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Abstract

The Southern Ocean is vitally important in understanding climate change,

both regionally and globally. This is due partly to physical factors such as the

Antarctic Circumpolar Current (ACC), which facilitates the interchange of

heat, nutrients and carbon dioxide between the world oceans. These physical

factors also include the seasonal variation in sea-ice around the Antarctic con-

tinent and the strong Southern Hemisphere westerly winds, which are respon-

sible for the divergence-driven upwelling of deep water to the surface, south of

the Polar Front. The Upper branch of the Circumpolar Deep Water (UCDW)

is warm, relative to Antarctic waters, and is high in dissolved inorganic carbon

and nutrients, in particular iron. It contributes to carbon dioxide regulation,

therefore, through temperature effects on solubility, the out-gassing of carbon

dioxide and also via its effect on primary production and the biological pump.

This project examines long-term trends in the meridional circulation of

UCDW and in upper-ocean structure, primarily in the Australian region (110-

160◦E, 40-70◦S) of the Southern Ocean. This is achieved by the use of the

Simple Ocean Data Assimilation (SODA) 2.0.2/2.0.4 reanalysis of ocean cli-

mate variability, which combines output from an ocean global circulation model

with observational data, through a sequential data estimation scheme.

Trends are produced for 1958-2007, in five-degree latitudinal bands that

approximate the ACC frontal zones, for UCDW and mixed layer hydrody-

namic variables and these are related to trends in Southern Hemisphere winds

and global climate indices. In addition, similar trends are also produced

for the shorter period 1997-2007, for which satellite data are available, and

these trends are related to trends in chlorophyll-a, a proxy for phytoplank-

ton biomass, and primary production. As well as these trends, interannual

variability in chlorophyll-a in spring and summer, and its controls, are also

studied.

Considerable interannual variability, both in the magnitude and phenology

of the bloom, is found in chlorophyll-a, as well as differences in its controls,

depending on the season and latitudinal zone. In spring near the Antarctic

continent, sea-ice concentration and irradiance are major controls. However,

in summer, it is wind stress, together with the effect of UCDW via sea-surface
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temperature (SST), which is significant. Further north, irradiance is a crucial

factor in both spring and summer, while co-varying factors, such as SST, mixed

layer depth and stratification are also important.

Negative trends in chlorophyll-a, in 55-60◦S in summer, appear to be re-

lated to decreases in wind stress and mixing of nutrients, in combination with

an increase in SST, which is negatively correlated with chlorophyll-a in that

region.

Over the period 1958-2007, mixed layer depth, temperature, density and

salinity all show positive trends, with the exception of mixed layer density and

salinity near the Antarctic continent and mixed layer temperature in summer,

in the Southern ACC Zone and the Antarctic Zone. The mixed layer temper-

ature result holds, not only for the study region, but also in two other sectors

studied, one in the Indian Ocean (20-60◦E, 40-70◦S) and the other in the Pa-

cific Ocean (130-80◦W, 40-75◦S). It is suggested that this result is related to

increasing wind stress that mixes cooler remnant winter water into the mixed

layer, counteracting the effect of surface warming.

UCDW vertical velocity is increasing over 1958-2007 in all three sectors

in the Polar Frontal Zone, where UCDW upwelling is strongest. However,

UCDW temperature trends vary between sectors, with an interesting result

that UCDW temperature in the Australian and Pacific sectors is decreasing,

where UCDW is deep, north of the Polar Front, in contrast to increasing

UCDW temperature in the Indian Ocean. It may be that differences between

UCDW in the various sectors are related to the fact that UCDW is composed

primarily of old waters that have re-circulated through the Indian and Pacific

Oceans, before re-entering the ACC. Unlike the trends in mixed layer variables,

however, trends in UCDW seem to operate on centennial rather than decadal

time-scales.

Trends in hydrodynamic variables, such as SST and sea-surface salinity,

for 1997-2007, are sometimes up to an order of magnitude larger and even of

opposite sign to similar trends for 1958-2007. An investigation into this result

seems to indicate that these trends are outside the bounds of earlier variability,

which may mean that there has been a shift in the state of the Southern Ocean

in the last ten to fifteen years.
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Chapter 1

Introduction

The world ocean has been responsible for sequestering around 25-30% of an-

thropogenic CO2 emissions, over the last 200 years (Sabine et al., 2004). The

Southern Ocean (SO) is of particular importance in this process, given that

modelling studies (Orr et al., 2001; Khatiwala et al., 2009) have suggested that

it dominates the current air-sea flux of anthropogenic CO2. Using an obser-

vationally based technique, Khatiwala et al. (2009) estimated that, in 2008,

the oceanic inventory of anthropogenic CO2 was 140±25 PgC with an annual

uptake rate of 2.3±0.6 PgCyr−1 and that the SO contributed over 40% of the

anthropogenic CO2 inventory in the ocean.

A number of studies have suggested that the rate of increase of ocean

uptake of anthropogenic CO2 has decreased in the last few decades, includ-

ing the study by Khatiwala et al. (2009), a modelling study by Lovenduski

et al. (2007) and a study by Takahashi et al. (2009), which used repeated

surface-ocean CO2 observations. Lovenduski et al. (2007) connected positive

phases of the Southern Annular Mode (SAM), which result in the southward

shift and strengthening of the Southern Hemisphere (SH) westerly winds, with

anomalous out-gassing of natural CO2. A study by Le Quere et al. (2007) also

concluded that the SO CO2 sink has weakened in recent years and, since the

authors believe this is connected to an increase in the SH winds, they suggest

that this trend will continue in the future in line with increases in the SAM.

However, other authors (Zickfeld et al., 2008) believe that the SO sink will

increase in efficiency in the 21st century. There is thus considerable interest

in detecting any changes in factors that may affect the CO2 sink in the SO.

The SO has a number of unique oceanographic and physical features that

contribute to its role in global and regional climate change. For example, the

SO is the only region where a circumpolar current, the Antarctic Circumpolar

Current (ACC), circles the globe. The ACC flows unimpeded from west to

east around Antarctica along a 20 000 km path, connecting the Indian, Pacific

and Atlantic Oceans and allowing vast amounts of heat, moisture, nutrients
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and CO2 to be stored and transported (Rintoul and Trull , 2001; Sarmiento

et al., 2004). In addition, the SH westerlies are among the strongest winds

in the world (Trenberth and Caron, 2000). They not only drive the ACC

but they also move the surface waters away from the Antarctic continent by

Ekman transport. The effect of these winds and the polar easterlies along the

Antarctic coast, which steer surface waters southwards, is to bring deep water

to the surface south of the Polar Front via divergence-driven upwelling.

This upwelling is part of the meridional circulation, the north-south flow

of water, which has been represented in a simplistic fashion as the “great

ocean conveyor belt” (Broecker , 1991). The depth from which the water is

upwelled (2-3km) is another feature that is unique to the SO (Russell et al.,

2006). The movement of the upwelled water in the SO is often represented

as consisting of upper and lower cells (Speer et al., 2000). The upper cell is

formed by upwelled water that is modified by interactions between the ocean,

atmosphere and sea-ice and then moves north, eventually sinking at lower

latitudes, forming Antarctic Intermediate Water. The other branch of the

upwelled water moves towards the Antarctic continent, becomes more dense

and sinks, forming Antarctic Bottom Water, and then flows northward at

depth, thus “ventilating” the deep ocean (Speer et al., 2000; Russell et al.,

2006).

The upper branch of the upwelled water, the Upper Circumpolar Deep

Water (UCDW), is rich in nutrients, especially iron (Hiscock et al., 2003). This

supply of nutrients is crucial for primary production and ecosystem function

(Hoppema et al., 2003; Hiscock et al., 2003) in the SO, since iron has been

demonstrated to be the limiting factor for primary production (Martin et al.,

1990b,a; Boyd et al., 2000; Coale et al., 2004) in the ACC region of the SO.

Another important feature in the SO is the seasonal variation in sea-ice

around the Antarctic continent. Sea-ice acts as a physical, chemical and bio-

logical barrier between the atmosphere and the ocean (Constable et al., 2003).

It is a source of phytoplankton for the spring bloom and affects stratification

during melting and the energy budget due to its high albedo. It also has an

impact on the supply of iron during ice melt, as it can act as a storage reservoir

over autumn/winter for iron supplied from above by airborne dust or below

either from upwelling or from advection from continental margins (Lannuzel

et al., 2007; Sedwick et al., 2008).

Insights into decadal-scale changes in the meridional overturning circula-

tion in the SO are important, since such changes have the potential to affect

the CO2 sink through both the solubility pump (the localised sinking of cold,

dense winter water enriched with dissolved inorganic carbon (DIC)) and the

biological pump (the sinking to depth of carbon fixed during photosynthe-
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sis). For example, a strengthening in the meridional overturning circulation

might lead to higher primary production in the high latitudes, due to in-

creased upwelling of nutrients and therefore to increased drawdown of CO2 via

the biological pump (Lovenduski and Gruber , 2005). At the same time, deep

waters such as UCDW, with higher concentrations of DIC (Iudicone et al.,

2010), would be upwelled, leading to an out-gassing of natural CO2 to the

atmosphere (Le Quere et al., 2007; Lovenduski et al., 2007).

Changes in the westerly winds which drive the ACC not only potentially

affect the position and strength of the ACC, but also the upwelling of UCDW,

because of variations in the Ekman transport. Such changes are likely to

be related to a number of different climate patterns that represent the nat-

ural climate variability on various time-scales. These include the SAM, El

Niño/Southern Oscillation (ENSO) and the Pacific Decadal Oscillation (PDO).

The SAM is the most important mode of climate variability in the SH middle

and high latitudes on intra-seasonal and inter-annual timescales (Lovenduski

and Gruber , 2005) and is associated with north-south movements of the west-

erly winds. The SAM index (Marshall , 2003; Visbeck , 2009) has been moving

towards a more positive mode since the 1970s (Thompson and Solomon, 2002),

indicating a poleward intensification of the SH winds, although it has levelled

off in the last decade (Monaghan et al., 2008). However, while the SAM is

generally considered to be zonally symmetric, recent studies have found that

the wind response is not (Drost and England , 2009) and neither is the oceanic

response of the fronts (Sallee et al., 2008). Thus, the effect of the SAM differs

in the various regions of the SO and potentially so do the effects of the winds

on the meridional circulation of UCDW and its effects on primary production.

The present study focuses on the Australian sector of the SO (110-160◦E,

40-70◦S), although results there are also compared with two other SO sectors,

Indian (20-60◦E, 40-70◦S) and Pacific (130-80◦W, 40-75◦S). Sallee et al. (2008)

found that, in the Australian sector, the trend associated with more positive

SAM results in an intensification, but no distinct meridional shift, of the ACC

fronts. Another factor to take into account is the fact that, when considered

on a seasonal scale, the SAM shows significant positive trends only in summer

(DJF) and autumn (MAM), over the period 1957-2004 (Marshall , 2007). This

seasonal variation in the effect of the SAM may be important, given that

peak primary production occurs in spring and summer. It is also necessary

to study the effect of ENSO which, while it is a tropical coupled system, still

has an impact on the winds in the study region (Holbrook and Bindoff , 1997;

L’Heureux and Thompson, 2006). For completeness, the effect of the PDO

(Mantua and Hare, 2002) will also be considered.

To some extent it is possible to assess mid- to late-twentieth century trends
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for hydrodynamic variables in the SO via observations in specific areas at dif-

ferent times (Gille, 2002, 2008; Aoki et al., 2003; Hill et al., 2008) or via

climatologies (Levitus et al., 2005; Boyer et al., 2005; Jacobs , 2006; Böning

et al., 2008). Other methods include numerical simulation studies (Zhang ,

2007; Trenberth et al., 2007; Henson et al., 2010) or model reanalysis datasets,

such as the Simple Ocean Data Assimilation (SODA) dataset (Yang et al.,

2007a). Since observational data in the SO are temporally and spatially in-

homogeneous, this study uses SODA (Carton et al., 2000, 2005; Carton and

Giese, 2008) model reanalysis data for hydrodynamic variables. Reanalysis

data have the advantage, over both the sparse set of observations and numeri-

cal simulation, that data are synthesised in such a way that they are consistent

with the model physics, that complete temporal and spatial coverage is pos-

sible, and that information can be provided on both directly and indirectly

observed variables. The SODA 2.0.2/2.0.4 reanalysis covers the 50 year period

from 1958 to 2007. This reanalysis of ocean climate variability begins with

a state forecast produced by a General Circulation Mode (GCM) based on

POP (Parallel Ocean Program) numerics (Smith et al., 1992) and this fore-

cast is continuously updated by available contemporaneous observations, via

a multi-variate two-stage sequential updating algorithm.

In addition to changes in the physical oceanography of the SO, it is also

important to consider changes in the biological oceanography, since phyto-

plankton are responsible for almost half of global primary production (Field

et al., 1998). In fact, according to Hoppema et al. (2000), biological drawdown

of CO2 is more important than physical processes for establishing the CO2

sink in the southern ACC.

Previous work (Steinacher et al., 2010) has identified a number of phys-

iochemical controls on primary production in the SO. These include sea-ice

concentration/extent (near the Antarctic continent), sea-surface temperature

(SST), photosynthetically active radiation (PAR), mixed layer depth (MLD),

stratification, macro- and micro-nutrient availability and community compo-

sition and grazing. The fact that climate variability can affect many of these

controls on primary production, particularly on interannual timescales (Boyce

et al., 2010), has been established by studies which link climate indices, such

as the SAM index, the Multi-variate ENSO Index (MEI) (Wolter and Timlin,

1993) and the PDO index, with variability in chlorophyll-a and primary pro-

duction (Lovenduski and Gruber , 2005; Behrenfeld et al., 2006; Arrigo et al.,

2008; Martinez et al., 2009) through variability in wind stress and its position,

SST, MLD and stratification.

Even more so than for hydrodynamic variables, trends are difficult to estab-

lish for primary production, due to the sparse nature of the observational data.
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The advent of the satellite era, and, in particular Sea-viewing Wide Field-of-

view sensor (SeaWiFS) (McClain et al., 2004), has provided an opportunity to

consider trends in standing stock (chlorophyll-a) or primary production since

1997. A few modelling studies, which use satellite-derived chlorophyll-a val-

ues to calculate primary production, have examined trends for the SO (Arrigo

et al., 2008; Smith and Comiso, 2008; Barbini et al., 2005). Using an algorithm

calibrated specifically for use in the SO, Arrigo et al. (2008) found no trend

in 1997-2006 for annual primary production in the whole SO, although statis-

tically significant trends for primary production in the Ross Sea (increasing)

and the south Indian Ocean sector (decreasing) were found. In contrast, Smith

and Comiso (2008) found annual production over the entire SO, calculated us-

ing the Vertically Generalised Production Model (VGPM) of Behrenfeld and

Falkowski (1997), has increased significantly since 1998, and that production

has increased particularly in January and February.

Using ocean transparency measurements and in situ chlorophyll-a observa-

tions, Boyce et al. (2010) found a decline, since 1899, in global chlorophyll-a of

-0.006±0.0017 mg m−3yr−1, with the one of the largest declines (-0.015±0.0016

mg m−3yr−1) being in the SO region south of 60◦S. On the other hand, a mod-

elling study (Steinacher et al., 2010) looking at primary production projected

over the 21st century, has found that, for parts of the SO, an alleviation of

the limitations of light and/or temperature will lead to an increase in primary

production, but that absolute change in productivity in the SO (south of 45◦S)

will vary regionally.

The importance of potential changes in the upwelling of nutrients in UCDW

in the ACC is highlighted in a recent modelling study by Palter et al. (2010),

who found that these nutrients support 33-75% of global production between

30◦S and 30◦N, via the subduction of these waters in the Subantarctic Mode

Water and the subsequent remineralisation of the nutrients. Given the impor-

tance of the SO to world climate and UCDW to primary production, the main

question to be examined in this study is:

What is the range of interannual and decadal variability in the

meridional circulation of UCDW and how does this relate to vari-

ability in phytoplankton standing stock and primary production in

the SO?

This can be broken down into a number of sub-questions:

• What is the range of interannual and decadal variability in UCDW hy-

drodynamic properties, as well as in characteristics associated with its

meridional circulation?
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• What is the range of variability in upper ocean properties and SH winds?

• Is there a correlation between changes in the SH winds and changes in

UCDW?

• What is the interannual variability in primary production in the Aus-

tralian region of the SO?

• What factors influence primary production in this region?

• Is there a connection between variability in these factors, and, in partic-

ular the upwelling of UCDW, and variability in phytoplankton biomass

and primary production?

The thesis is structured in the following way. The Literature Review (Chap-

ter 2) considers information from previous studies about UCDW, its circula-

tion and importance in primary production in the SO and the effect changes

in the SH winds may have on the SO climate sink. Chapter 3 (Methodology)

presents information about the SODA reanalysis and the data analysis and

statistical techniques used in this study. These chapters precede five chapters

which consider the questions posed above. The first of the five Results chap-

ters (Chapter 4) examines SODA’s skill at representing hydrodynamic data in

the SO and then studies UCDW movement in the Australian sector of the SO,

as well as dissolved iron in UCDW. Chapter 5 is a study of UCDW and upper

ocean climatological properties, in the Australian region of the SO. Connec-

tions are examined between global climate indices (SAM, MEI and PDO) and

wind stress and then wind stress and UCDW and mixed layer (ML) properties.

Finally, trends in all these variables are derived for 1958-2007. Results for the

Australian sector are compared with results for the Indian and Pacific sectors

in Chapter 6, in order to consider the robustness of trends. Interannual vari-

ability (1997-2007) in chlorophyll-a (a proxy for phytoplankton biomass) and

primary productivity, again in the Australian sector, are studied in Chapter

7, as well as factors that affect chlorophyll-a. Chapter 8 is a study of trends

in these factors, as well as in chlorophyll-a and primary productivity, over the

period 1997-2007. These ten-year hydrodynamic trends are then compared

with the 1958-2007 trends. Overall conclusions are given in Chapter 9, as well

as a discussion of possible future work. This chapter is followed by an Ap-

pendix, which presents tables of 1958-2007 trend results by season, for each of

the three ocean sectors. The final chapter in the thesis is the Bibliography.
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Chapter 2

Literature Review

2.1 The Southern Ocean

The term “Southern Ocean” is generally used to refer to the ocean around

Antarctica, but there is no official definition of the term. Instead, the Inter-

national Hydrographic Organization (IHO, 1953) considers the area between

146◦55’E and 67◦16’W to be part of the Pacific Ocean, the area from 20◦E to

146◦55’E to be part of the Indian Ocean and the remaining area to be part

of the Atlantic Ocean, with the limits of those oceans extending south to the

Antarctic continent. A more recent (2000) definition of the SO as being south

of 60◦S has not yet been ratified by the IHO. The approach of Tomczak and

Godfrey (1994) will be adopted in this work - that is, the SO is the region

south of the Subtropical Front, where tropical/temperate dynamics give way

to polar ocean dynamics.

2.2 The Antarctic Circumpolar Current

The ACC flows eastward around Antarctica, driven by the prevailing westerly

winds. It is a continuous circumpolar current that moves along a 20 000 km

path connecting the the Indian, Pacific and Atlantic Oceans, uninterrupted by

continental barriers. The ACC has the largest mass transport of all the ocean

currents, around 130-140 Sv (million cubic metres per second) (Whitworth

et al., 1982), due to its width (up to 2000 km) and the great depths (deeper

than 2000 km) to which the current extends (Tomczak and Godfrey , 1994).

The position of the ACC lies approximately between 35-38◦S and 60-65◦S,

but depends on the sector, so it is usual to define the ACC as consisting of

a number of fronts (where rapid changes in water properties, such as salinity,

density and temperature, occur over a short distance), as well as the zones

between these fronts (where water mass properties are relatively uniform).

This definition for the ACC is used because no continental reference point
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Figure 2.1: The fronts of the Southern Ocean. From north to south they are Sub-
tropical Front (STF), Subantarctic Front (SAF), Polar Front (PF), Southern ACC
Front and the Southern Boundary of the ACC (sBdy). Reprinted from Orsi et al.

(1995) with permission from Elsevier.

exists, other than the fact that, by convention, all flow through Drake Passage

(at the tip of South America) is the ACC (Orsi et al., 1995).

The three primary fronts of the ACC, from north to south, are the Sub-

antarctic Front (SAF), Polar Front (PF) and the Southern ACC Front (sACCf)

(Whitworth and Nowlin, 1987; Orsi et al., 1995). Between these lie the Polar

Frontal Zone (PFZ) and the Antarctic Zone (AZ), respectively. In addition,

the Subantarctic Zone (SAZ) lies between the northern boundary of the ACC,

the Subtropical Front (STF) and the SAF. The Southern Boundary of the

ACC (sBdy) is found either south of or sometimes coincident with the sACCf

and was defined by Orsi et al. (1995) to be the poleward edge of the UCDW

signal. The Southern ACC Zone (sACCZ) is found between the sACCf and

the sBdy, with the most southerly zone being the Southern Zone (SZ). Figure

2.1 shows the positions of the above fronts as determined by Orsi et al. (1995)

and Table 2.1 shows the positions of the zones in relation to the fronts.

Work by Sokolov and Rintoul (2002), using high resolution hydrographic

data collected along the CLIVAR section SR3 (near the 140◦E meridian),

showed that each of the ACC fronts was consistently split into two or more
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Figure 2.2: The mean positions of fronts of the Southern Ocean south of Australia
and New Zealand (Sokolov and Rintoul , 2007). The ACC fronts shown from north
to south are: SAF (blue), PF (red), sACCf (black) and sBdy (blue).

Table 2.1: Positions of Southern Ocean zones relative to Southern Ocean fronts

Front Zone
STF

SAZ
SAF

PFZ
PF

AZ
sACCf

sACCZ
sBdy

SZ
ASF

branches, and they recently showed (Sokolov and Rintoul , 2007) that this re-

sult applies to the entire SO.

The mean positions of the various fronts of the ACC, for the region south

of Australia and New Zealand, can be seen in Figure 2.2, bearing in mind

that the frontal positions vary in time. In this figure, the sBdy can be seen

south of sACCf2 at around 65◦S. The ACC is strongly steered by major to-

pographic features, such as Drake Passage, Kerguelen Passage (and Island),

Campbell Plateau, South-East Indian Ridge and Macquarie Ridge (Tomczak

and Godfrey , 1994).

The mean positions of the fronts on the section SR3 are given in Table

2.2 (Sokolov and Rintoul , 2002), where the final front found on SR3 was

the Antarctic Slope Front (ASF), located over the upper continental slope

of Antarctica. The ASF separates cold, fresh shelf water from warmer, more

saline offshore water.
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Table 2.2: Mean Positions of Southern Ocean fronts along SR3 (140◦E) (Sokolov
and Rintoul , 2002)

Front Latitude
STF 42.5◦S
SAF1 50.5◦S
SAF2 52◦S
PF1 53-54◦S
PF2 59-60◦S

sACCf1 62◦S
sACCf2 64◦S
ASF 65◦S

Table 2.3: Water Masses along SR3 (140◦E) (Sokolov and Rintoul , 2002)

Latitude Depth Water Mass Characteristics
North of 45◦S 0-200m Subtropical Lower high salinity core

Water (SLW)
46-50◦S 100-500m Subantarctic Mode uniform temp and salinity

Water (SAMW)
below 500 Antarctic Intermediate salinity minimum

Water (AAIW)
South of 53◦S surface Antarctic Surface relatively fresh

Water (AASW)
100-300m Winter Water (WW) temperature minimum
below 200m Upper Circumpolar temp, nutrient max, O2 min

Deep Water (UCDW)
below UCDW Lower Circumpolar salinity max, nutrient min

Deep Water (LCDW)
below LCDW Antarctic Bottom cold, fresh layer

Water (AABW)

A summary of the major water masses along SR3, their main characteristics

and where they can be found is given in Table 2.3. On this section, UCDW

is found at depths of 1500-2000 m north of the SAF and it shoals to 400-1000

m, south of the SAF (Sokolov and Rintoul , 2002).

