even better agreement exists with the appropriate

summer estimate, for all 4 years, which is 27.54+1.4 Sv.

Anomalies of geostrophic Sverdrup transport at 20°S do not give explanations for
the decrease in the gyre strength from 2003 to 2005 and the following increase in 2006.
Nevertheless, the influence from the persistent La Nina event between 1998 and 2001
becomes apparent in the negative wind-stress anomalies that can be identified in the
east in 1999 and 2000, and in the interior between 1999 and 2002, which is in agree-
ment with the results reported by (PALASTANGA ET AL., 2007). This negative anomaly
results in a pronounced reduction of the zonally integrated geostrophic Sverdrup trans-
port between 2000 and 2002. Assuming that the Sverdrup balance is valid, the negative
feedback on the gyre strength would result in an increased southward Ekman transport

of at least the order of the change in the geostrophic component.

Sea level anomaly time series at 20°S do show large positive anomalies in the east at
110°E, between 1999 and 2001. These anomalies are propagating westward and reach
55°E within 3 years, which corresponds to the transit time for long baroclinic Rossby
waves at 20°S (CHELTON AND SCHLAX, 1996; QiU AND CHEN, 2006). In 2004 an inten-
sification of the anomaly is found around 70°E. This additional positive signal could be
forced either by anomalies from the equatorial region (JOCHUM AND MURTUGUDDE,
2005) or by intensification in the MADB at topographic features. The comparison of
gyre strength changes, derived from float realisations, with annual changes in the ADT

did show only few agreement.

From the results presented here the exact link between the observed features in the
wind-field, the SLA and the upper ocean’s density field is not fully clear. At 32°S,
the influence from changes in the wind-stress seems to be the important contribution
to interannual changes in the gyre strength, with modulations of the signal possibly
by eddy variability in the west, southwest of MAD (PALASTANGA ET AL., 2006). In
contrast, at 20°S, the situation is more complex, due to the proximity to the tropical
regime, the ITF and the SEC. PALASTANGA ET AL. (2006) showed that positive SLA
east of MAD can be associated with a positive IOD inducing a weakening of the SEC
and its branches along east MAD. In combination with the decrease in the geostrophic
Sverdrup transport this could be a possible explanation for the observed decrease in
gyre strength at 20°S between 2003 and 2005.
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Annual maps of DH have been produced for the SIO, confirming recent observation
features like the SICC (PALASTANGA ET AL., 2006) and the connection between the
subtropical gyres of the SIO and the South Pacific Ocean, described as a super-gyre
(RIDGWAY AND DUNN, 2007; RoEMMICH, 2007). The observed interannual variability
in the gyre strength was not associated with a shift /change in the centre/structure of
the gyre as observed on decadal scales in the South Pacific Ocean (ROEMMICH ET AL.,
2007).

Additionally, subsurface velocities were estimated applying the OI to individual sub-
surface velocities estimated from the float’s trajectory data. Interpolated velocities at
1900 dbar derived from float data within +2months of the CD139 cruise or from all
data within 2002 were compared to reference velocities derived from an inverse cal-
culation using the CD139 geostrophic velocities (MCDONAGH ET AL., 2008). It was
shown that some deep velocity features are represented in all realisations. Around 60°E