2.3 Upper Circumpolar Deep Water

Circumpolar Deep Water, comprised of Upper (UCDW) and Lower (LCDW)

Circumpolar Deep Water, is the most extensive water mass in the ACC (Gor-

don, 1967), while UCDW is the only water mass found exclusively in the ACC

(Orsi et al., 1995). UCDW is characterised by a nutrient maximum and an

oxygen minimum, making it critical for primary production when it reaches

the upper ocean. On the other hand, LCDW is oxygen-rich and is charac-

terised by a salinity maximum and a nutrient minimum. UCDW lies above

LCDW and below the Antarctic Surface Water (AASW) in the temperature

maximum layer, which lies below a temperature minimum layer. This so-called

Winter Water (WW) is remnant water, a cold and relatively deep mixed layer
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(ML) formed due to winter cooling, which is overlaid by a shallow, warm, ML,

created by summer warming (Sokolov and Rintoul , 2002) (Table 2.3).

UCDW can be identified (Sievers and Nowlin, 1984; Orsi et al., 1995) by

[O2] < 4.5 ml l−1 (201 µmol l−1) at density values 27.35 kg m−3 < σ0 < 27.75 kg

m−3, where [O2] is oxygen concentration and σ0 is potential density anomaly

at 0 dbar. This is is equivalent to the density criterion with temperature,

θ > 1.5◦C (Orsi et al., 1995; Sokolov and Rintoul , 2002), giving a salinity S

range of between 34.5 psu and 34.7 psu.

UCDW is supplied mainly from the eastern south Pacific Ocean and the

western Indian Ocean (Callahan, 1972; Whitworth and Nowlin, 1987; Park

et al., 1993), whereas North Atlantic Deep Water (NADW) is the source for

LCDW (Patterson and Whitworth, 1990; Park et al., 1993). The CDW is split

into upper and lower parts when the relatively warm, salty, oxygen-rich and

nutrient-poor NADW enters the ACC in the southwest Atlantic, just below

the oxygen-minimum layer (Reid et al., 1977; Whitworth and Nowlin, 1987).

UCDW retains the oxygen minimum, whereas oxygen increases in LCDW dur-

ing ACC flow, due to the high oxygen concentration in the overlying NADW

and the underlying Antarctic BottomWater (AABW) (Whitworth and Nowlin,

1987).

UCDW is relatively old water (Patterson and Whitworth, 1990; Park et al.,

1993) and owes its low oxygen content to southward recirculation of aged

NADW/LCDW, which originally entered the Indian and Pacific oceans from

the south (Callahan, 1972; Reid , 1981). While there it aged, its oxygen content

decreased and deep upwelling and diapycnal mixing caused a slight decrease

in potential density and salinity, which brought the recirculated UCDW above

the high-salinity LCDW core (van Aken, 2007). Aging of this deep water

is indicated by the oxygen, dissolved silicate and radiocarbon distributions.

Studies have found (van Aken, 2007) that the lowest oxygen concentrations in

UCDW in the ACC are found near Australia and South America. Examples

of low oxygen, recirculating water are North Indian Deep Water and Pacific

Deep Water, which re-enter the SO at subsurface levels, above the LCDW

core, where they contribute to the maintenance of the UCDW core (van Aken,

2007). Recent observational studies (Kawabe and Fujio, 2010) have found

that 7 Sv of UCDW is transported to the North Pacific from the ACC. The

recirculation of Circumpolar Deep Water (CDW), in the Indian and Pacific

Oceans, is shown in the schematic meridional overturning circulation diagram

of Schmitz (1996) in Figure 2.3.

As UCDW circulates around the Antarctic continent, it is also shoaling

upwards to the south and losing its characteristic properties by mixing with

the Antarctic Surface Water. It will then move northwards in the Ekman
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Figure 2.3: Schematic meridional overturning circulation diagram (Schmitz , 1996),
showing the recirculation in blue/green of Circumpolar Deep Water (CDW) in the
Indian and Pacific Oceans. Colours for the various circulations are: surface (red);
intermediate and SAMW (purple); deep (green) and near bottom (blue).

layer due to the atmospheric forcing (Speer et al., 2000; Lumpkin and Speer ,

2007). For example, in data collected along 170◦W, by Hiscock et al. (2003),

as part of the Joint Global Ocean Flux Study in 1997/98, UCDW can be

seen to shoal from below 2000 m south of the SAF to around 500 m near the

sACCf, with UCDW being found in the upper 200 m just north of the sBdy

(Figure 2.4). UCDW was also found to rise to near 200 m on most of the 84

sections examined by Orsi et al. (1995) to trace the southern extent of the

UCDW signal (ie. the sBdy). South of the sBdy no evidence of UCDW is

found and the water column consists almost entirely of LCDW and AABW

(Whitworth and Nowlin, 1987; Patterson and Whitworth, 1990). The sBdy

(and the southern-most extent of UCDW) is found approximately at: 65◦S in

most of the Indian and Pacific Oceans, from 50◦E to the dateline; at 60◦S,

east of the dateline to 140◦W; near 70◦S by 120◦W; at 60◦S, east of the Drake

Passage and near 55◦S at 10◦E (Figure 2.1).

The upwelling of nutrients in UCDW, and in particular iron, has been linked

by many studies (for example, DeBaar et al. (1995); Löscher (1999); Lefevre

and Watson (1999); Watson et al. (2000); Hoppema et al. (2003); Meskhidze

et al. (2007)) with primary production south of the PF. In certain areas, where

the sBdy is very close to the Antarctic continent (eg.the Western Antarctic

Peninsula), intrusions of UCDW onto the continental shelf have been reported
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Figure 2.4: UCDW along 170◦W during the austral summer of 1997-1998. Reprinted
from Hiscock et al. (2003) with permission from Elsevier.
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(Pollard et al., 1995; Prezelin et al., 2000, 2004; Martinson et al., 2008; White-

house et al., 2008b; Moffat et al., 2009; Reiss et al., 2009) and these intrusions

have been linked to high biomass blooms, as have Ross Sea blooms (Peloquin

and Smith, 2007). In addition, the presence of UCDW is thought to be crucial

to the life-cycle of Antarctic krill, a foundation species for the SO ecosystem.

This is not only due to UCDW supplying nutrients to the phytoplankton which

provide the krill food supply, but also because the warmer UCDW water speeds

up the development of krill embryos and provides a path for krill larvae from

deep water to the continental shelf (Constable et al., 2003). Another recently

suggested (Behrenfeld , 2010) role for UCDW occurs when UCDW waters mix

with the surface layer in winter and help to disperse the grazers that keep

phytoplankton in check.

In addition to these effects on primary production and ecosystem function,

UCDW is rich in DIC (Iudicone et al., 2010) and thus its upwelling also impacts

on CO2 levels in the atmosphere.

2.4 Meridional Overturning Circulation

The thermohaline circulation (Rahmstorf , 2006) is that part of the ocean which

is driven by fluxes of heat and freshwater across the sea surface and subsequent

interior mixing of heat (“thermo”) and salt (“haline”). Key features of the

thermohaline circulation are (Rahmstorf , 2006):

1. deepwater formation (in the Greenland-Norwegian, Labrador, Weddell

and Ross Seas);

2. spreading of deep waters (NADW and AABW), mainly as Deep Western

Boundary Currents;

3. upwelling of deep waters (mainly in the ACC, through Ekman divergence

caused by a combination of the SO westerly winds and the Coriolis force,

where the divergence of surface currents leads to an upwelling of deep

waters), and

4. near-surface currents (which close the flow).

This leads to a large-scale deep overturning motion of the oceans, which is rep-

resented schematically in Figure 2.5 (Broecker , 1991) as the “great ocean con-

veyor belt”. This figure illustrates the north poleward movement of warm wa-

ter, which cools, becomes denser and sinks at high latitudes, forming NADW,

which then flows southward into the other ocean basins and upwells in the

SO. The return flow of surface water from the Pacific to the Atlantic then

completes the conveyor belt (Jacobson et al., 2000).
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Figure 2.5: The great ocean conveyor belt (Broecker , 1991; Watson et al., 1996).

A concept which is related and complementary to the thermohaline cir-

culation is that of the meridional overturning circulation (MOC). This refers

to the north-south flow as a function of latitude and depth, often integrated

in an east-west direction across an ocean basin or the globe and depicted

graphically as a stream function (Rahmstorf , 2006). That is, the MOC is the

two-dimensional flow field with a transport defined as the zonally integrated

meridional flux of mass (Lozier , 2010). The terms MOC and thermohaline

circulation are often used interchangeably, but this is not strictly accurate as

parts of the MOC, such as the near-surface Ekman cells, are clearly wind-

driven (Rahmstorf , 2006). Even the interior circulation is increasingly seen as

driven by turbulent mixing from winds and tides and thus the wind-driven cir-

culation is no longer seen as independent of the MOC (Toggweiler and Russell ,

2008; Visbeck , 2007). A recent study of MOC transport in the North Atlantic

(Biastoch et al., 2008) has shed light on the question of whether buoyancy or

wind forcing controls the variability of the overturning. It was found that wind

forcing dominated on interannual to decadal time-scales, whereas on centennial

time-scales buoyancy forcing was dominant (Lozier , 2010).

The composition of the water upwelling in the SO, and of the resulting

water moving northward and southward, are a matter of great debate in the

oceanographic community (Marinov et al., 2006). The conventional view re-

gards the MOC in the SO as consisting of upper and lower cells (Lumpkin

and Speer , 2007). The upper (Deacon) cell is formed primarily by northward

Ekman transport and southward eddy transport in the UCDW layer (Speer
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Figure 2.6: The upper and lower cells of the meridional circulation in the Southern
Ocean (Speer et al. (2000), reprinted with permission from the Journal of Oceanog-
raphy).

et al., 2000), a dynamical necessity since UCDW is generally at a shallower

level than the topographic obstacles in its path, so that deep-water upwelling

associated with the Ekman cell must be confined below the crests of these

obstacles (Olbers et al., 2004; Sloyan and Rintoul , 2001). After water upwells

southwards to the near-surface along steeply tilted isopycnals and is entrained

in the ACC, it moves northward by surface Ekman transport and then forms

SAMW or downwells beneath the warmer SAMW to form AAIW (Speer et al.,

2000; Marinov et al., 2006). This northward near-surface flow is driven by the

SH westerly winds and the southward flow required by conservation of mass is

provided by the NADW flow from the North Atlantic in addition to the inflow

of aged waters from the Indian and Pacific Oceans.

This upper cell can be seen in Figure 2.6, as can the lower cell, which is

driven primarily by density-driven formation of AABW, near the Antarctic

continent. This bottom water then moves slowly northwards to the North

Atlantic and North Pacific (Orsi et al., 1995).

Using nine hydrographic sections in an inverse box model of the SO, Sloyan

and Rintoul (Sloyan and Rintoul , 2001) found a transport of 50 Sv in the deep

overturning circulation, which consists of an equatorward flow of LCDW and

AABW and a poleward flow of UCDW including Indian Deep Water and Pa-

cific Deep Water. These southward flows shoal and 34 Sv of outcropping

UCDW is converted by air-sea fluxes to AASW. This compares with a total

eastward ACC transport of around 130-140 Sv (Whitworth et al., 1982), al-

though the figure is higher near Australia, 147 ± 10 Sv (Rintoul and Sokolov ,

2001).

An alternative viewpoint suggests that the upper and lower circulations

may be connected. A recent study (Garabato et al., 2007) measured rates
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of mixing and upwelling in the ACC using a natural tracer (mantle Helium

from hydrothermal vents). These mixing processes in the ACC are key to

the MOC, because they control the rate at which water, which sinks at high

latitudes, returns to the surface in the SO. The study’s authors (Garabato

et al., 2007) propose a revised circulation, based on the effect of topography

on the flow of the ACC. The suggestion is that waters, situated near the

boundaries of the two cells, can rapidly flow both along and across isopycnals,

creating a “short circuit” in the MOC. Thus, the simplicity of the conveyor-belt

model is increasingly being seen as unhelpful (Lozier , 2010) since it ignores

the complexity of the ocean’s overturning, as well as the role of eddies and the

ocean’s wind field.

2.5 Scales of Variability

When considering climate variability on time-scales of several years or larger,

the role of the oceanic circulation is extremely important because of the ther-

mal inertia of the ocean’s waters. Since the uppermost few metres of the ocean

have the same heat capacity as the entire overlying atmosphere, the oceans act

as a key factor for moderating rapid variations in climate. However, on longer

time-scales this stored heat can be transported by oceanic circulation, altering

the position of the thermal anomaly caused when the heat entered the ocean

to where it is finally released (van Aken, 2007).

Two different time-scales can be recognised in this regard: decadal versus

centennial. The former is associated with the upper ocean [O(1 km)] wind-

driven circulation and the latter with the MOC, where the full water column

(mean depth 3700 m) is involved (van Aken, 2007).

As mentioned in Section 2.3, CDW is a mixture of NADW, AABW and

AAIW, as well as relatively old water from the Indian and Pacific Oceans

(Callahan, 1972). Some direct observations of temperature and salinity varia-

tions on decadal scales within UCDW have been reported (Johnson and Orsi ,

1997; Gille, 2002; Aoki et al., 2003, 2005) and a recent modelling study by

Santoso et al. (2006) has examined the natural θ − S variability of CDW

on longer time-scales. Three modes, which account for 68% and 82% of the

total variance in UCDW and LCDW respectively, were identified. The first

mode involves inter-basin (North Atlantic and SO) variability via NADW on

multi-centennial time scales and is less significant for UCDW than LCDW

(37% versus 60% of the total variance respectively). The second mode, on

the other hand, is more significant for UCDW than LCDW (21% versus 16%)

and involves multi-decadal to centennial timescales, with variability controlled

by meridional advection driven by fluctuations in the southward Deep West-
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ern Boundary current and the northward Malvinas current. The third mode

suggests an AAIW source in the South Pacific, which contributes to UCDW

variability, particularly by vertical mixing and zonal advection.

2.6 Southern Hemisphere Winds

Strong SH westerlies drive the eastward motion of the ACC around Antarctica.

The wind stresses in the SO (especially in 0-150◦E, 40-60◦S) are the greatest

in the world (Trenberth et al., 1990), primarily during Austral winter, but

also in other seasons. The strongest westerly winds tend to be found between

45◦S and 50◦S (Toggweiler and Russell , 2008), whereas the ACC is generally

found south of this (Section 2.2). Thus any change in the the mean position

or strength of the westerlies is significant in that it will affect the zonal cir-

culation and, because variations in Ekman transport will affect convergences

and divergences, including the upwelling of nutrient-rich UCDW, it will then

in turn affect the MOC and potentially the pathways of intermediate water

ventilation (Sen Gupta and England , 2006).

2.7 Global Climate Indices

2.7.1 Southern Annular Mode Index

The SAM or Antarctic Oscillation is the most important mode of climate

variability in the SH middle and high latitudes on intra-seasonal to inter-

annual timescales (Lovenduski and Gruber , 2005). The SAM is characterised

by shifts in the atmospheric mass between mid- and high-latitudes and is

associated with north-south movements in the westerly winds.

Gridded reanalysis data sets, such as those from the National Center for En-

vironmental Prediction-National Center for Atmospheric Reanalysis (Thomp-

son et al., 2000) and ERA-40 (Trenberth et al., 2005), have been used to derive

time series of SAM values. Indices to measure the SAM, prior to the satellite

era (1979), have been constructed by Marshall (2003) and also Visbeck (2009)

using SH atmospheric pressure observations from stations situated either near

40◦S or 65◦S. Positive values of the SAM index indicate lower than normal

wind pressures over the polar regions, while negative values mean the oppo-

site (that is, higher than normal pressures over the polar regions). The index

constructed by Marshall (2003) is used here because both seasonal and annual

values are available.

Changes in SAM have been linked to changes in ocean circulation (Hall

and Visbeck , 2002; Saenko et al., 2005; Sen Gupta and England , 2006; Fyfe

and Saenko, 2006; Verdy et al., 2006; Fyfe et al., 2007), sea-ice (Lefebvre et al.,
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Figure 2.7: The annual Southern Annular Mode (SAM) index (Marshall , 2003) for
1957 - 2008 (http://www.nercbas.ac.uk/icd/gjma/sam.html).

2004; Stammerjohn et al., 2008), and CO2 uptake and biological productivity

(Lovenduski and Gruber , 2005; Russell et al., 2006; Lovenduski et al., 2007;

Lenton and Matear , 2007; Butler et al., 2007; Verdy et al., 2007).

When considered on an annual basis the SAM index shows an upward trend

since 1970 (Figure 2.7), which has been linked to increases in greenhouse gases

and ozone depletion (Arblaster and Meehl , 2006; Yang et al., 2007b). However,

when considered seasonally, the SAM shows significant positive trends only in

summer (DJF) and autumn (MAM), over the period 1957-2004 (Marshall ,

2007). A useful plot in Monaghan et al. (2008), which allows trends in the

index to be estimated on a “running” basis, from a starting year up to 2005,

also shows positive trends in SAM in DJF and MAM for starting years from

the 1950s until the 1980s. The SAM index (Marshall , 2003; Visbeck , 2009)

has been moving towards a more positive mode since the 1970s (Thompson

and Solomon, 2002), indicating a poleward intensification of the SH winds.

However, while the SAM is generally considered to be symmetric, recent stud-

ies have found that the wind response is not (Drost and England , 2009) and

neither is the oceanic response of the fronts (Sallee et al., 2008) and thus its

effect differs in the various regions of the SO. This has been confirmed recently

by Sallee et al. (2010), using Argo float data, who found that winds associated

with departures of SAM from global symmetry cause heat flux anomalies that

can explain changes in MLD and SST. For example, increasing SAM is asso-

ciated with the deepening of MLD in the Eastern Indian and Central Pacific
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Figure 2.8: The Multivariate El Niño/Southern Oscillation (ENSO)
index (Wolter , 1987; Wolter and Timlin, 1993) for 1950-2010
(http://www.esrl.noaa.gov/psd/people/klaus.wolter/MEI/mei.html).

oceans, but shallowing in the western part of these basins. This is significant

because variations in MLD affect the capacity of the ocean to store heat and

carbon and also the growth of phytoplankton, due to the availability of light

and nutrients (Sallee et al., 2010).

Another possible effect of increasing SAM, independent of fluctuations in

the strength of the jet (Marshall , 2007), is latitudinal shifts in the jet, gener-

ally thought to be south with increasing SAM (Thompson and Solomon, 2002).

However, it has recently been recognised that there is a non-zonal spatial vari-

ability across seasons in SAM (Marshall , 2007), due to non-zonally symmetric

winds (Sen Gupta and England , 2006). This results in a meridional wind shift

that is equatorward over large regions of the eastern hemisphere, the eastern

Pacific and the Atlantic, and is poleward around New Zealand, South America

and Africa (Drost and England , 2009). This means that the temporal shift

of the SAM towards its positive phase on the zonal mean wind is negated to

a certain extent, at various longitudes, due to the spatial shift of the SAM

(Drost and England , 2009).

2.7.2 The Multi-variate El Niño/Southern Oscillation

Index

It is also necessary to consider the effect on the SO winds of ENSO which,

while it is a tropical coupled system, still has an impact in the Australian

region, due to the effect of the East Australian Current (Holbrook and Bindoff ,

1997; L’Heureux and Thompson, 2006). This work uses the multivariate ENSO

Index (MEI) (Wolter , 1987; Wolter and Timlin, 1993), which monitors ENSO

using observations, over the tropical Pacific, of sea-level pressure, zonal and

meridional surface wind components, SST and total cloudiness fraction of the

sky. Positive values of the MEI represent the warm ENSO phase (El Niño).

The MEI for 1950-2010 is shown in Figure 2.8.
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2.7.3 Connection between the SAM Index and MEI

Studies have found that ENSO and SAM indices are often anti-correlated

(L’Heureux and Thompson, 2006; Morrow et al., 2008) and that there is a

strong resemblance between the impacts of SAM and ENSO on high-latitude

SH climate, during the summer season (Ciasto and Thompson, 2008). In

fact, L’Heureux and Thompson (2006) found that, during the Austral sum-

mer, roughly 25% of the temporal variability in the SAM is linearly related to

fluctuations in the ENSO cycle (L’Heureux and Thompson, 2006).

2.7.4 Pacific Decadal Oscillation Index

The PDO is a pattern of SST anomalies in the subtropical North and South

Pacific, that are out of phase with SST anomalies in the tropical Pacific (Mar-

tinez et al., 2009). The PDO is defined (Mantua and Hare, 2002) as the leading

empirical orthogonal function (EOF) of mean November through March SST

anomalies for the Pacific Ocean north of 20◦N latitude. Positive values indi-

cate months of above normal SSTs along the west coast of North and Central

America and on the equator, and below normal SSTs in the central and west-

ern north Pacific at about the latitude of Japan. Figure 2.9 shows the PDO

Index for 1900-2005.

Recently,Martinez et al. (2009) have demonstrated, using about two decades

of chlorophyll-a and SST satellite data, that multidecadal changes in global

phytoplankton abundances are related to basin-scale oscillations of the physi-

cal ocean. Specifically, their work shows that the co-variability of chlorophyll-a

and SST, in both the Pacific and Indian Oceans, is related to the PDO, most

likely through the uplift or deepening of the pycnocline.

Interestingly, even though Martinez et al. (2009) found similarities in the

basin-scale patterns of SST/chlorophyll-a and pycnocline/chlorophyll-a, they

did not find these same relationships when the MLD rather than the pycno-

cline was used. They interpret this as showing that the chlorophyll-a/MLD

relationship probably bears the imprints of changes which are more regional

and intervene at shorter, interannual, scales.

2.7.5 Differences between ENSO and PDO

There are two main differences between ENSO and the PDO: firstly, the dura-

tion of these events (in the twentieth century, 6-18 months for la Nina/el Niño

and 20-30 years for the PDO warm/cold phases) and secondly, the region where

the climate signatures can be seen (the North Pacific/North American sectors,

with secondary signatures in the tropics, for the PDO, and the opposite for

ENSO).
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Figure 2.9: The Pacific Decadal Oscillation (PDO) index (Mantua and Hare, 2002)
for 1900 - February, 2005 (http://jisao.washington.edu/data sets/pdo/#analysis).

2.8 Chlorophyll-a and Primary Production

Primary productivity is the conversion, by phytoplankton, of inorganic mate-

rials into new organic compounds by photosynthesis. Gross primary produc-

tivity is measured as the rate at which carbon is fixed in new organic material

(Lalli and Parsons , 1997). Net primary production is defined as gross primary

production minus cellular respiration, and is important for carbon sequestra-

tion (Cassar et al., 2007). In the work that follows, primary production will

refer to net primary production.

Since 1997, satellite ocean colour data (reflectance data in the visible spec-

trum that can be used to derive chlorophyll concentration data (O’Reilly et al.,

1998)), has been provided by SeaWiFS and, since 2002, by the Moderate Reso-

lution Imaging Spectoradiometer (MODIS) on the Aqua satellite. Prior to that

time, the Coastal Zone Color Scanner (CZCS) also collected data between 1978

and 1986, although data collection was not uniform in either time or space.

Chlorophyll concentration data have also been measured during various cruises

in the SO (eg. Nicol et al. (2000); Westwood et al. (2010)). A few modelling

studies, which use satellite-derived chlorophyll-a values to calculate primary

production, have been conducted for the SO (Arrigo et al., 2008; Smith and

Comiso, 2008; Barbini et al., 2005).

The pattern of chlorophyll-a in the SO is seasonal; values are low (less than

0.15 mg/m3) during winter (June-August), then begin to rise near Antarctica

in September, increasing and extending to the north in October/November

and then occupying the AZ, south of the PF, until February (with chlorophyll-

a concentrations up to 0.4 mg/m3) (Sokolov and Rintoul , 2007). The mean

summer chlorophyll-a concentration pattern between 100◦E and 180◦W can be

seen in Figure 2.10. The lowest chlorophyll-a concentrations are in the SAF,

while the overall pattern is consistent with the upwelling of nutrient-rich deep

water south of the PF (Sokolov and Rintoul , 2007). Previous studies (Tynan,
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Figure 2.10: Mean summer chlorophyll-a concentration in the Southern Ocean south
of Australia and New Zealand (Sokolov and Rintoul , 2007).

1998) had suggested that the SO fronts were regions of increased productivity

but, by averaging surface chlorophyll-a measured along streamlines, Sokolov

and Rintoul (2007) showed that the fronts define the limits of zones with

similar concentration and seasonality of chlorophyll.

While the major controls on primary production are (Schlitzer et al., 2003)

SST and PAR, various factors can affect primary production either singly, or

in combination: temperature, seasonal irradiance, mixing/mixed layer depth,

stratification, sea-ice, macro- and micro-nutrient availability and grazing. For

example, a recent study (Rose et al., 2009), into the combined effect of iron

addition and increased temperature (+4◦C) on plankton assemblages in the

Ross Sea, has found greatly magnified effects compared with the effect of ei-

ther of these variables individually. These effects include total phytoplankton

abundance, changes in community composition, as well as photosynthetic pa-

rameters and nutrient drawdown. Another Ross Sea study (Feng et al., 2010),

which examined the various interactive effects of iron, irradiance and CO2,

found that shifts in these variables and their mutual interactions all play a role

in controlling present day Ross Sea plankton community structure, with the

main influence of high CO2 being the effect on diatom community structure.

It has also recently been found that there is a connection between variability

in iron speciation and irradiance/temperature (Tagliabue et al., 2009). This is

significant because not all forms in which iron exists in seawater are bioavail-

able. Using a global ocean biogeochemistry model, Tagliabue et al. (2009)

found that higher irradiance promotes the conversion of dissolved iron into

bioavailable forms, while temperature plays a secondary role with cold MLs

increasing bioavailable iron concentrations.
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Although the pattern of chlorophyll-a is affected by the seasonal variation

in irradiance, this needs to be considered in relation to MLD and, if appropri-

ate, sea-ice as well. MLD in the SO follows a seasonal cycle, with maximum

depths in the SAZ between August and October, in the region where SAMW is

formed, whereas south of the SAZ, the winter ML shoals southward. Summer

MLD is nearly 60m in the SAF, shoaling to less than 40m near the Antarc-

tic continent (Sokolov , 2008). Previous studies have shown that there is a

good correlation between phytoplankton production and MLD (Mitchell and

Holm-Hansen, 1991).

Sea-ice retreat near Antarctica is thought to affect summer primary pro-

duction by seeding the upper ocean with phytoplankton cells growing in or on

the ice, providing iron in melt-water (Constable et al., 2003), and by forming

a low salinity, stable surface layer (Smith and Nelson, 1985). A stable ML is

conducive to bloom development, since cells are not mixed away from suitable

light levels. However, this can lead to depletion of nutrients and, in practice,

wind-induced mixing erodes the stable ML (Smith et al., 2000). In practice,

stratification is not only affected by wind and sea-ice melt, but also by temper-

ature. A recent study in the SO south of Australia and New Zealand (Sokolov ,

2008), looking at these factors, found that there is a strong seasonal signal in

chlorophyll-a concentration, caused by sea-ice melt water flux, particularly be-

tween the sACCf and the sBdy. The author attributes this to melt-water flux,

which forms very shallow MLs, both improving irradiance and also providing

iron which triggers the blooms.

2.9 Nutrients

The SO is often referred to as a “high nutrient/low-chlorophyll” (HNLC) re-

gion (Coale et al., 2003; Whitehouse et al., 2008a). This terminology reflects

the observation that, despite an abundance of the major nutrients nitrate,

phosphate and silicate (except north of the PF in summer for silicate (Cassar

et al., 2007)), in general, the SO is an area of relatively low primary produc-

tion (80-300 mgCm−2day−1 compared with coastal values in excess of 1000

mgCm−2day−1) (Löscher et al., 1997).

2.9.1 Macronutrients

Figures 2.11-2.13 show annual concentration levels for the macronutrients ni-

trate, phosphate and silicate (Garcia et al., 2006), respectively, and it can

be seen that in each case in the SO, nutrient concentrations increase to the

south. This is due to the fact that the geostrophic balance of the ACC re-

quires isopycnals to slope up to the south and nutrients move to the surface by
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Figure 2.11: Annual concentration of nitrate from the World Ocean Atlas (Garcia

et al., 2006) (http://www.nodc.noaa.gov/cgi-bin/OC5/WOA05F/woa05f.pl).

Figure 2.12: Annual concentration of phosphate from the World Ocean Atlas (Garcia

et al., 2006) (http://www.nodc.noaa.gov/cgi-bin/OC5/WOA05F/woa05f.pl).
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Figure 2.13: Annual concentration of silicate from the World Ocean Atlas (Garcia

et al., 2006) (http://www.nodc.noaa.gov/cgi-bin/OC5/WOA05F/woa05f.pl).

both along-isopycnal advection and mixing and by diapycnal (across-isopycnal)

mixing (Pollard et al., 2002). Mean nutrient concentrations for the SO on the

neutral density surface 27.8 kg m−3, which corresponds to the core of UCDW

(Pollard et al., 2002), have been calculated by Pollard et al. (2006) to be 72.2

µmol kg−1 for silicate and 34.7 µmol kg−1 for nitrate. They have also intro-

duced the concept of the surface-influenced depth, below which little variation

in nutrient concentrations can be seen on any particular neutral density sur-

face, around the entire SO. This leads them to infer that isopycnic stirring

by meso-scale eddies homogenise nutrient distributions faster than they can

be modified by diapycnic mixing with adjacent neutral density surfaces. They

also note that the surface-influenced depth to which nutrient depletion extends

is significantly deeper than the winter MLD.

2.9.2 Micronutrients: Trace elements

One suggestion in relation to the puzzle associated with the persistence of

HNLC systems was that the extremely low levels of some trace elements (eg.

Fe, Cu, Mn, Ni, Co, Zn, Cd) in some ocean basins may limit phytoplankton

growth (Morel and Price, 2003). This hypothesis has been tested by a number

of experiments in various oceanic waters. For example, the addition of Fe, Mn,

Cu and Zn to sub-Arctic surface waters (Coale, 1991) found that natural levels

of Fe and Cu (but not Mn and Zn) may influence phytoplankton productivity
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and trophic structure in open-ocean HNLC systems. Another experiment,

combining Fe with any of Mn, Co and Zn in Antarctic waters along 6◦W

(Scharek et al., 1997) led to the conclusion that Fe is the most important trace

metal controlling phytoplankton development and that co-limitation by the

other metals did not occur. More recent deckboard enrichment experiments

in the Ross Sea and ACC along 170◦W, have demonstrated that Zn is not a

limiting factor in these regions.

2.9.3 Micronutrients: Iron

In 1990, Martin (1990) proposed his “iron hypothesis”, which suggested that

the solution to the HNLC paradox was that primary production in the SO was

limited by bio-available iron. This has been demonstrated by bottle incubation

experiments (Martin et al., 1990b,a) and satellite observations (Comiso et al.,

1993; Moore et al., 1999; Moore and Abbott , 2000). It has also been shown

in the SO, for various regions and seasons, by field and in-situ fertilisation

experiments, such as SOIREE (Boyd et al., 2000), EisenEx (Gervais et al.,

2002), SOFeX (Coale et al., 2004), EIFEX (Hoffmann et al., 2006), SAGE

(Boyd et al., 2007) and LOHAFEX (Breitbarth et al., 2009) and, by natural

fertilisation experiments, such as KEOPS (Blain et al., 2008) and CROZEX

(Pollard et al., 2009). See Table 2.4 for a summary of the various SO iron

fertilisation experiments.

However, studies have found that phytoplankton response to iron enrich-

ment is a complex process, which depends on individual taxa and also on the

surrounding level of silicate (Coale et al., 2003; Hiscock et al., 2003).

Five sources of iron bio-available to SO surface waters can be identified

(Cassar et al., 2007):

1. aeolian deposition (Cassar et al., 2007; Gabric et al., 2002, 2010);

2. sea-ice melt (Sedwick et al., 1997, 2000; Lannuzel et al., 2010b);

3. the release of dissolved iron or the resuspension of shelf sediments (Prezelin

et al., 2000);

4. vertical mixing induced by rough bottom topography (Moore and Abbott ,

2002; Sokolov and Rintoul , 2007; Blain et al., 2007) and

5. upwelling (Hiscock et al., 2003; Meskhidze et al., 2007).

Distinguishing between the above factors is difficult because processes may

occur simultaneously in time or position and a number of factors may work to-

gether; for example, iron may be supplied to the ML by Ekman divergence after

topographic upwelling transports iron vertically to shallower depths (Sokolov
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Table 2.4: Artificial (*) and Natural Iron Fertilisation Experiments in the Southern
Ocean

SOIREE∗ Southern Ocean IRon February 1999 141◦E, 61◦S
(Boyd et al., 2000) Enrichment Experiment (AZ)

EisenEx∗ Eisen (Iron) Experiment November 2000 21◦E, 48◦S
(Gervais et al., 2002) (PFZ)

SOFeX-North∗ SO Iron Experiment Jan/Feb. 2002 170◦W, 54◦S (SAZ)
SOFeX-South∗ 172◦W, 66◦S (SZ)

(Coale et al., 2004)

EIFEX∗ European Iron Fertilisation Feb/Mar 2004 20◦E, 50◦S
(Hoffmann et al., 2006) Experiment (PFZ)

SAGE* SOLAS Air-Sea Gas Mar/Apr 2004 173◦E, 48◦S
(Boyd et al., 2007) Exchange Experiment (SAZ)

LOHAFEX* LOHA (Hindi for iron) Jan-Mar 2009 37◦W, 50◦S
(Breitbarth et al., 2009) Fertilisation EXperiment (PFZ)

CROZEX CROZet natural iron bloom Summer 2004/5 52◦E, 44◦S
(Pollard et al., 2009) and EXport experiment (PFZ)

KEOPS KErguelen Ocean and Plateau Jan/Feb. 2005 72◦E, 50◦S
(Blain et al., 2008) compared Study (AZ)

and Rintoul , 2007). Also, since processes such as aeolian deposition and sup-

ply of iron via advection from continental margins are episodic, they generally

act on short time-scales, although they also affect the overall distribution of

iron in the SO (Sedwick et al., 2008).

1. Aeolian Deposition

Aeolian deposition (atmospheric deposition of mineral dust originating

from arid regions in South Africa, Australia and South America) is gen-

erally thought to play only a minor role in iron supply to the open SO

(Fung et al., 2000; Hoppema et al., 2003; Meskhidze et al., 2007; Wagener

et al., 2008). A recent paper by Cassar et al. (2007), which correlates

SO net community production (based on either O2/Ar samples or the O2

triple isotope anomaly) with model simulations of aerosol iron deposition,

argues to the contrary. One of the authors’ main arguments relates to the

observed increase in productivity from south to north, which they argue

cannot be driven by upwelled iron, because it would rapidly be removed

by scavenging and export. However, Boyd and Mackie (2008a) dispute

this claim and point out that high production can be sustained by re-

cycling iron during northward transport in this region, as evidenced by

plumes of length 2000 km, downstream of South Georgia. Also, Jickells

28



et al. (2005) state that dissolved iron has a residence time of decades in

the ocean, due to it being predominantly organically complexed, which

protects it against rapid scavenging. Other authors agree that aeolian

deposition is a significant source of dissolved iron to the upper ocean

in the SAZ, but not further south (Jickells et al., 2005; Sedwick et al.,

2008).

2. Sea-ice

Seasonal sea-ice covers a large area of the SO and can act as a “dust

collector”, which, after melting, can release a significant amount of bio-

available iron that can contribute to sea-ice-edge algal blooms. For exam-

ple, in summer 1995/96, Sedwick and DiTullio (Sedwick and DiTullio,

1997) measured surface ML dissolved iron (dFe) concentrations in the

Ross Sea, in the presence of sea-ice and, 17 days later, in ice-free condi-

tions. There iron concentrations dropped from 0.72-2.3 nM to 0.16-0.17

nM, while algal biomass doubled. In addition, measurements taken in

spring in the Atlantic sector by Croot et al. (2004) found dFe concentra-

tions of 0.3-1.5 nM near the ice edge. In contrast, however, dFe measure-

ments along SR3 in spring by Sedwick et al. (2008), in both ice-free and

ice-melt areas, found that melting sea-ice was not a significant source of

dissolved iron to surface waters. The authors suggest that either the sea-

ice contained less iron than previously sampled sea-ice (Lannuzel et al.,

2007) or that there had been significant biological removal of dissolved

iron prior to the measurements. Iron measurements taken in the western

Weddell pack ice in 2004/05 led the authors to conclude that pack ice

is a storage reservoir over, autumn/winter, for iron supplied from below

by upwelling (5) and/or vertical diffusion and lateral advection from the

continent (3), which becomes bioavailable in spring.

3. Resuspension and release of iron near continental shelves

Sediment resuspension in McMurdo Sound has been demonstrated by

sediment trap collections and underwater observations (Berkman et al.,

1981) and sediment resuspension has been demonstrated to be a signifi-

cant source of iron in the California Current System (Johnson et al., 1999;

Elrod et al., 2004). Episodic iron flux has also been shown (Prezelin et al.,

2000; Martinson et al., 2008) for the case of the outer Western Antarctic

Peninsula continental shelf, where topographically-induced upwelling of

UCDW occurred. Iron-rich waters from continental margins are also a

source of iron to SO surface waters via advection (Sedwick et al., 2008).

4. Topographically induced vertical mixing

Sokolov and Rintoul (2007) argue that most regions of elevated chloro-

29



phyll in the SO can be explained by topographically-induced persistent

upwelling (vertical mixing) of nutrients, induced by the ACC flowing over

rough bottom topography, followed by lateral advection. The mechanism

presented involves a non-zero bottom pressure torque, which then implies

a vertical velocity at the sea-floor, which is coherent throughout the wa-

ter column. This leads to upwelling at a number of sites in the SO, such

as the Pacific-Antarctic Ridge, East Pacific Rise, Drake Passage, Sco-

tia Sea, mid-Atlantic Ridge and Southeast Indian Ridge, in addition to

the two natural fertilisation experiments mentioned above in Table 2.4.

Sokolov and Rintoul (2007) also note that the sACCf has the highest

and most spatially variable chlorophyll concentrations of the three main

ACC fronts and that there is a weaker relationship between bathymetry,

upwelling and phytoplankton biomass for the sACCf, compared with the

PF. They suggest that this may be due to iron from sea-ice melt (see

(2)) or from shelf sediments (see (3)), despite noting that the sACCf has

the highest levels of “background” upwelling (as discussed in (5) below).

5. Upwelling

The type of upwelling discussed in this section differs from that men-

tioned in (4) above and refers to the large-scale upwelling south of the

PF associated with Ekman divergence. This sets the broad-scale pattern

of vertical velocity in this region (Sokolov and Rintoul , 2007), associated

with the vertical transport of iron-rich deep water (DeBaar et al., 1995;

Löscher , 1999; Hoppema et al., 2003). Indeed, Coale et al. (2005) cal-

culated, from iron measurements in the ACC along 170◦S in 1996/97,

that upwelling may supply 50% of the export production of iron near the

sACCf. Even Sokolov and Rintoul (2007) conclude that both Ekman-

and topographically-induced upwelling contribute to the strong upwelling

of deep water containing higher concentrations of iron, which is likely to

be the primary factor associated with the higher productivity observed

south of the PF. Also, modelling studies by Archer and Johnson (2000)

and Moore et al. (2002) found that iron from deep water sources is capa-

ble of sustaining 70-80% of total new oceanic production. Interestingly,

another modelling study by Sarmiento et al. (2004) shows that three-

quarters of biological production north of 30◦S is accounted for by the

SO nutrient supply, due to northward Ekman transport of nutrients up-

welled south of the PF.
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2.9.4 Measurements of dissolved iron

There are few direct measurements of iron available for the SO, although a

concentrated effort to identify the biogeochemical properties of iron and other

trace elements is underway at present, via the GEOTRACES programme

(http://www.geotraces.org). Sohrin et al. (2000) found that iron distri-

butions change markedly across the SO fronts and, in 2001, Measures and

Vink (2001) summarised data on surface-water iron distributions in the SO,

away from continental land masses, to that point in time, as consisting of low

values (<0.5 nM) and decreasing towards the south. They also commented on

abrupt changes in iron concentrations, spatially (near the PFZ) and temporally

(related to biological activity).

More recently, Sedwick et al. (2008) showed that ML dissolved iron con-

centrations, measured along SR3 in the top 300 m of the water column in

March 1998 and November/December 2001, generally decreased from north

to south, from 0.76 nM in the STF to <0.1 nM south of the PF. They also

found nutrient-like vertical dFe profiles at four stations between 60◦S and 64◦S

on the spring 2001 cruise, suggesting that dFe had been biologically depleted

prior to sampling. In addition, it was found that, consistent with the uptake

of dissolved iron by phytoplankton, the lowest dFe concentrations appear to

be associated with elevated levels of chlorophyll-a (>0.3 mgm−3), in the region

south of the PF (Sedwick et al., 2008).

Even fewer measurements are available for dissolved iron in UCDW. Data

collected by Hiscock et al. (2003), along 170◦W from 54◦S to 72◦S on four

cruises during the growing season of 1997/98, showed that UCDW was present

at the surface in both the AZ and in the sACCZ, but absent south of the sBdy

and north of the PF. It was found (Measures and Vink , 2001) that dissolved

iron concentrations in UCDW in that region were around 0.3 nM. Earlier

measurements, made along the 6◦W meridian in Austral spring 1992, found

elevated dissolved iron concentrations in UCDW in the PF region compared

with further south Löscher et al. (1997). Hoppema et al. (2003) estimate that,

given a typical dissolved iron concentration of about 0.4-0.5 nM within UCDW

(Löscher et al., 1997; Sedwick et al., 2000; Hiscock et al., 2003) and an annual

mean estimate for UCDW upwelling of 34 Sv (Sloyan and Rintoul , 2001), then

the annual iron flux is about 0.5 Gmol Fe yr−1. This translates to 14 mmol

m−2 yr−1, based on a surface area of 35×1012 m2 south of the PF (Hoppema

et al., 2003), which is similar to the estimate of 8-16 mmol m−2 yr−1 byWatson

et al. (2000).
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2.9.5 Utilisation of iron

Hoppema et al. (2003) also suggest that the large-scale dynamics of the ACC

are a major reason for the sub-optimal utilisation of this large flux of iron into

the surface layer and that at least 25% of upwelled iron is exported northwards

within the Ekman layer without being used by phytoplankton. They estimate

mean equatorward velocities of 2.4 cm s−1 (based on a PF path length of

25 000 km, an Ekman layer depth of 50 m and a volume transport of 30

Sv), which leads to the meridional distance between the sBdy and the PF

being covered in one year. They further argue that a substantial part of the

upwelled iron enters the surface layer in autumn and winter, when the strongest

winds promote turbulent mixing and convection. However, this entrainment

of iron into the deepening ML occurs when light levels are low, sea-ice is

present and phytoplankton are less able to utilise the iron. The figure of 25%

utilisation comes from half the iron moving out of the ACC during the six

months, in addition to the ML being twice as deep. The argument also hinges

on upwelling occurring over a widespread area south of the PF, for which they

present evidence, contrary to the classical view that all upwelling occurs near

the Antarctic Divergence (sACCf) (Hoppema et al., 2003).

However, in later work using nutrient concentrations on SO neutral density

surfaces and climatological winds, Pollard et al. (2006) argue that nutrients,

such as nitrate, silicate or iron, are likely to take several years (not one) to

advect out of the SO. The reasoning is based on the upwelling of UCDW

occurring between 56◦S and 67◦S, where the mean Ekman flux is less than half

of that used by Hoppema et al. (2003) in the above calculation. Measurements

of winter-time dFe (and nitrate) distributions in the SAZ, west of New Zealand,

also suggest that waters from the south that supply iron to the SAZ remain

at the surface for approximately three years (Ellwood et al., 2008).

2.10 Southern Ocean Ecosystems

The key herbivores in the SO are thought to be salps, copepods and krill

(Euphausia superba) (Constable et al., 2003). The SO supports one of the

most productive marine ecosystems in the world, with the high biomass of

krill fundamental to the distribution of whales, seals and birds. A recent

review (Bost et al., 2009) highlights the importance of the SO oceanographic

fronts to marine birds and mammals and points out that high mean species

richness and diversity for whales and seabirds are consistently associated with

the sBdy, SAF and STF. Other studies highlight the importance of the PF.

For example, a study (Nishikawa et al., 2010) into euphausiids along SR3

during austral summer in 2001/2002 found that both their total abundance
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and biomass were much higher in the south of the southern branch of the

PF (60-61◦S) than north of there and that the two regions contained distinct

communities of euphausiids. A number of authors (eg. Sokolov and Rintoul

(2007)) have explained the difference in productivity north and south of the

PF as being due to the strong upwelling of nutrient-rich UCDW south of the

PF. A recent hypothesis (Alderkamp et al., 2010) suggests that, in open areas

with deep MLs, it is not low light or low iron that controls phytoplankton

growth, but photo-damage that occurs during the high irradiance portion of

the mixing cycle.

Tynan (1998) argues that the sBdy of the ACC is crucial to the functioning

of the SO ecosystem, since it corresponds to high patches of phytoplankton and

krill and circumpolar distributions of baleen whales. In addition, Tynan (1998)

found that the distribution of UCDW corresponds to spring to mid-summer

distributions of blue, fin and humpback whales. However, other authors do

not agree; for example, measurements taken in East Antarctica (80-150◦E)

during the 1996 BROKE (Baseline Research on Oceanography, Krill and the

Environment) survey found enhanced biological activity south of the sBdy

rather than in association with it (Nicol et al., 2000). It was found that phy-

toplankton, primary production, krill, whales and seabirds were concentrated

in the area where sea-ice extent was greatest, unlike salps which seem to be

adapted to open water. These authors propose that both sea-ice conditions

and the ocean circulation determine the spatial variation of secondary produc-

ers such as salps, copepods and krill. A more recent follow-up survey entitled

BROKE-West was conducted in 2006 and this studied the oceanography and

marine systems again off East Antarctica, this time to the west (30-80◦E) of

the BROKE region. In this region, no clear oceanographic boundary was found

that influenced the distribution of krill surveyed (Williams et al., 2010), but

significant diatom growth in the eastern section of the survey area was linked

to the presence of the sACCf (Westwood et al., 2010).

2.11 Carbon Cycling and Climate Change

The marine carbon cycle is a crucial component of the cycling of carbon be-

tween the biosphere, atmosphere and ocean, particularly since the amount of

CO2 stored in the ocean is estimated to be around 38000 Gt (3.8×1013 t),

which is about 50 times the amount of CO2 in the atmosphere (Lalli and Par-

sons , 1997). A simplified diagram illustrating the basic elements of the carbon

cycle in the ocean, is shown in Figure 2.14. It is comprised of various pumps,

which are discussed below.
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Figure 2.14: A simplified diagram showing the basic elements of the carbon cycle in
the ocean (http://www1.whoi.edu/general info/gallery modeling/slide4.html)

2.11.1 The “solubility pump”

There is a continuous flux of CO2 between the air and the ocean, where CO2

reacts with sea-water to form DIC, comprised of bicarbonate (HCO−

3 ) and

CO2−
3 ions. Localised sinking of cold, winter water, enriched with DIC, asso-

ciated with the MOC, is known as the “solubility pump”, where the sinking

is balanced, over time, by upward transport of DIC into warm, surface waters

(Denman et al., 2007). The strength of the solubility pump is dependent upon

salinity, surface ocean temperature, ice cover and the strength of the MOC

(Denman et al., 2007).

2.11.2 The “biological pump”

When phytoplankton fix carbon during photosynthesis, a proportion of the car-

bon is exported to depth via the “biological pump”, when dead organisms and

particles (for example, coccolithophores, foraminiferans or pteropods, which

form calcium carbonate shells), sink from the surface layer (Lalli and Parsons ,

1997). In addition, some carbon reaches the deep ocean as dissolved organic

carbon (DOC) through downwelling rather than sinking. The sinking of or-

ganic particles out of the surface layer is known as the “organic carbon pump”,

while the release of CO2 in surface waters during the formation of carbonate
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shell material is known as the “CaCO3 counter pump” (Denman et al., 2007).

Most of the carbon in the sinking particle flux is eventually recirculated

to the surface as DIC, after being respired due to bacterial action. Of the

remainder, a small fraction is either buried or resuspended in the deep ocean

sediments (Denman et al., 2007). The efficiency of the biological pump can be

affected by changes in the ocean circulation, nutrient supply and the compo-

sition and physiology of the plankton community (Denman et al., 2007; Lalli

and Parsons , 1997). Also, any future changes in the relative contribution of

the various phytoplankton types to the total ocean biomass could have a sig-

nificant impact ocean biogeochemistry and ocean carbon storage, as well as

the higher trophic levels that are dependent on them (Marinov et al., 2010).