and 95°FE southward velocities of about -1.5cms™! and -2 ecm st

exist. Other features,
for example the large northward velocities at 105°E, are not represented in the float
data. Additionally, it was shown, that the ZV assumption could lead to large errors
of O(10Sv) and even larger in the final transport estimate. In the past subsurface
velocities estimated from float trajectories have already been used to create mean sub-
surface velocity fields (SALLEE ET AL., 2006; DAvis, 2005). The comparison of the
mean velocity field for the period 2002-2006 shows only broadly agreement with re-
sults from DAvis (2005), who derived the intermediate-depth circulation of the Indian
and South Pacific Oceans at 900 m depth from autonomous floats. Only a few of the
major currents and circulation features are represented while the large scale-circulation
is missing, which is due to the missing background reference velocity field used in the
OI method. With the focus in this study on low-frequency variability, annual and sea-
sonal estimates of mean subsurface velocities were generated to gain knowledge about
possible permanent currents at depth (1000 dbar and 1900 dbar). The results reveal
seasonally varying currents west of BP and NER at 85°E across 32°S at 1900 dbar and
across 20°S at 1000 dbar indicating possible topographic control of the deep current.
Additionally, from the 1900 dbar velocity maps a recirculation north of 27°S in the
MOZC becomes apparent, with northward inflow in the west and southward outflow
in the east, showing varying intensity over the 5 year period. The strong cyclonic recir-
culation between MOZP and MADR at 32°S (MCDONAGH ET AL., 2008) is confirmed
in the 1900 dbar data but it is shown that this is not a permanent feature over the 5 year
period, since in 2004 it is replaced by an anticyclonic circulation of similar intensity.
The relatively sparse data coverage, due to the early state of the Argo project in the
SIO showed that seasonal and annual estimates are easily biased by single data points

from one single float. Additional it is to say, that the OI method uses no background
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velocity field, just the average of the subset of velocity measurements at each grid
point, therefore the method heavily relies on the spatial decorrelation length scales as

well as the data distribution.

7.2 Conclusion

This work highlights the important contribution provided by the Argo project. Firstly,
it was shown that a large portion of the real-time float data provide accurate measure-
ments and that in addition, with DMQC procedures, a high confidence in the quality
of the data can be achieved. This is an important point in an area which showed sparse
data coverage in the previous decades. Therefore, a continuous global monitoring net-

work such as Argo, will become more and more important in the future.

Secondly, the results presented for the ocean interior at 32°S and 20°S show impor-
tant relations, such as the good agreement between interannual gyre strength estimated
from float data for the upper 1000 dbar and the geostrophic Sverdrup transport at 32°S.
In contrast, the missing agreement in the seasonal gyre strength and the geostrophic
Sverdrup transport indicates the importance of other dominating processes. At 20°S
the equatorial influence together with climate phenomena such as IOD and ENSO is
felt, while at 32°S in the interior, the change in wind-stress seems to dominate interan-
nual changes. MEREDITH ET AL. (2008) showed the strong correlation of the Southern
Annular Mode (SAM) index with southern hemisphere zonal winds. That means the
decrease in gyre circulation between 2002 and 2005 is well matched by the previous
decrease in the SAM index. However, the 5year period of annual and seasonal av-
erages allows only tentatively to suggest relationships to climate phenomena such as
ENSO and SAM, because the present results include relatively large error bars. The
continuing of Argo will allow longer time series in the future allowing better temporal
resolution. That will provide the possibility to define the seasonal and annual signals
in the gyre circulation, as well as possible trends over half a decade or longer, even

more clearly.

Nevertheless, the 5year period of float data already provided useful and robust
information on the different states of the gyre circulation in the late 1980s and the
period 2002 to 2006. The significant difference in the gyre strength and structure in
1987 needs to be taken into account for future numerical simulations, if findings on
the present state of the circulation are to be achieved. PALMER (2005) suggested that
both the size and the zonal structure of the deep inflow across 32°S may have changed

between 1987 and 2002, if forced with the different flow fields at the southern boundary
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at 32°S. These results were based on simulations using a general circulation model in

the configuration described by FERRON AND MAROTZKE (2003).

In conclusion, the present work achieved an important task by defining, for the first
time, the low-frequency seasonal to interannual variability in the SIO gyre circulation
from hydrographic observations. With the here shown methods it will be possible to
monitor the low-frequency variability of the gyre circulation in most parts of the world’s
ocean assuming a similar data coverage with Argo floats as in this study. Especially
at higher latitudes, where the gyre circulation accounts for a large fraction of the
meridional heat transport (CABANES ET AL., 2008), for example in the North Atlantic
at 45°N. Results derived from observations of the oceans interior are needed to evaluate

output from numerical general circulation models and from altimetry observations.
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