2.11.3 The SO biogeochemical divide

Modelling studies by Marinov et al. (2006) have pointed to the existence of a

biogeochemical divide, which separates the Antarctic from the Subantarctic,

due to the fact that different regions control atmospheric CO2 production and

global export production. The authors suggest that the biological pump and

Antarctic deep-water formation mainly control the air-sea balance of CO2,

while the biological pump and circulation, in the Subantarctic region where

AAIW and SAMW are formed, mainly control global export production. This

is significant because climate change may affect one of the two without affecting

the other, thus affecting the balance between outgassing of natural CO2 and

the uptake and storage of anthropogenic CO2.

2.11.4 Climate Change

The oceanic uptake of CO2 is crucial in the context of climate change, bearing

in mind that approximately 25-30% of anthropogenic emissions of CO2 have

been taken up by the oceans, over the last 200 years (Sabine et al., 2004). Var-

ious physical factors, such as changes in ocean temperatures, stratification and

in the strength and latitudinal position of the SO westerly winds, may impact

on the efficiency of the carbon sinks, in addition to changes to the biological

pump and ecosystems. For example, in high latitudes, climate change lead-

ing to a longer growing season and decreased ice cover has been suggested to

lead to increased production (Sarmiento et al., 2004; Steinacher et al., 2010).

Much recent emphasis has been on understanding the ocean processes that

regulate CO2 uptake and on documenting the impact of climate change trends

on air-sea fluxes (Doney et al., 2009).

Global modelling analyses suggest that the SO dominates the present-day

air-sea flux of anthropogenic CO2, with one third to one half of global uptake
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occurring south of 30◦S (Orr et al., 2001; Khatiwala et al., 2009). Another

study using interior ocean observations of DIC and using a suite of 10 ocean

general circulation models (GCMs) (Mikaloff Fletcher et al., 2006, 2007) has

found out-gassing of natural (pre-industrial) CO2 between 44 and 59◦S, vigor-

ous uptake in the mid-latitudes and strong out-gassing in the tropics.

Recently, Le Quere et al. (2007) investigated the SO CO2 sink for the period

1981 to 2004, using an inverse method based on observed CO2 concentrations.

They concluded that the sink has weakened by 0.08 Gt C per year per decade,

relative to the trend expected from the increase in atmospheric CO2. This

compares with estimates for the SO CO2 sink of between -0.1 and -0.4 Gt C

yr−1 (Gruber et al., 2009; Takahashi et al., 2002; McNeil et al., 2007), where an

updated estimate is found by Takahashi et al. (2009) for the ice-free zones from

50-62◦S, using a global climatology of surface ocean pCO2 measurements, to be

-0.06 Gt C yr−1 (compared with a total global figure of -2.0 Gt C yr−1 in 2000).

The small size of the sink is related to the near-cancellation of the (winter)

outgassing of the natural CO2 and the (summer) uptake of the anthropogenic

CO2 (Takahashi et al., 2009; Gruber et al., 2009). A comparison (Gruber et al.,

2009) of the above pCO2 method (Takahashi et al., 2009) and the inversion of

interior ocean carbon observations, mentioned above (Mikaloff Fletcher et al.,

2006, 2007), has found that both methods point to a small contemporary sink

in the SO (south of 44◦S), but, while the inversion suggests a relatively uniform

uptake, the pCO2 estimate suggests strong uptake in the region between 44

and 58◦S and a source in the region south of 58◦S.

It is worth bearing in mind that, while the SAM was strongly positive

during the 1990s, it shows only a very weak trend between 2000 and 2007

and a study (Metzl et al., 2009) into the surface ocean pCO2 measurements

has found a corresponding drop in the surface ocean pCO2 trends for 40-62
◦S,

from 2.3µatm yr−1 for 1993-1999 to 1.3µatm yr−1 for 2000-2007. This led to

the suggestion of a link between changes in the SAM and the decadal reduction

of the SO carbon sink (Metzl , 2009). Other studies have also found that the

SAM and CO2 variability are correlated (Le Quere et al., 2007; Lenton and

Matear , 2007), where a positive correlation indicates that CO2 is outgassed

from the ocean, compared with its mean state. The weaker trend in the CO2

sink in high latitudes is attributed (Le Quere et al., 2007) to an increase in

the strength of the extra-tropical SH winds, in line with increasing positive

SAM, which causes an increase in the MOC, so that deep waters with higher

concentrations of DIC are upwelled, leading to outgassing of natural CO2 to the

atmosphere and a reduction in the difference between pCO2 in the ocean and

the atmosphere, hence reducing CO2 uptake. Conversely, in lower latitudes

(north of 40◦S), where the carbon-rich waters are transported and the wind

36



stress is decreasing, the sink is found to increase (Metzl , 2009; Borges et al.,

2008). These results are consistent with field results (Metzl et al., 2006; Metzl ,

2009; Borges et al., 2008) and hindcast model studies (Lovenduski et al., 2007,

2008; Lenton and Matear , 2007).

A recent study (Lenton et al., 2009) has found that, for coupled-climate-

carbon-models to capture the decreasing trend in the SO sink, it is necessary

for the model to account for stratospheric ozone depletion. The model then

shows a reduced SO uptake of CO2 of 2.47 PgC from 1987 to 2004 (consistent

with atmospheric inversion studies), due to the ventilation of carbon-rich deep

water by stronger winds. This then accelerates ocean acidification, despite the

reduced CO2 uptake.

Other authors (Zickfeld et al., 2008) disagree with this conclusion and be-

lieve that the SO sink will increase in efficiency in the 21st century. The

disagreement is not related to the effect that the winds have on the MOC, but

rather related to the balance between the outgassing of natural CO2 and the

uptake of anthropogenic CO2. Zickfeld et al. (2008) believe that the effect of

the poleward-intensifying winds will be such that the balance of outgassing

of natural CO2 and uptake of anthropogenic CO2 will shift towards the lat-

ter, due to the increase in the levels of anthropogenic CO2 in the atmosphere,

leading to a more efficient SO sink.

Another viewpoint is given by Russell et al. (2006) who use climate mod-

elling to conclude that the poleward intensification of the westerly winds may

reduce the effect of the stratification of the global ocean (due to warming),

which would allow additional anthropogenic CO2 and heat to be removed by

the ocean. In addition, a recent study (Tortell et al., 2008), into the sensitiv-

ity of SO phytoplankton to CO2 concentrations, concluded that the effect of

increasing CO2 levels and increasing temperatures and stratification may be

modulated by CO2-dependent changes in the region’s biological pump.

In contrast to observational estimates, which show that the SO inventory

of anthropogenic CO2 is very low (Sabine et al., 2004), modelling studies sug-

gest that more than 40% of the uptake of anthropogenic CO2 occurs in the

SO (Orr et al., 2001; Mikaloff Fletcher et al., 2006). This discrepancy is ex-

plained Ito et al. (2010), using a high-resolution ocean circulation and carbon

cycle model, by the advection via the SO circulation, of much of the anthro-

pogenic carbon away from the uptake regions. Although this circulation is

controlled by the interplay among Ekman flow, ocean eddies and subduction

of water masses, Ito et al. (2010) found that Ekman transport across the PF

is the primary mechanism, with little compensation from eddies. Northward

of the ACC, however, the subduction and circulation of thermocline waters

becomes increasingly important. A consequence of these results is pointed out
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by Tjiputra et al. (2010), who used a coupled climate-carbon model to quantify

the lateral transport of anthropogenic carbon over the period 1850-2100. They

suggest that, because in the high latitude SO (south of 58◦S) more than half

of the anthropogenic carbon in continuously transported northward, this will

allow a continuous increase in future carbon uptake, where the uptake strength

could reach 3.5 gCm−2yr−1, nearly triple the global mean of 1.3 gCm−2yr−1,

by the end of the 21st century. This highlights the importance of the SO in

controlling long-term future carbon uptake and, in particular, the importance

of understanding the upwelling and northward Ekman transport of UCDW.
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Chapter 3

Methodology

3.1 Study Regions

Figure 3.1: A plot from SODA showing sea surface temperature in November 2001
in the study area 110-160◦E by 40-70◦S, overlaid by the Polar Front (PF) and the
Southern Boundary (sBdy) of the ACC (Orsi and Ryan, 2001, updated 2006), be-
tween which UCDW upwells.

The main region studied in this work is the Australian sector of the South-

ern Ocean (110-160◦E, 40-70◦S). This is shown in Figure 3.1, along with a plot

of sea-surface temperature (SST) in November 2001 from SODA, overlaid by

the Polar Front (PF) and the Southern Boundary (sBdy) of the ACC (Orsi

and Ryan, 2001, updated 2006). Data for the Australian sector are compared

with data from two other Southern Ocean sectors, one in the Indian Ocean (20-

60◦E, 40-70◦S) and one in the Pacific Ocean (130-80◦W, 40-75◦S). These are
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Figure 3.2: A plot of SST in January 2000 from SODA, overlaid by the PF and
sBdy (Orsi and Ryan, 2001, updated 2006), between which UCDW upwells. Study
sectors are Indian (20-60◦E, 40-70◦S), Australian (110-160◦E, 40-70◦S) and Pacific
(130-80◦W, 40-75◦S).

chosen to cover approximately the same latitudinal range as the Australian sec-

tor, whilst avoiding potential confounding regions such as Kerguelen or South

Georgia. The plot of SODA SST data (estimated at 5 m depth), given in

Figure 3.2, illustrates the three sectors mentioned above, as well as showing

the PF and the sBdy (Orsi and Ryan, 2001, updated 2006) in these sectors.

3.2 Data Sources

3.2.1 Satellite data

Chlorophyll-a and PAR are derived from SeaWiFS (Version 5.1) (McClain

et al., 2004) level 3 monthly data which is gridded at 9km×9km resolution.

Monthly sea-ice concentration data (Comiso, 1999, updated 2008) are derived

using measurements from the Scanning Multichannel Microwave Radiometer

(SMMR) on the Nimbus-7 satellite and the Defense Meteorological Satellite

Program (DMSP) Special Sensor Microwave Imagers (SSM/I). Data were gen-

erated using the Advanced Microwave Scanning Radiometer-Earth Observing

System (AMSR-E) Bootstrap algorithm and gridded on a polar stereographic

grid at 25km×25km resolution. Chlorophyll-a and PAR data were obtained

from http://oceancolor.gsfc.nasa.gov/cgi/l3 and sea-ice concentration
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data from http://nsidc.org/data/docs/daac/nsidc0079_bootstrap_seaice.

gd.html.

3.2.2 Model data (VGPM)

Net Primary Production is computed using the Vertically Generalized Pro-

duction Model (VGPM) (Behrenfeld and Falkowski , 1997), which estimates

primary productivity from chlorophyll-a using a temperature-dependent de-

scription of chlorophyll-specific photosynthetic efficiency. This study uses the

VGPM output, with the caveat that this is a standard algorithm and is not

calibrated specifically for the Southern Ocean. However, the VGPM is a widely

used model (Carr et al., 2006), that has been used previously in the South-

ern Ocean (Behrenfeld et al., 2006; Smith and Comiso, 2008) and most of the

other available models are calibrated for specific regions of the Southern Ocean,

such as the Ross Sea, but not for the Australian sector (Barbini et al., 2005;

Dierssen et al., 2000; Smith et al., 2000). Also, a recent paper (Saba et al.,

2010a), comparing ocean colour model estimates of primary productivity in the

Southern Ocean, found that the VGPM estimated primary productivity well

compared with other models. However, it is also worth noting that the authors

also found that most ocean colour models over-estimated primary productivity

but under-estimated its variability in the Southern Ocean, which may mean

that this work may also under-estimate variability in primary productivity.

SeaWiFS chlorophyll-a and PAR data, as well as SST data from the Ad-

vanced Very High Resolution Radiometer are inputs to the VGPM (Behrenfeld

and Falkowski , 1997) model, where

Primary productivity = 0.66125 ∗ PB
opt ∗

E0

(E0 + 4.1)
∗ chla ∗ Zeu ∗Dirr (3.1)

and primary productivity is in units of mg C m−2 d−1, PB
opt is the biomass spe-

cific optimal rate of photosynthesis in the water column (mg C (mg chlorophyll-

a)−1h−1) and is regulated by temperature, E0 is the daily surface PAR (Ein-

steins m−2 d−1), chla is chlorophyll-a concentration (mg m−3), Zeu is the depth

of the euphotic zone (m) (depth at which 1% of surface light is available)

and Dirr is the photo period (h). Physiological variability is linked to the

PB
opt variable, which is based on daily integrated productivity measurements.

A polynomial of the form, PB
opt =

∑7
i=0 ai(

SST
10

)i, is fitted to field data (see

Behrenfeld and Falkowski (1997) for the ai values). The PB
opt function in-

creases from -1◦C to 20◦C (photoacclimation to increasing light levels leads

to higher photosynthetic efficiency as light increases in parallel with tempera-

ture) and then decreases due to nutrient stress on primary productivity that

is light- saturated. The euphotic depth Zeu is calculated from chla using
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the Case-1 (pelagic) model of Morel and Berthon (1989). Primary produc-

tivity is calculated on a daily basis, then binned to give 8-day or monthly

values. VGPM data are available from http://www.science.oregonstate.

edu/ocean.productivity/. Note: in this work the words chlorophyll-a and

primary productivity will be taken to refer to surface chlorophyll-a and esti-

mated primary productivity, respectively, in the interests of brevity.

3.2.3 Model reanalysis data (SODA)

Simple Ocean Data Assimilation (SODA) data (Carton et al., 2000, 2005;

Carton and Giese, 2008) (available from http://dsrs.atmos.umd.edu/DATA)

come from a reanalysis of ocean climate variability that begins with a state

forecast produced by an ocean GCM based on POP numerics (Smith et al.,

1992), with an average resolution 0.25◦×0.4◦× 40-levels (with 10 m resolution

in the top 100 m). The prediction is continuously updated by contemporaneous

observations, where available, with corrections estimated every 10 days (Carton

and Giese, 2008). The GCM is forced by ERA-40 winds, from the European

Centre for Medium-Range Weather Forecasts 40-year reanalysis (Uppala et al.,

2005).

Subsurface temperature and salinity observations come from the World

Ocean Database 2005 (WOD05) (Boyer et al., 2006), extended by observations

from the National Oceanographic Data Center/National Oceanic and Atmo-

spheric Administration temperature archive (which includes observations from

Argo floats and from the Tropical Atmosphere Ocean/Triangle Trans-Ocean

Buoy Network (TAO/TRITON) thermistor array). Data are checked for du-

plicate reports and errors in the recorded position and time of observations,

for static stability, for deviation from climatology, including checks on the rela-

tionship between temperature and salinity (Carton et al., 2005). These checks

eliminate an additional 5% of the profiles and are in addition to the WOD05

quality control. Surface freshwater fluxes since 1979 come from monthly pre-

cipitation data from the Global Precipitation Climatology Project (Adler et al.,

2003) and evaporation from bulk formulae (Schott et al., 2009). Although the

surface heat flux is also found using bulk formulae, this is overwhelmed by the

assimilation of SST (Schott et al., 2009). The vertical diffusion of momentum,

heat and salt are carried out using K-Profile Parameterization (KPP) (Large

et al., 1994) mixing with modifications to address issues such as diurnal heating

(Carton and Giese, 2008). Vertical velocity is calculated using the continuity

equation (Smith et al., 1992) and does not include entrainment. SODA has

no sea-ice model but, when SST < -1.88◦C, the fluxes are altered to account

for presumed ice formation (B. Giese, pers. communication). The version of

SODA used here (2.0.2/2.0.4) is an improvement over earlier versions (Schott
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et al., 2009), such as those described by Carton and Giese (2008), because the

analysis is no longer performed on 5◦ × 5◦ cells, but on individual grid points.

In addition, improvements to the ocean model (now POP 2.0.1) involve the

inclusion of river run-off and some minor modifications to the horizontal and

vertical mixing parameterisations.

The reanalysis has been evaluated by comparisons with independent obser-

vations, such as the historical archive of hydrographic profiles, supplemented

by ship intake measurements, moored hydrographic observations, remotely

sensed SST and sea level. Comparisons of forecasts and observations, using

tide gauge level records and satellite altimetry, are also carried out (Carton

et al., 2000).

SODA uses a sequential data estimation scheme to change temperature

and salinity in the ocean model in order to accommodate hydrographic ob-

servations, which are restricted to depths shallower than about 1000 m for

assimilation, due to the scarcity of observations below that depth. A set of

linear Kalman equations is used to correct the first guess, based on estimates

of the errors contained in the model forecast (the difference between the fore-

cast value and true value (see below) of a variable such as temperature at

a particular location and time) and in the observations (Carton and Giese,

2008).

The sequential analysis begins (Giese, 2006; Carton and Giese, 2008) at

time tk, with a state forecast ωf
k , produced by a forecast model, represented by

the operator Ω. An observation vector ωo
k is constructed from all observations

(for example, temperature, salinity and sea-level). The true estimate of state is

found from an analysis ωa
k , which combines the forecast with the observations.

This analysis is then used as an initial condition for a subsequent forecast

ω
f
k+1 = Ωωa

k. A bias model B is constructed from an analysis of ωf
− ωo

statistics and this is used to find a bias forecast βf
k+1 = Bβa

k .

The multi-variate two stage sequential updating algorithm for the bias

correction is

βa = βf
− L

[

ωo
−H(ωf

− βf )
]

(3.2)

and for the state correction, where ω̃f = ωf
− βa, is

ωa = ω̃f +K
[

ωo
−Hω̃f

]

(3.3)

H is the interpolation matrix that maps variables specified at the model loca-

tions onto the observation locations and the gain matrices K and L (Chepurin

et al., 2005) determine the impact of the observations and depend on terms

such as the forecast error covariance.

This work uses the SODA 2.0.2 dataset, which covers the period from 1958-

2001 and consists of sea surface heights, surface wind stresses, monthly zonal,
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meridional and vertical velocity fields, as well as temperature and salinity,

which are presented on a 0.5◦ × 0.5◦ × 40 depth level (from 5 m to about

5500 m, with 10 m resolution in the top 100 m) global grid. These variables

are saved at 5-day intervals and the publicly available dataset is available in

netcdf format in monthly files. SODA reanalysis data for the period 2002-2007

(SODA 2.0.4) is also used, but this reanalysis is different from the one for the

earlier period in that it is forced by a merged product (Schott et al., 2009) of

QuikSCAT and the National Centers for Environmental Prediction/National

Center for Atmospheric Research reanalysis (Milliff et al., 2004), rather than

ERA-40 winds. This is a potential source of error in this work, although the

two have been used together in other studies, for example (Schott et al., 2008,

2009; Zheng and Giese, 2009), and examination of the aggregated time series

used here does not show any particular biases. While the majority of this work

uses the SODA monthly datasets, certain sections also use the SODA 5-day

data, either to facilitate Lagrangian tracking of UCDW or to allow a more

accurate detection of UCDW in the ML, when the 10-year period 1997-2007

is being considered.

The remainder of the variables used in this study come either from the

SODA reanalysis dataset or are derived from variables therein.

3.2.4 Climate indices

Three global climate indices, SAM, MEI and PDO are considered in this work.

Indices to measure the SAM, prior to the satellite era (1979), have been con-

structed by Marshall (2003) and also Visbeck (2009) using Southern Hemi-

sphere atmospheric pressure observations from stations situated either near

40◦S or 65◦S. Positive values of the SAM index indicate lower than normal

atmospheric pressures over the polar regions, while negative values mean the

opposite (that is, higher than normal pressures over the polar regions). The

index constructed by Marshall (2003), chosen because both seasonal and an-

nual values are available (from www.nerc-bas.ac.uk/icd/gjma/sam.html), is

shown in Figure 2.7.

The MEI (Wolter , 1987; Wolter and Timlin, 1993) is based on observa-

tions of sea-level pressure, zonal and meridional surface wind components,

SST and total cloudiness fraction of the sky, taken over the tropical Pacific

and is available at http://www.esrl.noaa.gov/psd/people/klaus.wolter/

MEI/table.htm. The MEI values are calculated as the first unrotated principal

component of all these fields combined, computed for twelve sliding bi-monthly

periods (that is, December/January, January/February and so on) and then

standardised with respect to each season and to the 1950-1993 reference period.

For seasonal correlation purposes, summer is taken to be November/December,
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December/January, January/February. Positive values of the MEI represent

the warm ENSO phase (El Niño).

The PDO (Mantua and Hare, 2002) is a pattern of SST anomalies in

the subtropical North and South Pacific, that are out of phase with SST

anomalies in the tropical Pacific (Martinez et al., 2009). The PDO is de-

fined (Mantua and Hare, 2002) as the leading empirical orthogonal func-

tion (EOF) of mean November through March SST anomalies for the Pacific

Ocean north of 20◦N latitude. For the EOF calculation, the global mean

SST anomaly is first removed for each month in order to reduce the influ-

ence of the long-term trends in the data. Positive values indicate months

of above normal SSTs along the west coast of North and Central Amer-

ica and on the equator, and below normal SSTs in the central and western

north Pacific at about the latitude of Japan. PDO data can be accessed at

http://jisao.washington.edu/pdo/PDO.latest.

3.3 Identifying UCDW in SODA

UCDW is identified (Sievers and Nowlin, 1984; Orsi et al., 1995) by [O2] <

201 µmol l−1 at density values 27.35 kg m−3 < σ0 < 27.75 kg m−3, where [O2]

is oxygen concentration and σ0 is potential density anomaly at 0 dbar. This is

is equivalent to the density criterion with temperature, θ > 1.5◦C (Orsi et al.,

1995; Sokolov and Rintoul , 2002) and gives a salinity range of between 34.5 psu

and 34.7 psu. UCDW is identified in SODA using the density and temperature

criteria above. An example of this is given in Figure 3.3, which shows UCDW

along 140◦E in February 1997. A temperature minimum layer (remnant winter

water), overlaid by a shallow warm mixed layer created by summer warming,

can be seen above UCDW, which is located in the temperature maximum layer

(Sokolov and Rintoul , 2007).

UCDW properties examined using SODA data include: the southern-most

extent of UCDW; the top depth at which UCDW can be identified (UCDW

top depth) and the bottom depth at which UCDW can be identified (to give

a depth range for UCDW in a particular latitudinal zone). UCDW vertical

velocity is reported for UCDW as it upwells and is reported as a positive

velocity, even though in SODA it is negative because the positive z direction

is downwards.

3.4 Lagrangian Tracking

The path of UCDW in the SO is determined via Lagrangian tracking using the

SODA 5-day data. Firstly, a point (x, y, z) at a particular time is identified
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Figure 3.3: .

Isopycnals identifying UCDW overlaid on a temperature plot along 140◦E in
February 1997. A temperature minimum layer (remnant winter water) can
be seen above UCDW and below a shallow warm summer mixed layer.

as likely to be in UCDW by studying a plot such as that in Figure 3.3. Then

the velocities (u, v, w) at that point are used to calculate a new position for

the point in the next 5-day dataset and so on. The resulting track is then

presented as a three-dimensional plot, as well as two-dimensional sections of

that plot.

3.5 Time Series Analyses

The Australian sector from 110-160◦E to 40-70◦S, studied here, is divided

latitudinally into 5-degree zones. UCDW variables, such as vertical velocity,

temperature, density and salinity are averaged over the depth of UCDW and

over the particular latitudinal zone, for example (110-160◦E, 50-55◦S). Tempo-

ral averages are computed at monthly and seasonal (where the year is divided

into four sets of three months, December, January, February (DJF) and so on)

scales. An example of a full time series of SST for 1958-2007 in the 55-60◦S

zone is given in Figure 3.4. Examples of the four seasonal time series, which

are derived from the full time series shown in Figure 3.4, are found in Figure

3.5. Means by month for these SODA time series (1958-2007) are used to

produce monthly climatologies.

Mixed layer depths (MLDs) are calculated in SODA using the criterion of
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Figure 3.4: Time series for SST in the 55-60◦S zone.

an absolute temperature difference of 0.2◦C from the surface (Montegut et al.,

2004). Temperature, density and salinity in the ML are then calculated as an

average over the MLD at each grid point and then averaged over the latitudinal

region by month to produce time series. For comparison purposes, MLDs based

on the density criterion of a 0.125 kg m−3 change in the potential density from

the ocean surface (Monterey and Levitus , 1997), MLD(σ), are also calculated

in SODA. Time series are also calculated for temperature, density and salinity

based on MLD(σ) and also for sea-surface variables (estimated at 5 m depth).

Wind stress is calculated as the magnitude of the SODA wind stress vector

τ = (τ 2x + τ 2y )
1
2 , from the SODA values for zonal and meridional wind stress,

respectively. Maximum wind stress over the whole region, the latitude at which

the maximum wind stress occurs and mean wind stress for each latitudinal

zone, are also computed.

Other variables considered include stratification at the base of the mixed

layer, which is calculated using the Brunt-Vaissala Frequency squared (N2),

N2 = −
g

ρ0

∂σθ

∂z
(3.4)

where g is the acceleration due to gravity and ρ0 is the average density for the

zone. In addition the Ekman pumping rate, E, is defined as

E = −curl

(

τ

ρ0f

)

(3.5)

where f is the Coriolis parameter. Related to the Ekman pumping rate is the

northward Ekman transport, QE, which can be calculated as

QE = −
Xτx

ρ0f
(3.6)

where X is the east-west distance across which the transport is calculated.
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Figure 3.5: The four seasonal mean SST time series in the 55-60◦S zone (a) Summer,
(b) Autumn, (c) Winter and (d) Spring.

3.6 Statistical Analyses

The Pearson correlation coefficient is used in this work to calculate correlations

between time series. Correlations between the three atmospheric indices, the

SAM, MEI and PDO, and the wind stress are performed, as well as various

other correlations, and in particular, correlations between mean wind stress

and other variables. Correlations involving the seasonal time series are cal-

culated using one point per year (that is a seasonal mean), while correlations

between full time series use all the points, as do the 1997-2007 seasonal correla-

tions (due to the small number of points involved). Correlations are calculated

using either the original time series or detrended time series, depending on the

purpose for which the result is intended. In work where the intent is to de-

termine if the wind stress has an effect on trends in other variables, the time

series are not detrended. However, in work where the effect of wind stress on

interannual variability is being studied, both time series are detrended before

the correlation is calculated.

To further investigate correlations between chlorophyll-a and other vari-

ables, a multiple linear regression model is fitted between chlorophyll-a and

those variables that are not correlated with one another. The R Statistical

48



1998 1999 2000 2001 2002 2003 2004 2005 2006 2007
0

20

40

60

80

100

120

140

M
ix

ed
 la

ye
r 

de
pt

h 
(m

)

 

 
Dec.
Jan.
slope −2.4
Feb

Figure 3.6: Mixed layer depth (1998-2007) time series for the 60-65◦S zone, for
December, January and February, overlaid by the overall trend line for that season,
found using the non-parametric seasonal Sen slope (Gilbert , 1987).

and Computing Package (R Foundation for Statistical Computing, Vienna,

Austria) is used for this work.

Trends and their significance in full or seasonal (DJF, MAM, JJA and SON)

time series are estimated using the non-parametric seasonal Sen slope (Gilbert ,

1987), a generalisation of Sen’s estimator of slope, and the seasonal Kendall

test (Hirsch et al., 1982), a generalisation of the Mann-Kendall test, which is

not affected by seasonal cycles in the data. The non-parametric estimate of

the slope is preferable to linear least squares regression due to its insensitivity

to outliers (Gilbert , 1987; Hess et al., 2001).

The test involves computing the Mann-Kendall test statistic and its vari-

ance separately for each month (“season”), with the data collected over years,

and then summing these seasonal statistics to produce a Z statistic (Gilbert ,

1987). Here the test for the full 1958-2007 time series (50 years of 12 months

of data) is applied to each of the 12 months. Alternatively, if the test is used

on the seasonal (summer etc) time series (50 years of 3 months of data), it is

applied to each each of the 3 months within the particular seasonal time se-

ries. The seasonal Sen’s slope is then used to estimate a linear trend. Trends

at the 95% confidence level are reported here as “significant”. An example

of the three time series that comprise the summer MLD time series (just for

1998-2007 in this case) in the 60-65◦S zone is shown in Figure 3.6. The sea-

sonal trend line, calculated by the above method, is also shown and is clearly

insensitive to outliers.
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3.7 Trend Analyses

This work uses the SODA ocean reanalysis not only to produce climatological

values for the upper ocean and UCDW variables, but also to look at long-term

trends in these variables. There are distinct advantages to this approach, but

certain caveats must also be borne in mind.

The advantages associated with the use of reanalysis data, rather than

traditional climate datasets, include (Thorne and Vose, 2010): the fact that in

a reanalysis observations are synthesised in such a way that they are consistent

with model physics; reanalyses provide complete temporal and spatial coverage

(compared with statistical interpolation into regions where there is no data)

and reanalyses can provide information on both directly observed and indirect

variables (such as vertical velocity).

Atmospheric reanalyses have been available since the mid-1990s and, while

having these advantages, because they arise from an observing system that was

set up to support weather forecasting, rather than to produce multi-decadal

reanalyses, they are affected by changes in the observing system. Thus er-

rors can be introduced into ocean GCMs driven by these winds. Such ocean

GCMs are also subject to errors associated with inadequate numerics, unrep-

resentative parameterisations of ocean physics, internal variability and errors

in the initial conditions (Carton and Giese, 2008; Stockdale et al., 1998). This

means that SODA provides an estimate of state which is an improvement over

estimates based solely on either the sparse set of observations or numerical

simulation (Carton and Giese, 2008).

The idea behind SODA was to correct model errors using direct observa-

tions (Carton and Giese, 2008), but, again, the ocean observing system was not

originally designed for this purpose. Both atmospheric and ocean reanalyses

suffer from error terms, which may be considered using the following equation

of Thorne and Vose (2010), which applies at each time step:

R = t+ f(Oe,Me, Ae, Be) (3.7)

where R is the reanalysis output, t is the true (unknown) climate system state

and the terms in the function f are error terms, as follows:

1. Oe is the observational error (including the spatio-temporal incomplete-

ness of the observational field and any absolute biases in the observa-

tions);

2. Me is the model error (physical shortcomings of the model being used);

3. Ae is unintentional errors due to the methodological approach, and

4. Be is the background error, which is the error in the forecast field from

the last analysis step.
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Estimation of the global ocean state using data assimilation is a rapidly

developing field, especially in the past decade since the advent of satellite and

in-situ observing systems. Such assimilation methods can broadly be divided

into two categories (Carton and Giese, 2008): sequential estimation based on

stochastic estimation theory (optimal interpolation, three-dimensional varia-

tional and Kalman filter/smoother) and variational adjoint methods based on

control theory (Lagrange multiplier, four-dimensional variational, Lee et al.

(2009)).

The SODA reanalysis has been part of an extensive inter-comparison project

Lee et al. (2009) that compares ocean reanalyses both with one another (Schott

et al., 2008; Carton and Santorelli , 2008; Carton et al.; Gemmell et al., 2008)

and also with observations (Schott et al., 2009; Carton et al., 2000, 2005; Car-

ton and Santorelli , 2008; Carton and Giese, 2008). Although SODA has not

previously been applied in the ACC region of the Southern Ocean, it has been

used in other areas where the observations are inhomogeneous and it has also

been used for other analyses of multi-decadal trends (Schott et al., 2008; Carton

and Santorelli , 2008), including in the Southern Ocean (Yang et al., 2007a).
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Chapter 4

Upper Circumpolar Deep Water

and the SODA reanalysis

This chapter examines Upper Circumpolar Deep Water as represented in the

SODA reanalysis and then uses that representation to deduce information

about the biogeochemical properties of UCDW. Prior to that, SODA’s skill at

representing hydrographic data in the Southern Ocean is tested by comparing

SODA temperature and salinity plots with observational data.

4.1 Comparing SODA with Observations

In order to assess SODA’s skill at representing hydrographic data in the Aus-

tralian (110-160◦E, 40-70◦S) region of the SO, temperature and salinity plots

are produced from SODA and compared with plots produced from hydro-

graphic data. The data were collected along the SR3 track (approximately

140◦E) in various months during spring and summer, in January 1995, March

1998, November 2001 and April 2008 and along a less meridional track from

P2 (145.9◦E, 54◦S), ending at P3 (153.2◦E, 45.5◦S) in February 2007. In the

latter case, the track chosen for the SODA plots for Figures 4.4 and 4.9 was

along 146◦E, so that the plots would be more likely to match near P2. Plots

comparing SODA temperature and salinity with the observational data are

given in Figures 4.1-4.5 and Figures 4.6-4.10 respectively. These plots (note

the different colour maps) show that the SODA data are a very close match

for the actual temperature data in each case and are generally a good match

for the salinity data. As expected, the plots for 2007 (Figures 4.4 and 4.9) are

not as good a match as the other plots, since the section from SODA along

146◦E only approximates the non-meridional section from P2 to P3.
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(a)

(b)

Figure 4.1: Temperature distributions in January 1995 along 140◦E, from (a) Sokolov
and Rintoul (2002), reprinted with permission from Elsevier and (b) SODA.
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(a)

(b)

Figure 4.2: Temperature distributions in March 1998 along 140◦E from (a) Sedwick
et al. (2008), reprinted with permission from Elsevier and (b) SODA. Note that the
colour scales are different.

It should be noted, however, that the comparison of SODA with the obser-

vational data may not really illustrate SODA’s skill, since SODA is reproducing

data that have most probably already been assimilated into the model in the

cases of the 1995, 1998, 2001 and 2007 data. However, to the best knowledge

of the data-keeper for the 2008 cruise (AU0806) (Mark Rosenberg, personal

communication) the 2008 data have not been assimilated into SODA. This

then provides an independent dataset which illustrates SODA’s ability (which

is very good, Figures 4.5 and 4.10) at reproducing hydrographic data in the

SO.
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(a)

(b)

Figure 4.3: Temperature distributions in November 2001 along 140◦E, from (a)
Sokolov and Rintoul (2007), reprinted with permission from Elsevier and (b) SODA.
Note that the colour scales are different.
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(a)

(b)

Figure 4.4: Temperature distributions in February 2007 (a) from (145.9◦E, 54◦S) to
(153.2◦E, 45.5◦S) (Bowie et al., 2009) and (b) along 146◦E in SODA. Note that the
colour scales are different.
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(a)

(b)

Figure 4.5: Temperature distributions in April 2008 along 140◦E from (a) Andrew
Bowie, ACE CRC (unpublished data) and (b) SODA. Note that the colour scales
are different.
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(a)

(b)

Figure 4.6: Salinity distributions in January 1995 along 140◦E, from (a) Sokolov and

Rintoul (2002), reprinted with permission from Elsevier and (b) SODA.
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(a)

(b)

Figure 4.7: Salinity distributions in March 1998 along 140◦E from (a) Sedwick et al.

(2008), reprinted with permission from Elsevier and (b) SODA. Note that the colour
scales are different.
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(a)

(b)

Figure 4.8: Salinity distributions in November 2001 along 140◦E from (a) Sokolov

and Rintoul (2007), reprinted with permission from Elsevier and (b) SODA. Note
that the colour scales are different.
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(a)

(b)

Figure 4.9: Salinity distributions in February 2007 (a) from (145.9◦E, 52◦S) to
(153.2◦E, 45.5◦S) (Bowie et al., 2009) and (b) along 146◦E in SODA. Note that the
colour scales are different.
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(a)

(b)

Figure 4.10: Salinity distributions in April 2008 along 140◦E from (a) A. Bowie, ACE
CRC (unpublished data) and (b) SODA. Note that the colour scales are different.
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Figure 4.11: Contours showing the position of UCDW in April 1998 at depths 1875
m (red), 579 m (green) and 197 m (blue), as it shoals to the south.

4.2 The Structure of UCDW

UCDW can be identified in SODA using the criteria of Orsi et al. (1995) given

in Chapter 3 and then its structure can be examined on meridional sections,

such as the one along 140◦E in Figure 3.3. That figure shows UCDW rising

from depths of around 2500 m to about 100 m as it nears the Antarctic con-

tinent, with the steepest isopycnals south of the Polar Front (approximately

52◦S). The figure is similar to the one constructed from observations along

170◦W by Hiscock et al. (2003), shown in Figure 2.4. Another way of repre-

senting UCDW is given in Figure 4.11. This figure shows UCDW in the study

region in April 1998, where UCDW is identified by three sets of contours, which

are associated with its position at certain depths. In the figure, red contours

show the latitudinal zones occupied by UCDW when it is at a depth of 1875

m. Then UCDW is found further south corresponding to a depth of 918 m

(green contours) and finally, blue contours show UCDW at a depth of 197 m.

So UCDW can be seen to move closer to the surface as it moves south and

possibly then move northwards again under Ekman flow, since the blue and

green contours overlap.

Another way of examining UCDW and its movement within the study

region is via Lagrangian tracking, where the position of a water parcel within
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UCDW is tracked over a number of years. Such a plot is given in Figure 4.12(a),

which shows the upward, eastward and southward movement of UCDW over a

period of about 4 years from January 2002 beginning at (140◦E, 50◦S, 2000 m)

and ending approximately at (175◦E, 64◦S, 600 m). Parts (b), (c) and (d) of

the figure show longitude-latitude, latitude-depth and longitude-depth plots,

respectively, for the same track.

A similar set of plots is given in Figure 4.13, which again begin at (140◦E,

50◦S), although this time in January 1988. However, in this case three starting

parcels are tracked from depths of 1500, 1200 and 1000 m. Again, UCDW is

advected upwards, eastwards and southwards, with the three parcels following

very similar, almost parallel, tracks. The final set of tracking plots in Figure

4.14 begins at (140◦E, 55◦S) in January 2002 with a parcel in the ML at a depth

of 30 m. The parcel first moves northward to 50◦S, then southward as far as

63◦S and then northward again. It remains in the ML for the length of its path

from the Australian sector, past New Zealand and into the Pacific Ocean. It

is difficult to be certain that this water parcel is definitely UCDW, since once

UCDW reaches the near-surface it mixes with the Antarctic Surface Water and

loses its distinctive characteristics. However, since a study by Hoppema et al.

(2000) using data collected along the prime meridian between the sACCf and

the Weddell front found that around 90% of AASW in that region is UCDW,

it is likely that UCDW is being tracked. In any case, it is useful to examine

the northward movement of water in the ML due to Ekman transport and this

plot is of particular interest because it shows movement in the ACC past New

Zealand and then into the Pacific Ocean.

The results from the Lagrangian tracking presented here in Figures 4.12-

4.14 are consistent with the upward movement of UCDW to the near-surface,

as it is advected southwards and eastwards in the ACC, and its subsequent

movement northward in the Ekman layer, as presented in the upper layer of

the Deacon cell model of the SO MOC (Speer et al., 2000) and shown in Figure

2.6.
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Figure 4.12
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Figure 4.12: Lagrangian tracking of a parcel of UCDW beginning at (140◦E, 50◦S,
2000 m) in January 2002 and showing its movement towards the surface as it is
advected eastwards and southwards. Part (a) is a three-dimensional plot and parts
(b), (c) and (d) show two–dimensional sections of that plot.
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Figure 4.13
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Figure 4.13: Lagrangian tracking of 3 parcels of UCDW beginning at (140◦E, 50◦S)
and depths of 1500, 1200 and 1000 m in January 1988. UCDW is advected upwards,
eastwards and southwards. Part (a) is a three-dimensional plot and parts (b), (c)
and (d) show two–dimensional sections of that plot.
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Figure 4.14: Lagrangian tracking of a parcel of UCDW beginning at (140◦E, 55◦S) at
a depth of 30 m in January 2002. The parcel remains in the mixed layer, while trav-
elling south and then north into the Pacific Ocean. Part (a) is a three-dimensional
plot and parts (b), (c) and (d) show two–dimensional sections of that plot.
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4.3 Iron in UCDW

The purpose of this section is to compare plots of observations of dissolved

iron concentration (dFe) with plots from SODA that identify UCDW in the

same region, with the object of examining dFe values in UCDW.

Figures 4.15(a), 4.16(a) and 4.18(a) present dFe data, measured along the

SR3 section (approximately 140◦E) to various depths, in a number of different

years and seasons. The transect for Figure 4.17 was less meridional than

the other three, starting at P2 (145.9◦E, 54◦S) and ending at P3 (153.2◦E,

45.5◦S) and was conducted as part of SAZ-Sense (Sensitivity of the SAZ to

environmental change, Bowie et al. (2009)). SODA plots showing isopycnals

which identify UCDW, overlaid on temperature plots, have been produced to

match each of these dFe plots, where the track chosen for the SODA plots

for Figure 4.17(b) was along 146◦E, so that the plots would be more likely to

match near P2, which is the region of interest in relation to UCDW upwelling.

The February 2007 dFe (Figure 4.17) plot is used with the caveat that depth

profiles for depths greater than 400 m were only obtained at the P2 and P3

process stations, making it difficult to interpolate on a section below those

depths (A. Bowie, personal communication).

Figures 4.15 and 4.16 both go down to only 350 m and so in the first case

UCDW is seen only at the very end of the transect near the Polar Front,

where it upwells to within about 150 m of the surface. In the second case, the

transect goes as far as 66◦S and UCDW comes up to within 100 m of the surface

between 56 and 62◦S. Matching the dFe and UCDW plots puts dFe in UCDW

in the upper 350 m at around 0.2-0.25 nM. Figures 4.17 and 4.18 are useful

for estimating dFe in UCDW at greater depth, leading to values in the range

0.3-0.37 nM in the first case and similar deep values in the second case, with

dFe decreasing towards the surface. An extra plot has been included in 4.18(c),

which shows Oxygen concentration on the same transect, since a characteristic

of UCDW is its low values of oxygen concentration (<201 µmol/l) (Sievers and

Nowlin, 1984; Orsi et al., 1995).

The above results, found in February 2007 for dFe by comparing UCDW

isopycnals and dFe plots in Figure 4.17, confirm the conclusions of Lannuzel

et al. (2010a), who comment that the sharp increase in nutrient concentration

at depths greater than 200 m reflects a supply of macro-nutrients and iron

from below, which is characteristic of Ekman-driven upwelling.

Overall, from Figures 4.15-4.18, it can be concluded that dFe in UCDW

in the study region is approximately in the range 0.2-0.4 nM, with the higher

values in the deeper waters. This is consistent with values found in the Pacific

sector of 0.3 nM (Hiscock et al., 2003; Measures and Vink , 2001).
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(a) (b)

Figure 4.15: (a) Temperature distribution in March 1998 along 140◦E from SODA, overlaid with isopycnals identifying UCDW. Part (b) shows dissolved
iron concentrations measured at the same time as the temperatures shown in part (a) (Sedwick et al. (2008), reprinted with permission from Elsevier).
The isopycnals identifying UCDW coincide with higher values of dissolved iron.
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(a)

(b)

Figure 4.16: Plots along 140◦E in November 2001 showing (a) SODA isopycnals
identifying UCDW and (b) Dissolved Iron (Sedwick et al., 2008).
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(a)

(b)

Figure 4.17: Plots in February 2007 (a) along 146◦E in SODA showing isopycnals
identifying UCDW and (b) Dissolved Iron (Lannuzel et al., 2010a) along the track
from P2 (145.9◦E, 54◦S) to P3 (153.2◦E, 45.5◦S).
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(a)

(b)

(c)

Figure 4.18: Plots along 140◦E in April 2008 showing (a) SODA temperature data
overlaid with isopycnals identifying UCDW, and AU0806 cruise data (A. Bowie,
ACE CRC, unpublished data) for (b) Dissolved Iron and (c) Oxygen concentration.
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Chapter 5

Upper ocean structure and the

meridional circulation of the

Southern Ocean south of

Australia in 1958-2007

Monthly climatologies and seasonal trends in the meridional circulation of

UCDW and in upper ocean properties, in the Australian sector of the SO,

are examined in this chapter. These trends are over the period 1958-2007,

and are in ML variables, such as depth, temperature, density and salinity,

as well as in similar UCDW variables. In addition, trends in the location of

the maximum wind stress, stratification, Ekman pumping, Ekman transport,

UCDW upwelling depth and the southern-most extent of UCDW are examined.

Finally, connections between wind stress and these variables are discussed.

5.1 Climatological UCDW, ML and Wind Data

5.1.1 Climatological UCDW

UCDW shoals to the south, as has been demonstrated in Figures 4.11-4.13. In

addition, the plot given in Figure 5.1 shows UCDW top depth shoaling from

around 1100 m at 45◦S to less than 100 m, further south. The isopycnals begin

to rise steeply near the Subantarctic Front (around 50◦S) and continue to rise,

outcropping south of the Polar Front (between 55 and 65◦S here). UCDW is

found as far south as the Southern Boundary of the ACC (around 64-65◦S in

the study region, Figure 3.1), but no further south, since the Southern Bound-

ary is defined (Orsi et al., 1995) as the poleward edge of the UCDW signal.

The position of the Southern Boundary is consistent with the southern-most

location of UCDW identified in SODA (Figure 5.2) at around 65◦S, moving
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Figure 5.1: SODA plot of the top depth of UCDW for January 2004.
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Figure 5.2: Climatology of the southern-most position of UCDW.
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Figure 5.3: Climatologies of mixed layer depths and UCDW top depth for 60-65◦S.
Note that these are climatologies of mean depths over a latitudinal zone and thus it
cannot be concluded that UCDW is always at a lower depth than the mixed layer
depth in any particular month.

Table 5.1: Annual means of climatological values for UCDW variables.

Zone Mean Mean Mean Mean Mean
110-160◦E Vertical Temperature Density Salinity Depth
by (◦S) Velocity Range

(ms−1) (◦C) (kgm−3) (m)

60-65 0.29×10−5 1.9 27.70 34.63 60-800
55-60 1.8×10−5 2.1 27.64 34.58 75-1700
50-55 2.3×10−5 2.4 27.60 34.57 120-2400
45-50 0.91×10−5 2.6 27.59 34.58 470-2400
40-45 0.32×10−5 2.7 27.60 34.59 1100-2400

as far south as 65.7◦S in March, when the area is ice free. Vertical velocities

in UCDW, presented in Table 5.1 as depth- averaged annual values by lati-

tudinal zone, peak in the 50-55◦S zone and then decrease as UCDW shoals

upwards. UCDW is then entrained in the surface Ekman layer, which moves

back towards the north, forming AAIW, when it downwells beneath the warmer

SAMW (Speer et al., 2000). Climatological plots of UCDW top depth (Fig-

ure 5.3) indicate that there is a seasonal variation in this depth in the more

southerly zones, with UCDW advected closest to the surface in February and

March.

Plots from SODA showing UCDW temperature and salinity averaged over

depth are presented in Figure 5.4 for January 2001. These plots show UCDW
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(a)

(b)

Figure 5.4: SODA plots of UCDW properties averaged over depth for January 2004,
showing (a) temperature and (b) salinity.
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Figure 5.5: Depth-averaged UCDW temperature time series for the 45-50◦S, 50-55◦S
and 55-60◦S zones.

temperature decreasing as it shoals southwards, which is consistent with the

UCDW temperature time series for three latitudinal zones that are shown in

Figure 5.5. Minimum UCDW salinity values occur between about 55◦S and

60◦S, before salinity increases again towards the Antarctic continent. Cli-

matological information about UCDW is summarised in Table 5.1 which gives

annual values for UCDW variables for the various five-degree latitudinal bands,

since neither UCDW temperature, salinity nor density varies throughout the

year. No values are given for the 65-70◦S sector since the sBdy is found very

close to 65◦S (Figure 3.1) and thus UCDW can be detected only occasionally

in the 65-70◦S zone. The density (around 27.6 kg m−3), salinity (around 34.6)

and temperature values (which are all above 1.5◦C) are all consistent with the

definition of UCDW water mass characteristics (Orsi et al., 1995). UCDW

temperature decreases from 2.7◦C for UCDW lying at depths of up to 2400 m

in the 40-45◦S zone to 1.9◦C in the 60-65◦S zone, presumably because UCDW

is rising towards the surface and coming into contact with cooler water masses.

5.1.2 Climatological wind stress

Summer and winter climatological values, by latitudinal zone, are presented

in Table 5.2 for mean wind stress, stratification, Ekman pumping rate and

northward Ekman transport.

From Figure 5.6, it can be seen that the location of maximum wind stress,
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Table 5.2: Means of climatological values for wind stress, stratification and Ekman
variables (n/a = not applicable).

65-70◦S 60-65◦S 55-60◦S 50-55◦S 45-50◦S 40-45◦S
Mean Wind Stress

(Nm−2)
Summer 0.07 0.05 0.11 0.16 0.14 0.08
Winter 0.13 0.10 0.16 0.17 0.16 0.13
Stratification

(s−2)
Summer 3.3×10−5 5.9×10−5 5.8×10−5 5.9×10−5 7.1×10−5 8.3×10−5

Winter 2.8×10−5 5.2×10−5 5.5×10−5 3.8×10−5 3.3×10−5 4.2×10−5

Ekman Transport

(Sv)
Summer n/a 0.9 2.5 4.3 4.7 3.3
Winter n/a 1.6 3.3 4.4 4.9 4.8
Ekman Pump Rate

(ms−1)
Summer n/a 1.6×10−6 1.1×10−6 n/a n/a n/a
Winter n/a 2.7×10−6 0.7×10−6 n/a n/a n/a
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Figure 5.6: Climatology of maximum and mean wind stress, as well as location of
maximum wind stress.
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Figure 5.7: Climatology of mean wind stress by latitudinal zone.

as well as the values of regional mean and maximum wind stress, vary season-

ally with the semi-annual oscillation of atmospheric pressure, which occurs in

the SH due to differing cycles of temperature in the mid-latitude ocean and

the Antarctic (van Loon, 1967; Simmonds and Jones , 1998). Peak wind stress

occurs around March/April and August/September and March/April also cor-

responds to the most southerly locations of the maximum wind stress. The

maximum wind stress varies from 0.21 Nm−2 in December/January to 0.29

Nm−2 in April and September, dropping to 0.25 Nm−2 in June. The regional

mean wind stress follows a similar pattern, with values in the range 0.10-0.16

Nm−2. The location of the maximum wind stress moves from 50◦S in Decem-

ber/January to 54.8◦S in April/May. A similar climatological plot for mean

wind stress by latitudinal zone in Figure 5.7 shows low values of wind stress

in the 60-65◦S zone, which is close to the latitudes where the westerly winds

give way to the Easterlies near the Antarctic continent. The mean wind stress

increases to the north reaching a maximum between 50 and 55◦S, as discussed

above, and then decreases again.

5.1.3 Climatological stratification and Ekman variables

The monthly climatology for stratification at the base of the ML given by the

Brunt-Vaissala Frequency Squared in Equation (3.4) and presented in Figure

5.8, shows seasonal variation in stratification, with maximum stratification in

February/March and minimum stratification in September-November. Strat-

ification in the more southerly zones commences later in summer, due to ice
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Figure 5.8: Climatology of density stratification (found at the base of the mixed
layer) given by the Brunt-Vaissala Frequency squared.

melt and formation. The strongest stratification is found in the 60-65◦S zone

and the weakest is in the 65-70◦S zone. Excluding the latter zone, stratification

generally decreases to the north, with the exception being in DJF, where the

strongest stratification is found in the 40-45◦S zone.

The climatology for the Ekman pumping rate (Equation (3.5)) in Figure

5.9 shows a decrease from positive values (upwelling) of around 2×10−6 ms−1

in 60-65◦S, through zero where curl(τ ) is equal to 0 (between 53.5◦S in summer

and 55.3◦S in winter) and moves to maximum negative values (downwelling) of

around -1×10−6 ms−1 in 40-45◦S. The minimum pumping rate occurs in winter

and generally peaks in April and September like the wind stress. However, only

the southern-most zone follows the wind stress pattern in Figure 5.6, with a

large decrease in summer values.

Peak climatological northward Ekman transport (Equation (3.6)) values for

each latitudinal zone, shown in Figure 5.10, occur around March and October,

with minimum values in December, similar to the wind stress (Figure 5.6).

Values vary from around 1 Sv (106 m3s−1) in 60-65◦S to 5 Sv in 45-50◦S.
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Figure 5.9: Climatology of Ekman pumping by latitudinal zone.
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Figure 5.10: Climatology of northward Ekman transport by latitudinal zone.
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5.1.4 Climatological mixed layer and sea-surface vari-

ables

SODA summer and winter climatological values for ML and sea-surface vari-

ables are given in Table 5.3. Examples of MLDs in summer (January) and

winter (June) in 2002 are given in Figure 5.11(a) and (b), respectively, while

a plot of mean MLD by zone is given in Figure 5.12(a). MLD in the Southern

Ocean follows a seasonal cycle (Figure 5.12(a)) with climatological maximum

depths averaging around 150 m (with large interannual variations) in the 45-

50◦S (Subantarctic zone) between August and October, whereas south of this,

the winter mixed layer shoals southward. Summer (DJF) MLD is nearly 50 m

in the Subantarctic zone, shoaling to less than 30 m in the 60-65◦S zone.

An investigation into MLD calculated using the less stringent density cri-

terion, MLD(σ) (Section 2.4), found that MLD < MLD(σ) for climatological

values, in almost all zones, as shown in Figure 5.12. For example, in 60-65◦S,

summer MLD is 29.6 m compared with 48.4 m for MLD(σ). In addition, the

seasonal variation in MLD(σ) is very similar to that in MLD, except for the

65-70◦S zone, apart from the fact that the MLD(σ) values are larger. The

MLDs found here are similar to those found by Sokolov (2008) using the ML

climatology of Montegut et al. (2004). For comparison purposes a table of

climatological values, for ML variables based on MLD(σ), is presented in Ta-

ble 5.4. Although the mixed layer depths are larger in the case of MLD(σ)

the values for the other ML variables are almost the same. MLD rather than

MLD(σ) will be used in this work, unless otherwise stated.

The climatological ML values given in Table 5.3 indicate that ML density

increases to the south, while salinity (both ML salinity and SSS) decreases to

the south and then rises again slightly near to the continent. Climatological

ML salinity and SSS values are very similar. ML and sea surface temperatures

decrease to the south, with SSTs generally higher than ML temperatures (by

up to 0.2◦C), except in regions of ice formation.
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(a)

(b)

Figure 5.11: Mixed layer depths from SODA for (a) January and (b) June 2002.
Note the different scales.
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Figure 5.12: Climatology of mixed layer depth by latitudinal zones, calculated using
(a) the temperature criterion and (b) the density criterion.
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Table 5.3: Means of climatological values for summer and winter sea-surface vari-
ables and mixed layer variables (calculated using the temperature criterion).

Zone
110-160◦E 65-70◦S 60-65◦S 55-60◦S 50-55◦S 45-50◦S 40-45◦S
by
ML Depth (m)
Summer 76.5 29.6 31.6 42.9 48.5 32.1
Winter 120.3 58.0 90.0 127.6 140.8 127.9
ML Temperature (◦C)
Summer -0.9 1.1 3.3 6.1 10.1 13.6
Winter -1.2 -0.8 1.1 4.3 8.4 11.5
ML Salinity

Summer 34.1 33.9 33.7 33.8 34.1 34.6
Winter 34.2 34.0 33.8 33.8 34.2 34.7
ML Density (kgm−3)
Summer 27.4 27.2 26.9 26.5 26.2 26.0
Winter 27.5 27.4 27.1 26.8 26.5 26.4
SST (◦C)
Summer -0.8 1.3 3.4 6.2 10.0 13.8
Winter -1.3 -0.9 1.0 4.3 8.4 11.5
SSS

Summer 34.0 33.9 33.7 33.8 34.1 34.6
Winter 34.1 34.0 33.8 33.8 34.1 34.6

Table 5.4: Means of climatological values for mixed layer variables (calculated using
the density criterion).

Zone
110-160◦E 65-70◦S 60-65◦S 55-60◦S 50-55◦S 45-50◦S 40-45◦S
by
ML Depth (m)
Summer 111.6 48.4 47.4 55.7 59.6 40.5
Winter 159.4 88.8 90.3 138.8 173.1 158.8
ML Temperature (◦C)
Summer -0.9 1.0 3.1 6.0 10.0 13.5
Winter -1.2 -0.7 1.1 4.3 8.4 11.4
ML Salinity

Summer 34.1 34.0 33.8 33.8 34.1 34.6
Winter 34.1 34.1 33.8 33.8 34.2 34.7
ML Density (kgm−3)
Summer 27.4 27.2 26.9 26.6 26.2 26.0
Winter 27.5 27.4 27.1 26.8 26.6 26.4
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Table 5.5: Significant correlations between mean wind stress and the SAM, MEI or
PDO indices (n/s=no significant correlation found).

65-70◦S 60-65◦S 55-60◦S 50-55◦S 45-50◦S 40-45◦S
SAM

DJF n/s 0.60 0.78 0.49 n/s n/s
MAM -0.31 0.44 0.68 0.52 n/s n/s
JJA n/s 0.41 0.54 0.54 0.52 n/s
SON n/s 0.54 0.59 0.41 n/s -0.40
MEI

DJF 0.28 n/s n/s n/s 0.37 0.42
MAM n/s n/s n/s n/s 0.37 0.35
JJA n/s n/s n/s 0.43 0.58 0.38
SON n/s n/s n/s 0.35 0.38 n/s
PDO

DJF 0.34 n/s n/s n/s n/s 0.38
MAM n/s n/s n/s n/s 0.42 0.39
JJA n/s n/s n/s n/s 0.36 0.31
SON 0.29 n/s n/s n/s 0.30 n/s

5.2 The Connection Between the Southern Hemi-

sphere winds and Changes in UCDW and

the Mixed Layer

The time series are not detrended in this work, before the correlations are

performed, as the intent is to investigate the effect of the winds on trends in

the other variables. A further study (not presented), where the time series are

both detrended before correlations are calculated, finds very similar results to

the work here.

5.2.1 Correlations between SAM/MEI/PDO and mean

wind stress

The aim of this section is to examine the effect of two of the major Southern

Hemisphere atmospheric indices, SAM and MEI, on the winds in the region un-

der consideration. In addition, the effect of the PDO will also be investigated.

Correlations between the three indices and the mean wind stress are given in

Table 5.5, for each latitudinal zone and season. Strong positive correlations be-

tween SAM and mean wind stress can be seen in all seasons and zones between

50 and 65◦S, with negative correlations in 65-70◦S and 40-45◦S. Correlations

between MEI and mean wind stress are also positive, but generally occur in

the more northerly zones, as is also the case for the PDO.
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Figure 5.13: Time series for SAM, mean wind stress and mixed layer depth, for the
region 110-160◦E by 55-60◦S during summer (DJF).

5.2.2 Correlations between mean wind stress and other

variables

An example of a positive correlation (0.79), between mean wind stress and

MLD in the 55-60◦S zone in DJF, can be seen in Figure 5.13, where there is

also a significant correlation between SAM and mean wind stress (0.78).

The relationship between the wind stress and other variables is summarised

in Table 5.6, which presents significant correlations (and when they occur)

between mean wind stress and various other variables. Ekman transport is not

considered, as it is calculated using τ . There are few significant correlations

between mean wind stress and UCDW variables, compared with the number

that are associated with the ML and, excluding UCDW temperature in 45-

50◦S, the correlations are generally only for one season. Correlations between

mean wind stress and ML variables are all positive for ML depth, density

and salinity, but negative for temperature (with the exception of the 65-70◦S

zone). Some interesting observations from Table 5.6 include the fact that

correlations with ML variables generally occur in more than one season and

that the results, for the pairs SST and ML temperature and SSS and ML
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Table 5.6: Significant correlations (and when they occur) between the mean wind
stress and the variables presented (n/s=no significant correlation found, n/s=not
applicable).

Zone
110-160◦E 65-70◦S 60-65◦S 55-60◦S 50-55◦S 45-50◦S 40-45◦S

by

UCDW Vertical n/a n/s MAM(0.37) n/s n/s n/s
Velocity SON(0.29)

UCDW n/a SON(-0.33) n/s SON(0.29) SON(0.32) n/s
Temperature

UCDW n/a n/s SON(0.31) SON(-0.40) SON(-0.31) MAM(0.29)
Density

UCDW n/a MAM(0.30) n/s n/s n/s SON(0.28)
Salinity

UCDW n/a n/s DJF(-0.43) JJA(-0.36) n/s n/s
Top Depth

ML Depth DJF(0.50) DJF(0.79) DJF(0.62) DJF(0.43) DJF(0.81)
MAM(0.45) MAM(0.29) MAM(0.41) MAM(0.45)
JJA(0.65)
SON(0.70) SON(0.28)

ML DJF(0.38) DJF(-0.38) DJF(-0.41) n/s DJF(-0.31)
Temperature JJA(-0.30) MAM(-0.32)

SON(0.30) SON(-0.44) SON(-0.42)

ML Density DJF(0.58) DJF(0.46) n/s n/s n/s
MAM(0.37) MAM(0.44) MAM(0.38)
JJA(0.62) JJA(0.51) JJA(0.41)
SON(0.54) SON(0.46)

ML Salinity DJF(0.52) DJF(0.32) n/s n/s
MAM(0.39) MAM(0.41)
JJA(0.65) JJA(0.51) JJA(0.31)
SON(0.56) SON(0.43) SON(-0.34)

SST DJF(0.29) DJF(-0.46) DJF(-0.52) DJF(-0.33) DJF(-0.24) DJF(-0.42)
MAM(-0.31) MAM(-0.36)
SON(-0.49) SON(-0.42)

SSS DJF(0.40) DJF(0.56) DJF(0.38) n/s n/s n/s
MAM(0.33) MAM(0.43)
JJA(0.50) JJA(0.48)
SON(0.56) SON(0.42) SON(-0.34)

Stratification JJA(-0.31) n/s DJF(-0.39) DJF(-0.34) n/s n/s

Upward Ekman n/a DJF(0.61) n/a n/a n/a
Pumping Rate MAM(0.81) MAM(0.29)

JJA(0.78)
SON(0.74)
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Figure 5.14: Summer time series for SAM (Marshall , 2003), showing a positive trend
from the 1970s to the mid-1990s and a (non-significant) negative trend for the period
1998-2007.

salinity, are very similar both in magnitude and also in the season when they

occur. Few correlations are found between mean wind stress and stratification,

while positive correlations are found with Ekman pumping rate in all seasons

in 60-65◦S.

5.3 Trend Analyses

Before analysing trends for 1958-2007, it is worth noting that even though the

SAM index has been moving towards a more positive polarity since the 1970s

(Thompson and Solomon, 2002; Marshall , 2003), this is not true for all seasons

(Marshall , 2007). Using the data produced by Marshall (2003) applied to the

study period (1958-2007) it is found that the index shows a positive trend

for DJF and MAM only, in agreement with Marshall (2007), who analysed

the period 1957-2004. The SAM index for summer for 1958-2007 is shown

in Figure 5.14 and includes the period 1998-2007, which will be the focus of

later work here related to changes in primary production, since widespread

satellite remote sensing of chlorophyll-a is available from 1997 onwards. When

a similar analysis to the above is conducted for 1958-2007 for the MEI, it is

found that the index shows a significant positive trend in MAM and JJA only,

meaning that the index is moving to a more “El Niño-like” state. The PDO

is also moving to a more positive (“warm”) state in all seasons except SON.

These results are summarised in Appendix A Table A.1.

Summary tables for the significant linear trends in UCDW variables, strat-

ification, wind stress and Ekman variables, and ML and sea-surface variables,

are presented in Tables 5.7-5.9, respectively. Since trends are obtained for a

large number of time series (viz., seasonal time series for each variable and lati-

tudinal zone), the data are summarised by presenting the maximum significant

trend (over the four seasons), the seasons where there is a significant trend,

and marking with an asterisk the time period to which the maximum trend

applies. For example, ALL(MAM*) means that there are significant trends in
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Table 5.7: Significant maximum trends (per year) for UCDW variables (n/s=no
significant trend, * indicates season in which maximum trend occurs). Positive
values for UCDW top depth and UCDW southern-most position mean UCDW is
found closer to the surface and further south, respectively.

UCDW Vertical Temperature Density Salinity Top Depth
Velocity

(ms−1yr−1) (◦Cyr−1) (kgm−3yr−1) (yr−1) (myr−1)
60-65◦S 1.7×10−8 3.6×10−3 -4.3×10−4 -3.4×10−4 0.68

DJF,JJA* ALL(MAM*) ALL(SON*) SON* JJA,SON*

55-60◦S -7.0×10−8 n/s -2.8×10−4 n/s 0.7
SON* DJF* ALL(DJF*)

50-55◦S 9.4×10−8 -2.7×10−3 n/s n/s n/s
ALL(DJF*) ALL(DJF*)

45-50◦S 8.8×10−8 -1.7×10−3 n/s n/s n/s
ALL(MAM*) ALL(SON*)

40-45◦S 3.5×10−8 -8.3×10−4 n/s n/s n/s
ALL(DJF*) ALL(JJA*)

UCDW 1.8×10−2

Southern-most MAM,JJA*
Position (◦S)

all four seasons and that the maximum trend presented applies to the MAM

time period. Expanded versions of these tables, giving trends for all seasons

and zones, as well as 95% confidence intervals for these trends, can be found

in Appendix A Tables A.2-A.4.

5.3.1 Linear trends in UCDW variables

The 95% confidence intervals in Table A.2, associated with the trends in

UCDW, indicate that trends for UCDW top depth in particular should be

viewed with considerable caution. On the other hand, trends for UCDW ver-

tical velocity and UCDW temperature can be used with confidence.

The trends in Table 5.7 show that UCDW vertical velocity is increasing in

all seasons in the three most northerly zones (where UCDW is deep) and in

DJF and JJA in the most southerly zone (where UCDW upwells). In the two

most southerly zones 55-60◦S and 60-65◦S, UCDW is found to upwell closer to

the surface in most seasons, but not in DJF and MAM in 60-65◦S. Decreases

in UCDW density are found for the 60-65◦S zone. In addition, UCDW is found

to upwell further to the south over time in MAM and JJA.

UCDW temperature is increasing for all seasons in the 60-65◦S zone, but

interestingly no significant trends are found in the 55-60◦S zone. Another note-

worthy result is the decreasing trend in UCDW temperature found in the three

northerly zones in all seasons (45-50◦S and 50-55◦S in Figure 5.5). It might be

expected that UCDW would show increasing temperature in accordance with
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previous findings of increases in Southern Ocean temperatures (Aoki et al.,

2003; Gille, 2002) and the trends in 60-65◦S agree with this. However, this

is not the case for the other zones and, since UCDW, north of 50◦S, lies at

depths of up to 2400 m (Table 5.1), the cooling trends found in its temperature

may well be unrelated to warming in the upper ocean; they may, in fact, be

indicative of trends in deep water further in the past, since it is believed that

the time taken for NADW to move from the Northern Hemisphere and upwell

as UCDW is of the order of centuries (Santoso et al., 2006). This hypothesis

is consistent with the lack of significant trends in 55-60◦S, where the cooling

trend in the deeper water is counteracted by mixing with warming upper ocean

water, during upwelling.

The hypothesis that trends in UCDW are not related to surface trends

is also supported by the lack of correlations between the mean wind stress

and UCDW variables in Table 5.6 (with the exception of correlations with

UCDW temperature in 45-50◦S), in addition to the relatively low values of

the correlation coefficients. For example, there are only two single season

correlations between UCDW top depth and mean wind stress (and there are

no lagged ones up to a 10 year lag - not presented).

5.3.2 Linear trends in wind stress, stratification and Ek-

man variables

A full set of trends and confidence intervals for wind stress, stratification and

Ekman variables is given in Table A.3. The results indicate that, apart from

northward Ekman transport in the two most northerly zones and mean wind

stress in 40-45◦S, the trends can be used with good confidence. Positive trends

for maximum wind stress are found for DJF, consistent with increasing trends

in SAM in that season (bottom of Table 5.8), as well as decreasing trends

in SON. No significant trends are found for the location of maximum wind

stress. Trends in mean wind stress by latitudinal zone (presented in Table 5.8)

are positive in DJF and negative in SON. Finally, no trends are found in the

location where curl(τ ) is equal to zero.

Given that there are strong positive correlations between SAM and mean

wind stress in all seasons in 50-65◦S (Table 5.5) and that SAM shows an

increasing trend in DJF and MAM (Section 3.2), it is somewhat surprising

that the mean wind stress, unlike the maximum wind stress, shows a significant

increasing trend in DJF only in 60-70◦S and not in 50-60◦S. This is possibly

due to a confounding effect from ENSO, since the MEI exhibits a positive

trend in MAM (Table A.1).

Increasing SAMmay also mean winds moving south (Thompson and Solomon,

2002), but recent work has found that the effect of SAM depends on the re-
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Table 5.8: Significant maximum trends (per year) for stratification, wind stress and
Ekman variables (n/s=no significant trend, n/a=not applicable, * indicates season
in which maximum trend occurs).

Stratification Wind Stress Upward Ekman Northward
Pumping Rate Ekman Transport

(s−2yr−1) (Nm−2yr−1) (ms−1yr−1) (Svyr−1)
65-70◦S -1.0×10−7 8.9×10−4 n/a n/a

DJF*,SON DJF*

60-65◦S n/s 3.2/-4.2×10−4 1.2/-1.3×10−8 -1.0×10−2

DJF*/JJA,SON* DJF*/SON* SON*

55-60◦S -2.2×10−7 -1.1×10−3 8.5×10−9 -2.4×10−2

DJF,MAM* SON* DJF* SON*

50-55◦S -4.6×10−7 -7.8×10−4 n/a -2.2×10−2

DJF,MAM* SON* SON*
JJA

45-50◦S -5.8×10−7 n/s n/a 1.7×10−2

DJF,MAM* JJA*
JJA

40-45◦S 1.7/-2.0×10−7 4.0×10−4 n/a 1.6×10−2

MAM*/SON* MAM*,JJA JJA*

Maximum 7.6×10−4 -5.9×10−4 Location of
Wind DJF,MAM* SON* Maximum n/s
Stress Wind Stress

gion (Sallee et al., 2008; Drost and England , 2009) and that, in 110-150◦E

(contained within the study region) the winds will move north (Drost and

England , 2009). This study does not find a northerly trend, but does find that

there is no significant trend in the position of the maximum wind stress.

Data showing significant trends in stratification, upward Ekman pumping

rate and northwards Ekman transport are also given in Table 5.8. No trends are

given for upward Ekman pumping rate in 50-55◦S since in that region pumping

varies interannually from upwelling to downwelling, nor north of 50◦S, since

it is not is applicable there. Trends in Table 5.8 show that the mean upward

Ekman pumping rate is increasing in DJF in 55-65◦S, but is decreasing in

60-65◦S in SON. The other Ekman variable considered in Table 5.8 is the

mean northward Ekman transport, which is decreasing in 50-65◦S in SON and

increasing in JJA in the more northerly zones.

Stratification is decreasing over time, particularly in DJF, except in 60-

65◦S. An alternative measure for stratification (not presented here, but which

is simply the density difference at 200 m and 5 m depth), shows a greater

number of seasons where stratification is decreasing. The fact that there are

so few correlations between stratification and mean wind stress in Table 5.6

seems to indicate that stratification is affected by factors other than wind

stress, such as ML temperature and timing and extent of sea-ice melt (in the
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southern-most latitudes only).

5.3.3 Linear trends in mixed layer and sea-surface vari-

ables

A summary of trends in ML and sea-surface variables is given in Table 5.9 and

the full set of trends can be found in Table A.4, including the 95% confidence in-

terval for the trends. Study of these confidence intervals shows that, excluding

some density and salinity trends in the 60-70◦S zones, the ML and sea-surface

results can be used with a good degree of confidence. Trends for SST and ML

temperature, and SSS and ML salinity, in Table 5.9, are very similar in mag-

nitude between the ML and sea-surface variables, with the sea-surface trends

often a little larger than the ML trends. With only two exceptions, they also

occur in exactly the same seasons. Trends in ML depth found using the two

criteria, MLD and MLD(σ) (not presented), are similar in the sense that they

are in the same direction and occur in virtually all the same seasons. However,

the magnitude of the trends is larger in the case of MLD(σ).

With a few exceptions, all significant trends for ML and sea-surface vari-

ables presented in Table 5.9 are positive, indicating increasing SST and SSS

and ML depth, temperature, density and salinity in all seasons, except in the

most northerly and most southerly zones. In 65-70◦S, ML salinity is decreasing

in JJA and ML density is decreasing in all seasons but DJF. In addition, in

the 60-65◦S zone, SST and ML temperature are increasing, but only in JJA

and SON, SSS and ML salinity are increasing, but only in DJF, and there are

no significant trends in ML density. The final exceptions are the decreasing

trends in ML density in 40-45◦S in MAM and JJA.

These results appear partly to be related to trends in wind stress, particu-

larly in the more southerly zones, based on the strong correlations in Table 5.6

between mean wind stress and ML variables. In DJF, increasing wind stress

contributes to a deepening in the ML, an increase in evaporation and a sub-

sequent increase in salinity and density, as well as mixing of water of greater

density into the ML. The negative correlation between ML temperature and

mean wind stress in DJF and MAM is explained, in all but 55-60◦S and 60-

65◦S, by the mixing of colder, deeper water into the ML (Tables 5.1 and 5.3 for

UCDW and ML temperatures). However, this effect is outweighed by surface

heating, leading to positive trends in ML temperatures.

In 60-65◦S a different situation arises in DJF and MAM, and in 55-60◦S

in DJF, where there are no significant positive trends in SST and ML tem-

perature, unlike all other zones and seasons. An explanation for this in DJF

in 55-60◦S and 60-65◦S could be related to the presence in January-March of

colder remnant water between the ML and UCDW (Figure 3.3). Increasing
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Table 5.9: Significant maximum trends (per year) for mixed layer and sea-surface
variables (n/s=no significant trend, * indicates season in which maximum trend
occurs).

ML ML ML ML SST SSS
Depth Density Salinity Temperature

(myr−1) (kgm−3yr−1) (yr−1) (◦Cyr−1) (◦Cyr−1)
65-70◦S n/s 4.3/-7.7×10−4 7.5/-5.7×10−4 6.2×10−3 8.0×10−3 1.3×10−3

DJF*/MAM, DJF*/JJA* ALL(JJA*) ALL(JJA*) DJF*
JJA*,SON

60-65◦S 1.7×10−1 n/s 1.0×10−3 1.2×10−2 1.4×10−2 1.1×10−3

ALL(JJA*) DJF* JJA*,SON JJA*,SON DJF*

55-60◦S 6.3×10−1 2.4×10−3 3.3×10−3 1.7×10−2 1.9×10−2 3.3×10−3

ALL(JJA*) ALL(DJF*) ALL(DJF*) MAM,JJA, MAM,JJA*, ALL(DJF*)
SON* SON

50-55◦S 7.9×10−1 2.9×10−3 5.6×10−3 2.6×10−2 2.7×10−2 5.7×10−3

ALL(JJA*) ALL(DJF*) ALL(DJF*) ALL(SON*) ALL(SON*) ALL(DJF*)

45-50◦S 1.0 4.6×10−3 7.6×10−3 2.6×10−2 2.5×10−2 7.6×10−3

ALL(SON*) DJF*,MAM, ALL(DJF*) ALL(SON*) ALL(SON*) ALL(DJF*)
SON

40-45◦S 4.8×10−1 -2.2×10−3 2.9×10−3 1.6×10−2 1.5×10−2 3.0×10−3

SON* MAM*,JJA DJF*,SON ALL(MAM*) ALL(MAM*) DJF,JJA,
SON*

Table 5.10: Significant maximum trends per year, calculated as a percentage of the
median value (n/s=no significant trend, n/a=not applicable, * indicates season in
which maximum trend occurs.)

Zone
110-160◦E 65-70◦S 60-65◦S 55-60◦S 50-55◦S 45-50◦S 40-45◦S

by
UCDW n/a 0.58 -0.38 0.42 0.95 1.13

Vertical Velocity DJF,JJA* SON* ALL(DJF*) ALL(MAM*) ALL(DJF*)

UCDW n/a 0.87 1.2 n/s n/s n/s
Top Depth JJA*,SON ALL(DJF*),

Mixed Layer n/s 0.48 0.72 0.74 0.94 0.46
Depth ALL(DJF*) ALL(JJA*) ALL(DJF*) ALL(SON*) SON*

Stratification -0.52 n/s -0.33 -0.72 -0.86 0.22/-0.59
DJF,SON* DJF*,MAM DJF,MAM* DJF,MAM*, MAM*/SON*

JJA JJA

Mean Wind 1.34 0.60/-0.48 -0.63 -0.42 n/s 0.41
Stress DJF* DJF*/ SON* SON* MAM*,JJA

JJA,SON*

Upward Ekman n/a 0.77/-0.59 0.78 n/a n/a n/a
Pumping Rate DJF*/SON* DJF*

Northward n/a -0.65 -0.65 -0.45 0.37 0.35
Ekman Transport SON* SON* SON* JJA* JJA*

Maximum 0.21/-0.29
Wind Stress DJF*/SON*

98



winds (Table 5.8) mix this colder water into the ML, where it counteracts the

surface warming. The situation in MAM in 60-65◦S is different from DJF in

that there is no negative correlation between mean wind stress and tempera-

ture there (Table 5.6) and there is still a weakly significant (90% confidence

level) positive trend in ML temperature.

Maximum significant trends are also presented, as a percentage of (the

absolute value of) the median value, in Table 5.10, for those variables where it

is meaningful to do so. The values for percentage trend, given in Table 5.10,

are greatest for UCDW top depth and some vertical velocity, mean wind stress

and ML depth values.

5.3.4 Intrusion of UCDW into the mixed layer

The frequency with which UCDW upwells into the mixed layer is important

for the entrainment of nutrients (in particular, iron), which is thought to be

critical for primary production (Martin et al., 1990b; Hoppema et al., 2003).

The intrusion of UCDW into the ML is studied in SODA by comparing the

MLD and the top position of UCDW at each grid-point in a particular zone.

If UCDW is detected closer to the surface than the MLD, this is recorded as

UCDW having been detected in the ML. Data are presented in Figure 5.15 for

the 65-70◦S, 60-65◦S, 55-60◦S and 50-55◦S zones and these are broken down

by decade and season, where the 2000-2007 data are scaled to 10 years. It

is important to note that, although Figure 5.3 presents the seasonal cycles in

both MLD and top UCDW, these data are climatological mean depths for the

zone only and are misleading in the sense that they imply that UCDW is at a

lower depth than the MLD over the whole latitudinal zone, which may not in

fact be the case.

Data are presented for the 65-70◦S zone for completeness, although UCDW

is detected very infrequently in that zone. Figure 5.15 shows noticeable differ-

ences between the four zones in the seasons where the majority of detections

of UCDW in the ML occur. In 65-70◦S and 60-65◦S this happens in DJF and

MAM, in 55-60◦S in MAM, JJA and SON and in 50-55◦S in JJA and SON.

These results do not appear to be related to the seasonal southward movement

in the position of UCDW upwelling, since Figure 5.2 shows that the climato-

logical values of the southern-most position of UCDW vary only between about

64.5◦S and 65.7◦S and not into the 55-60◦S zone. The data in Figure 5.15 sug-

gest that UCDW upwells south of the PF (around 55◦S, Figure 3.1), as well as

entering the 55-60◦S and 50-55◦S zones from the south by Ekman transport.

The seasonal difference may then be attributed to the time taken for UCDW

to move northwards from the 60-65◦S into the other two zones. For example,

the time to move from 60-65◦S to the 55-60◦S zone is of the order of several
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Figure 5.15: Number of times UCDW is detected in the mixed layer by decade and
season in (a) 65-70◦S, (b) 60-65◦S, (c) 55-60◦S and (d) 50-55◦S. Data from 2000-2007
are scaled to 10 years.

months, based on moving 10◦ north at the northward Ekman velocity of 0.015

ms−1 (Yang et al., 2007a) for the 60-65◦S zone and this is consistent with the

changes from Figure 5.15(b) to (c).

Even though the overall number of times UCDW is detected in the ML

is greater in JJA than in any other season (overall totals for 50-65◦S are:

DJF (120), MAM (221), JJA (283) and SON (242)), it would seem that

UCDW is primarily entrained in the ML in summer/autumn (in 55-65◦S),

rather than in autumn/winter, as has previously been reported in the Atlantic

(Hoppema et al., 2003; Gordon and Huber , 1990) and in the Pacific (Hiscock

et al., 2003). The usual explanation involves the seasonal deepening of the

ML in autumn/winter, but this does not seem to be the case, as both the

MLD and the UCDW upwelling depth follow a similar seasonal cycle (Figure

5.3), which means that the deepening of the ML in winter is accompanied by

a concomitant deepening of the UCDW upwelling depth.

Figure 5.15 also shows that the total number of times UCDW is detected
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Table 5.11: Trends (per year) in top UCDW and ML depth, with 95% confidence
interval limits, for the shorter period 1958-2000 in the Australian sector (n/s=no
significant trend found. A positive trend in UCDW top depth means that UCDW
is found closer to the surface.

60-65◦S 55-60◦S 50-55◦S

MLD

(myr−1)
DJF 0.16±0.11 0.18±0.10 0.39±0.16
MAM 0.21±0.11 0.21±0.10 0.34±0.18
JJA 0.22±0.14 0.58±0.18 0.48±0.26
SON 0.18±0.12 0.51±0.18 0.61±0.26

UCDW Top Depth

(myr−1)
DJF 0.52±0.52 1.26±0.51 0.42±0.42
MAM 0.38±0.38 0.70±0.70 n/s
JJA 0.93±0.46 0.75±0.75 n/s
SON 1.02±0.52 0.93±0.49 n/s

in the ML has increased from the 1960s to the 1990s, but not into the 2000s.

Trends for 1958-2000, from Table 5.9, show increasing MLD, but it is not

entirely clear whether trends for UCDW top depth in Table 5.7 indicate that

UCDW is found increasingly near to the surface, given the large range of the

95% confidence intervals in Table A.2. In order to reconcile this with trends in

Figure 5.15, trends are re-calculated for these two variables for the shorter time

period 1958-2000. These results, given in Table 5.11, show that for 1958-2000,

the ML is deepening and UCDW top depth is also increasing (that is, moving

closer to the surface), both in the 60-65◦S and 55-60◦S zones. These trends

are consistent with the increase found in the number of times that UCDW is

detected in the ML over the period from 1958 to 2000. Of note also in Figure

5.15 is the large number of detections in the 55-60◦S zone (particularly in the

1990s, where UCDW is detected in the ML in 108 out of 120 possible months),

the result of UCDW entering the ML from below as well as its movement

northwards from the 60-65◦S zone.

5.4 The Connection with Primary Production

in the Southern-most Zones

UCDW upwells in the latitudinal zones 55-65◦S and entrains nutrients that

are essential for phytoplankton growth into the ML. This work has found that

in autumn and winter there is a weak trend southwards in the southern-most

latitude where UCDW can be detected. This may be important for regional

phytoplankton growth and biomass, due to the fact that, during the BROKE

(Baseline Research on Oceanography Krill and the Environment) survey, a
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connection was found between circulation patterns (and surface water tem-

peratures) and the structure of the food web, namely the abundance of krill

compared with salps (Nicol et al., 2000).

The strongest trend associated with UCDW is in UCDW top depth, which

is moving closer to the surface, and, combined with the deepening trend in the

MLD, leads to an increase in the number of times UCDW is detected in the

ML, again with implications for primary production. In addition, although

an increasing trend in the upward Ekman pumping rate is found in summer,

this is not accompanied by an increase in the northward Ekman transport.

This has the effect of increasing the residence time of the nutrients available

for primary production. On the other hand, decreasing transport is found

in spring in 50-65◦S, as well as decreasing pumping in 60-65◦S, resulting in

a decreased supply of nutrients. Other significant summer trends in the 55-

65◦S zone are increasing wind stress (in 60-70◦S), increasing ML salinity and

density (in 55-60◦S). However, the overall impact of the various trends on

primary production is difficult to quantify and other factors, such as changes

in irradiance levels, also need to be taken into account.

5.5 Comparison with Previous Studies

Significant surface and subsurface warming in some sectors of the Southern

Ocean has been found both in a small number of regional observational studies

(see below), as well as in the ensemble of coupled climate simulations, which

were run as part of the IPCC Fourth Assessment Report (Trenberth et al.,

2007). For example, Levitus et al. (2005) plotted vertical sections of the upper

1500 m in each of the Pacific, Indian and Atlantic oceans, showing trends in

temperature from 1955-2003. These indicated increasing ML temperatures for

most of the southern Pacific Ocean, excluding south of 70◦S. Global maps of

SST trends from 1979-2005 (Trenberth et al., 2007) and some modelling studies

(Zhang , 2007), indicate warming in the northern parts of the study region and

possible cooling near the Antarctic continent, particularly in DJF, although

sparse data coverage makes calculation of trends, in some southern parts of

the region, problematic. Results from the present study show an increase in

ML temperature in the range 1-2×10−2 ◦C/yr (Tables 5.9 and A.4), except in

DJF and MAM in 60-65◦S and DJF in 55-60◦S, consistent with the above.

Data in the study region has been collected at Maria Island (42.6◦S, 148.23◦E)

from 1944-2005, and recent work (Hill et al., 2008) has found a strong positive

trend and quasi-decadal variability in both temperature and salinity (2.2×10−2

◦C/yr and 3×10−3/year, respectively). These are consistent in sign and order

of magnitude with the ML results found here in that latitudinal region.

102



Similar vertical sections to those mentioned above for temperature have

also been constructed for salinity (Boyer et al., 2005) and these show very

different trends for salinity, depending on which ocean is being studied. For

example, near-surface salinity increases are found over almost all of the Indian

Ocean, whereas in the Pacific Ocean patches of decreasing trends are found,

with the largest decreases south of 70◦S. This led to the IPCC conclusion

(Trenberth et al., 2007) that in the polar region of the Pacific Ocean south of

50◦S there is a relatively weak freshening signal. Decreasing salinity has been

found at a few Southern Ocean sites near to Antarctica, possibly associated

with increased precipitation, sea-ice extent, sea-ice melt or changes in CDW

upwelling (Jacobs , 2006). This study finds increased ML salinity in most zones

in the study region, including the zones near the Antarctic continent in summer

but not in the other seasons, and this is consistent with trends of decreased

precipitation north of 50◦S and the Maria Island results, mentioned above.

It is unclear whether the ML trends found here for salinity south of 50◦S in

summer are inconsistent with previous work, due to uncertainties introduced

by the uneven spatial and temporal distribution of observations in this region

(Jacobs , 2006; Boyer et al., 2005).

The few observational studies available in the SO have reported both sur-

face and sub-surface warming. For example, temperature data (Gille, 2002)

from the 1950s and 1990s over the SO between 35 and 65◦S, in the 700-1100 m

depth range, shows an increase of around 4×10−3 ◦C/yr, with warming con-

centrated within the ACC (Gille, 2008). This trend is similar to one found in

the Indian sector of the SO (Aoki et al., 2003), close to the sACCf, taken as an

average over 200-900 m for 1966-1998. Such results are similar to those found

here for UCDW in the 60-65◦S zone (3.6×10−3 ◦C/yr), although there are no

significant trends in the 55-60◦S zone.

A recent study by Böning et al. (2008) has used both Argo float and histori-

cal data combined into a high resolution (0.5◦) gridded climatology to examine

temperature and salinity trends over the hemispheric SO. This data set does

not resolve the seasonal cycle well and so no inferences are possible for the

upper 200 m. The study found temporal changes (1960-2006) across the ACC

(SAF and PF), averaged over 300-1000 m, which showed temperature increases

of 6×10−3 ◦C/yr and salinity decreases of -4×10−4/year. The UCDW results of

this study in 60-65◦S for temperature are in agreement with the other studies

cited above (Aoki et al., 2003; Gille, 2002) and the above results in 60-65◦S,

where UCDW lies in the depth range of the above results. The present study

also finds an increasing trend in UCDW temperature only in 60-65◦S and

no significant trend in 50-55◦S, with decreasing UCDW temperature north

of 55◦S. The temperature results are, however, consistent with trends found
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from measurements taken in the Pacific along 170◦W between 40 and 20◦S

from 1968/69 to 1990 (Santoso et al., 2006; Johnson and Orsi , 1997), which

show temperature trends of -3×10−3 ◦C/yr (and decreases in salinity) along

deep density surfaces corresponding to UCDW. Böning et al. (2008) and Aoki

et al. (2005) also studied UCDW on isopycnal surfaces, which are not directly

comparable with this work, as the present results are obtained by averaging

over the full UCDW density range (27.35 kg m−3 < σθ < 27.75 kg m−3) for

θ > 1.5◦C.

A recent study by Yang et al. (2007a) used an earlier reanalysis (1.4.2) of

the SODA data to calculate trends associated with the meridional circulation,

but in their case the trends are found for the whole SO. The authors found a

strengthening of the Deacon cell, from 1980-2000, including an increase in the

Ekman pumping rate and the northward Ekman velocity (which also showed

a poleward shift), induced by changes in the SAM. However, recently (Böning

et al., 2008) have concluded that the SO overturning circulation is insensitive

to decadal changes in wind stress, due to stronger westerly winds inducing

an increase in eddy activity, which counteracts increases in northward Ekman

transport. The present study, which focuses on the region south of Australia

and considers a longer time period (1958-2007) than the previous SODA study,

finds a complex response to wind forcing, which involves both SAM and ENSO,

and, while it does find an increase in Ekman pumping in summer, south of

55◦S, does not find that this translates into an increase in northward Ekman

transport in the Australian region.

This work is based on the SODA 2.0.2/2.0.4 reanalysis, which constrains

POP model output using a wide selection of SO observational data. There

are, however, limitations associated with this approach in the data-sparse SO,

particularly in earlier time periods and in the deep ocean. This means that

trends calculated for hydrographic variables in the deep ocean (for example,

UCDW in low latitudes, but not UCDW where it is shoaling) need to be viewed

with some caution. Hence, discrepancies between trends found here and those

of other studies may possibly be related to the SODA data or they may be

due to the fact that the Australian region has its own idiosyncrasies associated

with the effect of the SAM there. For example, the response of the oceanic

fronts to the SAM varies in different regions of the SO, which the authors

(Sallee et al., 2008) identify as the Indian, Central Pacific and Indo-Pacific

basins. Thus comparison of trends, found using data from different regions,

may not be valid. In addition, in the Australian region, the positive trend in

the SAM is not accompanied by a southward shifting of the winds (consistent

with no significant trend in the position of the maximum wind stress), unlike

some other regions, such as the Indian basin (Drost and England , 2009).
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It is worth noting here that recent work by Hosoda et al. (2009) and Roem-

mich and Gilson (2009), based on Argo float data, which shows decreasing

surface layer salinity and temperature in some parts of the Australian sec-

tor, cannot be meaningfully compared with the present work, due to the time

periods being considered. The trends presented here are over the time pe-

riod 1958-2007, whereas the other studies compare mean values for 2003-2007

or 2004-2008, respectively, with climatological values from the World Ocean

Database (1960-1989) or the World Ocean Atlas, respectively.

5.6 Conclusions

This chapter focuses on the Australian region of the Southern Ocean (110-

160◦E, 40-70◦S) and uses data from the SODA 2.0.2/2.0.4 reanalysis to inves-

tigate the climatological physical environment, as well as trends in the time

series (1958-2007) of various physical parameters. Results are analysed by sea-

son and by five-degree latitudinal zone. Trends, quoted below, represent the

range in seasonal values for the southern-most zones 55-70◦S.

Significant strong increases are found in ML depth (0.11-0.63 m/year) and

ML temperature (0.5-1.7×10−2◦C/yr), with the notable exception of ML tem-

perature in DJF and MAM in 60-65◦S and DJF in 55-60◦S, where no significant

trends are found. Density stratification, found at the base of the ML, shows

a decreasing trend over time, in some seasons, but not in 60-65◦S. Smaller

increases are found in ML density in 55-60◦S (0.8-2.4×10−3 kg m−3/year) and

in salinity (2.2-3.3×10−3/year). It should be noted that these trends are for

the period 1958-2007 and cannot be compared with recent results, which show

decreases in sea-surface temperature (Roemmich and Gilson, 2009) and salin-

ity (Roemmich and Gilson, 2009; Hosoda et al., 2009), in some parts of the

study region. This is due to the fact that these studies compare more recent

Argo data with World Ocean Atlas climatological means, which results in a

later and shorter time period being compared.

The above trends can be attributed, at least in part, to changes in the winds

in the region, which show increasing strength in DJF, in line with positive

trends in the SAM, with the strongest percentage increases in mean wind

stress occurring in DJF in 60-70◦S. Strong positive correlations, found between

mean wind stress and ML depth (in all zones) and with ML density and salinity

(south of 55◦S), particularly in DJF/MAM, are consistent with increasing ML

depth, as well as increasing ML density and salinity, due to increased wind

mixing and evaporation. The seemingly anomalous result of no significant

temperature trend in 60-65◦S in DJF, as opposed to increasing ML temperature

in all other zones and seasons, could also be related to wind mixing, where the
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increasing wind mixes cooler remnant winter water into the ML, counteracting

the effect of surface warming.

Ekman pumping is found to increase in DJF in the southerly zones, but

this does not lead to an increase in northward Ekman transport, nor does it

seem to be connected to the depth to which UCDW upwells (at least on a

decadal time-scale). The upwelling of UCDW to the ML is studied, as it is

thought to be crucial in the supply of nutrients in the zones where it upwells

(approximately 55-65◦S). An increasing trend is found in the number of occa-

sions where UCDW is found in the ML, over the period from the 1960s to 2000;

contrary to previous studies in other SO regions (Hiscock et al., 2003; Hoppema

et al., 2003; Gordon and Huber , 1990), it appears that the main entrainment

of UCDW into the ML in the Australian region occurs in summer/autumn,

rather than autumn/winter. This is due to UCDW upwelling into the ML in

60-65◦S, predominantly in summer and autumn, and then moving northward

over a period of months, where it can be detected in the ML more often in

winter and spring.

Other significant UCDW trends include an increase in upwelling velocity

(but predominantly in the more northerly zones, where UCDW is found at

depths up to 2400 m) and a decrease in UCDW temperature there, contrary

to general upper ocean warming. An increase in UCDW temperature and a

decrease in UCDW density are also found in the most southerly 60-65◦S zone

where UCDW is found. In addition, a small but significant increase (southerly

movement) in the latitude of the southernmost location of UCDW is also found,

but only in autumn and winter. It would seem that trends in UCDW, except

perhaps in the zones where it upwells and mixes with other water masses,

occur on a different, and presumably much longer, timescale than changes in

the ML.

In terms of the way the various physical features and trends are related to

primary production in the 55-65◦S zones in the Australian region studied, it is

noted that, summer brings very shallow mixed layers and higher temperatures,

very low wind stress, quite high stratification and very low northward Ekman

transport, which means that nutrients, injected into the ML by UCDW up-

welling, will be advected northwards only slowly. The combination of these

factors leads to favourable conditions for primary production, as does the in-

creasing trend in the number of times UCDW can be detected in the ML.

However, other trends documented here, such as increased ML depth with

no increase in ML temperature or stratification in DJF, in addition to the

southward trend in the position of UCDW upwelling, may counteract these

effects.
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Chapter 6

A comparison of upper ocean

structure and the circulation of

Upper Circumpolar Deep Water

in three Southern Ocean sectors

in 1958-2007

In this chapter the robustness of the Australian sector results in Chapter 5 is

examined by comparison with SODA data for the Indian and Pacific sectors.

Since UCDW consists mainly of water that has recirculated from the Pacific

and Indian Oceans (Callahan, 1972; Reid , 1981) and the time taken for NADW

to move from the Northern to the Southern Hemisphere and upwell as UCDW

is of the order of centuries (Santoso et al., 2006), it is of interest to see if any

decadal-scale trends can be detected in UCDW. The purpose of this chapter is

to document UCDW upwelling in each of the sectors, that is, its characteristics,

how far south it is found and the top depth to which it upwells, as well as

trends in UCDW and ML hydrographic variables. In addition, any possible

connections with changes in the westerly winds are also investigated. In order

to simplify comparisons between the three ocean sectors, full 600 point (50

years times 12 months) time series are used, rather than seasonal ones.

6.1 Climatological UCDW, ML and Wind Data

6.1.1 Climatological UCDW

UCDW is entrained in the ACC as it shoals meridionally upwards towards

the Antarctic continent along steeply tilted isopycnals. This upwelling occurs

south of the PF and north of the sBdy of the ACC (Orsi et al., 1995; Sokolov
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(a)

(b)

Figure 6.1: Isopycnals in SODA identifying UCDW are overlaid on a temperature
plot along (a) 34◦E and (b) 60◦E in the Indian sector, in February 1997.
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Figure 6.2: Isopycnals in SODA identifying UCDW are overlaid on a temperature
plot along 100◦W in the Pacific sector, in February 1997.

and Rintoul , 2002; Hiscock et al., 2003) and because of the different latitudinal

positions of the PF and the sBdy (Figure 3.2) UCDW is found near the surface

further north, in the Indian Ocean sector, and further south, in the Pacific

sector, than in the Australian sector. This is illustrated in Figures 6.1 and

6.2, for the Indian and Pacific sectors, respectively, compared with Figure 3.3,

for the Australian sector. These show isopycnals identifying UCDW (overlaid

on a temperature plot), along (a) 34◦E and (b) 60◦E in the Indian sector, and

in Figure 6.2, along 100◦W in the Pacific sector, in February 1997. Note the

difference between the Indian Ocean plots along 34◦E and 60◦E, the former

of which is in the part of the Indian ocean sector where the sBdy is very far

north compared with further east in the sector (Figure 3.2).

Climatological annual means for the southern-most position of UCDW, viz.

Indian (64.5◦S), Australian (65.1◦S) and Pacific (72.7◦S), are consistent with

the position of the sBdy as shown in Figure 3.2 and also with the positions of

the ACC fronts, shown in Figure 6.3 (Orsi and Ryan, 2001, updated 2006).

Based on the positions of the PF and sBdy shown in these figures, it can be

estimated that UCDW upwells near to the surface in the following latitudinal

zones: Indian (50-65◦S), Australian (55-65◦S) and Pacific (60-70◦S). It should

be noted that the larger range for the Indian sector occurs because of the

large latitudinal range in the sACCf and the sBdy in that particular sector

(20-60◦E).

In order to compare UCDW in the three sectors, where there is such a
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Figure 6.3: Positions of the various fronts of the ACC (Orsi and Ryan, 2001, updated
2006). Study sectors are Indian (20-60◦E, 40-70◦S), Australian (110-160◦E, 70-65◦S)
and Pacific (130-80◦W, 40-75◦S).

Table 6.1: Latitudinal zones and their relationship to the ACC frontal zones in the
three Southern Ocean sectors, as used for sector comparisons in this work.

Frontal Australian Indian Pacific
Zone sector sector sector

STCZ 40-45◦S 40-45◦S 45-50◦S
SAZ 45-50◦S 45-50◦S 50-55◦S
PFZ 50-55◦S 50-55◦S 55-60◦S
AZ 55-60◦S 55-60◦S 60-65◦S

sACCZ 60-65◦S 60-65◦S 65-70◦S
SZ 65-70◦S 65-70◦S 70-75◦S
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Table 6.2: Annual means of climatological values for UCDW variables

UCDW sACCZ AZ PFZ SAZ STCZ
Vertical Velocity (ms−1)

Australian 0.29×10−5 1.8×10−5 2.3×10−5 0.91×10−5 0.32×10−5

Indian 0.16×10−5 0.31×10−5 0.84×10−5 1.1×10−5 1.7×10−5

Pacific 0.21×10−5 0.71×10−5 1.2×10−5 0.46×10−5 0.22×10−5

Temperature (◦C)
Australian 1.9 2.1 2.4 2.6 2.7
Indian 1.7 1.8 2.0 2.3 2.7
Pacific 1.8 2.1 2.4 2.5 2.4

Depth Range (m)
Australian 60-800 75-1700 120-2400 470-2400 1100-2400
Indian 140-500 130-900 130-1400 180-1900 400-2300
Pacific 150-900 140-1600 180-2200 770-2600 1000-2600

variation in the position of the fronts and therefore in its upwelling position,

the comparisons are presented by ACC frontal rather than latitudinal zones.

The calculations are still made by latitudinal zone. This means that instead

of giving values for ML temperature, for example, for 65-70◦S in the Pacific

sector (which is in the sACCZ) and in 60-65◦S in the other two sectors (also

in the sACCZ), the results will be presented in the sACCZ. The zones used

(from north to south) will be SAZ, PFZ, AZ, sACCZ and SZ (Table 2.1 gives

the relationship between the fronts and the zones). An additional zone, the

Subtropical Convergence Zone (STCZ, Tomczak and Godfrey (1994)), north

of the SAZ, will also be used in this work. The SZ (south of the sBdy) is

not relevant for work involving UCDW, but is defined here for later use with

ML and other variables. The relationship between the frontal and the various

five-degree latitudinal zones is delineated in Table 6.1. The allocation of the

various five-degree latitudinal sectors to the various frontal zones, based on

the positions of the fronts in Figure 6.3, is only approximate, and that is

particularly the case for the Indian sector where the sACCf covers such a wide

latitudinal range However, this method does allow useful comparisons to be

made between UCDW in the three sectors.

Before comparing UCDW climatological means in the three sectors, it is

useful to look at an example for a particular month (January 2004) of UCDW

depth-averaged temperature and UCDW top depth in the Indian (Figure 6.4)

and Pacific sectors (Figure 6.5). These plots are comparable to those for the

Australian sector in Figures 5.4(a) and 5.1. These plots illustrate the extent

of UCDW as well as features detected for the Australian sector such as the

fact that UCDW temperature decreases as it shoals southwards.

Annual means for various UCDW variables (averaged over UCDW depth

in each zone) are given in Table 6.2. UCDW annual density (27.6 kg m−3) and

salinity (34.6 psu), which lie in the range over which UCDW is defined, do not

vary by frontal zone and are therefore not included in Table 6.2.

In each sector, an increase in UCDW vertical velocity can be seen in the

zones where UCDW upwells along steeply tilted isopycnals, followed by a de-
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(a)

(b)

Figure 6.4: Plots of (a) depth averaged UCDW temperature and (b) UCDW top
depth in the Indian sector in January 2004.
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(a)

(b)

Figure 6.5: Plots of (a) depth averaged UCDW temperature and (b) UCDW top
depth in the Pacific sector in January 2004.
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crease in vertical velocity as UCDW nears the surface (for example, Figure

6.2). UCDW temperature also decreases as UCDW shoals from around 2500

m to annual mean top depths which vary from 140 m (Pacific), 130 (Indian)

to 60 m (Australian). UCDW temperatures are generally lower in the Indian

sector than in the other two sectors and this may be related to the fact that

UCDW is not found as deep in the Indian sector as in the other two sectors

(Depth Range in Table 6.2).

In both the Indian and Pacific sectors, UCDW upwells higher in the AZ

than in the sACCZ (Table 6.2). In the case of the Indian sector this may be

due to the fact that UCDW upwells into the 60-65◦S (sACCZ) zone only in

the eastern part of the 20-60◦E sector (Figure 3.2). The explanation for the

Pacific sector is possibly related to UCDW upwelling onto the Antarctic shelf

in that region.

6.1.2 Climatological wind stress

Yearly climatologies, for each of the sectors, of maximum wind stress over the

full zone and its position, are presented in Figure 6.6. Mean wind stress by

zone (not presented) varies from low in the most southerly latitudes, peaks in

50-55◦S and then decreases again. In all but the most northerly zones, the

minimum wind stress occurs in December/January. However, this zonal mean

wind stress is more regional in nature and does not necessarily exhibit the same

behaviour as the maximum wind stress. Figure 6.6 shows that the maximum

wind stress has a very similar pattern in the Australian and Pacific sectors,

peaking twice a year in March/April and September/October, with the semi-

annual oscillation of atmospheric pressure (van Loon, 1967; Simmonds and

Jones , 1998). Minimum values occur mid-year and in December, although

the December minimum is more marked in the Australian sector than in the

Pacific. In addition, the magnitude of the maximum wind stress is greater

in the Australian sector than in the Pacific sector. Maximum wind stress

is greatest in the Indian sector and follows a completely different pattern,

increasing monotonically from a January minimum to an August peak and

then decreasing monotonically again.

However, when studying the location of the maximum wind stress in Figure

6.6(b) it can be seen that, in this case, similarities exist between the Australian

and Indian (not Pacific) sectors, where the winds move south in March/April

and August/September and are at their most northerly position in Decem-

ber/January. In contrast, the Pacific winds move (much further) south around

July-October.

114



 0.2

 0.22

 0.24

 0.26

 0.28

 0.3

 0.32

 0.34

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

W
in

d 
St

re
ss

 (
N

m
-2

)

Australian sector
Indian sector

Pacific sector

(a)

 48

 49

 50

 51

 52

 53

 54

 55

 56

 57

 58

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Po
si

tio
n 

of
 M

ax
 W

in
d 

St
re

ss
 (

˚S
)

Australian sector
Indian sector

Pacific sector

(b)

Figure 6.6: Climatology of (a) maximum wind stress and (b) its position.
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Table 6.3: Mixed layer and sea-surface annual climatological means

SZ sACCZ AZ PFZ SAZ STCZ
ML Density (kgm−3) Australian 27.4 27.3 27.0 26.7 26.4 26.2

Indian 27.4 27.2 27.1 27.0 26.7 26.1
Pacific 27.3 27.1 27.1 26.9 26.6 26.3

ML Salinity Australian 34.1 34.0 33.8 33.8 34.1 34.6
Indian 34.1 33.9 33.8 33.8 33.8 34.3
Pacific 33.9 33.8 33.9 33.9 34.0 33.9

ML Depth (m) Australian 103.8 48.9 64.0 88.0 98.7 81.1
Indian 89.1 44.8 57.2 90.4 89.4 68.3
Pacific 59.8 49.3 70.5 99.8 103.8 77.9

ML Temp (◦C) Australian -1.1 0.0 2.0 5.1 9.1 12.4
Indian -0.8 -0.3 0.5 2.0 5.0 11.1
Pacific -1.0 -0.5 1.7 4.4 6.9 8.9

SST (◦C) Australian -1.2 0.1 2.1 5.2 9.1 12.6
Indian -1.0 -0.3 0.5 2.0 5.1 11.4
Pacific -1.1 -0.5 1.7 4.5 6.9 9.0

SSS Australian 34.0 34.0 33.8 33.8 34.1 34.6
Indian 33.9 33.9 33.8 33.8 33.8 34.2
Pacific 33.8 33.7 33.8 33.9 33.9 33.9

6.1.3 Climatological mixed layer and sea-surface vari-

ables

Climatological means for ML depth, temperature, density and salinity and SST

and SSS are given in Table 6.3 for each frontal zone, in each of the three sectors.

In each sector, annual ML density decreases and ML temperature increases

northwards, whereas a minimum in ML salinity occurs in the middle latitudes.

Annual ML depth has near maximum values in the SZ, then minimum values

in the sACCZ, after which it increases northwards from the sACCZ to the

SAZ, followed by a decrease in the STCZ.

6.2 The Connection between the SH winds and

Changes in UCDW and the ML

Correlations in this section are performed between the original (and not de-

trended) time series, so that the effect of wind stress on trends in other vari-

ables can be investigated. However, other work (not presented) indicates that

detrending makes little difference to the results.

6.2.1 Correlations between SAM/MEI and mean wind

stress

Here the connection between the global climate indices SAM, MEI and PDO

and the mean wind stress is investigated in the various zones of the three

ocean sectors. Values of significant correlations are given in Table 6.4 and,
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Table 6.4: Correlations between mean wind stress and global climate indices
(n/s=not significant).

SZ sACCZ AZ PFZ SAZ STCZ

SAM Australian -0.12 0.33 0.48 0.38 0.10 -0.16
Indian -0.10 0.21 0.41 0.32 n/s -0.17
Pacific n/s 0.16 0.26 0.25 0.15 n/s

MEI Australian 0.10 n/s n/s 0.18 0.26 0.17
Indian n/s n/s n/s n/s 0.11 n/s
Pacific -0.09 0.16 n/s -0.17 -0.30 -0.36

PDO Australian 0.17 n/s n/s 0.13 0.19 0.16
Indian n/s 0.08 0.10 0.09 0.08 n/s
Pacific n/s 0.11 n/s n/s -0.12 -0.15

overall, it can be seen that the stronger correlations between mean wind stress

and SAM are in the more southerly zones (excluding SZ), while the stronger

correlations with MEI are in the more northerly zones. Also notable are how

few correlations there are with MEI in the Indian sector. There are positive

correlations between mean wind stress and SAM in most zones, although they

are negative in SZ and STCZ. On the other hand, correlations with MEI are

negative in the more northerly zones in the Pacific sector. These results are

consistent with SAM as the dominant mode of climate variability in the middle

and high latitudes of the SH (Lovenduski and Gruber , 2005). The opposite

signs in the correlations between SAM and mean wind stress, and MEI and

wind stress are consistent with studies that have found that ENSO and SAM

indices are often anti-correlated (L’Heureux and Thompson, 2006). Although

ENSO is primarily a tropical Pacific phenomenon, correlations are still seen

between the MEI and mean wind stress in the northern Australian sector, in

addition to the Pacific sector. They are, however, of opposite sign, perhaps

due to the effect of ENSO in the Australian zone being felt through the East

Australian Current (Holbrook and Bindoff , 1997). Generally, correlations with

the PDO are not strong and are positive in the Australian and Indian sectors

and negative in the more northern Pacific zones. The results for similar SAM,

MEI and PDO correlations, by season for the Australian sector, found in Table

5.5, are consistent with these results, but show stronger correlations for the

seasonal time series than for the full time series.

6.2.2 Correlations between mean wind stress and UCDW

variables

Table 6.5 presents correlations between mean wind stress and UCDW vari-

ables for the three sectors and, in general, most correlations are not strong.

The fact that there are correlations for the zones where UCDW is deeper is

interesting, but it is unclear if they indicate a true connection between wind
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Table 6.5: Correlations between mean wind stress and UCDW variables (n/s=no
significant trend).

UCDW sACCZ AZ PFZ SAZ STCZ

Vertical Velocity Australian n/s 0.13 n/s n/s n/s
Indian n/s n/s -0.10 -0.10 n/s
Pacific n/s n/s -0.10 -0.16 n/s

Temperature Australian n/s n/s 0.10 0.09 n/s
Indian -0.11 n/s n/s -0.13 n/s
Pacific 0.11 0.08 n/s -0.27 n/s

Density Australian 0.09 n/s -0.14 -0.13 0.18
Indian -0.13 -0.09 -0.14 n/s n/s
Pacific n/s 0.11 n/s 0.29 -0.14

Salinity Australian 0.10 n/s n/s n/s 0.24
Indian -0.13 -0.10 -0.21 n/s n/s
Pacific n/s 0.17 n/s 0.18 -0.19

Top Depth Australian 0.11 n/s -0.14 n/s n/s
Indian -0.09 n/s n/s n/s n/s
Pacific n/s n/s n/s -0.10 -0.13

stress and UCDW properties, especially due to the mixture of negative and

positive correlations. Another consideration is the fact that these are direct

correlations and there may be a lag between the winds and changes in UCDW.

When this is investigated, using a lag of up to 10 years, no consistent pattern

emerges, nor did the strength of the correlations increase greatly. Also, the

sign of the correlations often changes, so it would seem that, either there is no

correlation between the mean wind stress and changes in UCDW properties,

or else it operates over a longer time period than can be investigated with the

data available here.

6.2.3 Correlations between mean wind stress and ML

and SS variables and stratification

There are strong correlations between mean wind stress and both SS and

ML variables and these are given in Table 6.6, along with correlations with

stratification. The sign of the ML (and SS) correlations is the same in all three

sectors; that is, positive with ML depth, density, salinity and SSS, and negative

for both ML temperature and SST (as was also found for the Australian sector

seasonal time series presented in Table 5.6). Again the correlations for ML and

SS variables are very similar. Mean wind stress and stratification correlations

are positive in the southern zones and negative in the northern zones.
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Table 6.6: Correlations between mean wind stress and mixed layer and sea-surface
variables and stratification (n/s=not significant).

SZ sACCZ AZ PFZ SAZ STCZ

ML Depth Australian 0.42 0.52 0.38 0.14 0.20 0.52
Indian 0.51 0.53 0.55 0.57 0.53 0.56
Pacific 0.46 0.58 0.51 0.21 n/s n/s

ML Density Australian 0.15 0.45 0.28 n/s 0.13 0.42
Indian 0.33 0.36 0.33 0.29 0.42 0.49
Pacific 0.37 0.53 0.46 0.21 n/s n/s

ML Salinity Australian 0.15 0.39 0.19 n/s n/s n/s
Indian 0.36 0.37 0.24 0.11 0.23 n/s
Pacific 0.38 0.54 0.35 0.12 n/s 0.08

ML Temperature Australian n/s -0.41 -0.27 -0.11 -0.14 -0.42
Indian n/s -0.28 -0.32 -0.31 -0.39 -0.52
Pacific n/s -0.38 -0.44 -0.22 n/s n/s

SST Australian -0.17 -0.45 -0.29 -0.13 -0.15 -0.44
Indian -0.13 -0.31 -0.35 -0.37 -0.39 -0.54
Pacific -0.11 -0.44 -0.46 -0.24 n/s n/s

SSS Australian 0.10 0.38 0.19 n/s n/s n/s
Indian 0.35 0.32 0.26 n/s 0.13 -0.11
Pacific 0.40 0.52 0.36 0.15 n/s 0.11

Stratification Australian n/s n/s 0.17 n/s -0.08 -0.35
Indian n/s 0.32 0.33 n/s -0.24 -0.35
Pacific 0.17 n/s -0.29 -0.22 n/s -0.09

6.3 Trend Analyses

6.3.1 Linear trends in UCDW variables

A comparison by sector of significant annual linear trends for UCDW variables

over the period 1958-2007 is given in Table 6.7, along with 95% confidence

interval limits. The results in this table correspond to those in Tables A.2, A.5

and A.8, but are for the full time series, rather than the four seasonal time

series. The trends match fairly well between the two sets of tables, although

often the trend for the full time series is smaller than for some of the seasonal

time series and sometimes the trend for the full time series is not significant,

even though the trends are, for some of its constituent seasonal time series.

In the sACCZ and AZ, where UCDW comes near to the surface, UCDW

density is decreasing and UCDW is upwelling closer to the surface, in the

Australian and Indian sectors, but no significant trends are found in the Pacific

sector. Trends for vertical velocity in the sACCZ vary between sectors: positive

for Indian, negative for the Pacific and not significant for the Australian sector.

UCDW vertical velocity is increasing in the Australian and Indian sectors in

the PFZ, SAZ and STCZ. This means that there is a positive trend in UCDW

vertical velocity in all zones in the Indian sector and in all zones north of the PF

in the Australian sector. This is not the case, however, in the Pacific sector
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Table 6.7: Trends (per year, with 95% confidence interval limits) for 1958-2007
in UCDW variables (n/s=not significant). Positive trends for UCDW Top Depth
indicate that UCDW is moving nearer to the surface. Additional trends are UCDW
Salinity -4.3±1.2yr−1 in AZ Indian sector. No trends are found for the Southern-
most Position of UCDW.

UCDW sACCZ AZ PFZ SAZ STCZ
Vertical Velocity

(ms−1yr−1)× 10−8 Australian n/s n/s 7.2±2.1 6.4±1.3 3.4±0.4
Indian 0.8±0.6 2.4±0.6 3.3±1.2 6.3±1.3 8.8±2.4
Pacific -1.0±0.4 n/s 2.2±1.1 n/s -0.5±0.3

Temperature

(◦Cyr−1)× 10−3 Australian 3.3±0.5 0.4±0.4 -2.4±0.3 -1.5±0.2 -0.7±0.1
Indian 1.9±0.8 2.6±0.5 3.2±0.3 0.9±0.2 n/s
Pacific 0.8±0.4 1.4±0.4 n/s -0.2±0.1 -0.2±0.2

Density

(kgm−3yr−1)× 10−4 Australian -4.3±0.8 n/s n/s n/s n/s
Indian -2.7±2.7 -5.9±0.9 -4.7±0.5 n/s n/s
Pacific n/s n/s n/s n/s n/s

Top Depth

(myr−1) Australian 0.4±0.4 0.5±0.3 n/s n/s n/s
Indian 0.9±0.9 1.0±0.3 n/s n/s n/s
Pacific n/s n/s n/s n/s n/s

Table 6.8: Trends (per year, with 95% confidence interval limits) for 1958-2007 for
global climate indices.

SAM MEI PDO

(1.8±1.1)×10−2 (1.1±0.5)×10−2 (2.0±0.6)×10−2

where there is a mixture of positive and negative trends, although UCDW

vertical velocity is increasing in the PFZ in all three sectors.

Increasing UCDW temperature can be seen in all three sectors in the

sACCZ and the AZ. In addition, UCDW temperature trends north and south

of the PF are very interesting as, unlike the Indian sector, where temperature

in increasing in all zones, in the Australian sector, UCDW temperature is in-

creasing south of the PF and decreasing north of it. Similar results also hold

for the Pacific sector, excluding the PFZ itself.

6.3.2 Linear trends in global climate indices, wind stress,

stratification and Ekman variables

Annual linear trends for 1958-2007 for the three global climate indices, pre-

sented in Table 6.8, are all positive. This indicates that: for SAM, lower than

normal air pressure is found over the polar regions; the MEI is moving to a

more “El Niño-like” state’ and the PDO is moving to a “warmer” state (Section

2.7).

The few significant trends that are found for mean wind stress and the

Ekman variables are presented in Table 6.9, along with trends in stratification

for the various zones of all three ocean sectors. These results are consistent
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Table 6.9: Trends (per year, with 95% confidence interval limits) for 1958-2007 in
wind stress, Ekman variables and stratification (n/a=not applicable, n/s=not sig-
nificant). No significant trends were found for maximum wind stress or its position,
except in the latter case in the Pacific where the trend is (-2.4±2.4)×10−2.

SZ sACCZ AZ PFZ SAZ STCZ
Stratification

(s−2yr−1)× 10−7

Australian n/s -0.7±0.7 -1.3±0.7 n/s n/s n/s
Indian n/s n/s -1.9±1.0 -2.4±0.7 n/s 1.3±0.9
Pacific -1.3±0.4 0.7±0.6 n/s n/s n/s -1.8±0.8
Mean Wind Stress

(Nm−2yr−1)× 10−4

Australian n/s n/s n/s n/s n/s n/s
Indian n/s n/s n/s n/s -6.8±2.3 n/s
Pacific n/s n/s n/s n/s n/s n/s
Ekman Transport

(ms−1yr−1)× 10−2

Australian n/a n/s n/s n/s n/s 1.1±0.8
Indian n/a n/s n/s n/s n/s n/s
Pacific n/a n/s n/s n/s n/s n/s
Ekman Pump Rate

(Svyr−1)× 10−9

Australian n/a n/s 4.0±3.1 n/a n/a n/a
Indian n/a n/s -3.7±3.3 n/a n/a n/a
Pacific n/a n/s n/s n/a n/a n/a

with the seasonal trends presented in Tables A.3, A.6 and A.9, in the sense

that, either the trends are apparent for one season only and therefore do not

hold for the full time series, or the oppositely signed trends in different seasons

mitigate against an annual trend. No trends are found for maximum wind

stress in any of the three sectors, nor in the position of maximum wind stress,

except in the Pacific sector. In the Indian and Pacific sectors, stratification

shows both positive and negative trends, depending on the frontal zone, while

the Australian sector exhibits decreasing stratification in the sACCZ and AZ.

6.3.3 Linear trends in mixed layer and sea-surface vari-

ables

Annual ML and SS linear trends, with 95% confidence interval limits, are given

in Table 6.10. Similar seasonal trends are presented in Tables A.7 and A.10

for the Indian and Pacific sectors, along with Table A.4, already presented

for the Australian sector. The trends for ML and SS salinity, and ML and

SS temperature, are identical in sign and similar in magnitude, except for a

couple of occasions where there is a trend in one case but not the other. So

the subsequent discussion will just focus on ML trends.

There are positive trends for both ML density and salinity in the Australian

and Indian sectors, whereas, in the Pacific sector, trends in these variables are

negative. Interestingly, in all three sectors, there are no significant trends in
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Table 6.10: Trends (per year, with 95% confidence interval limits) for 1958-2007 in
mixed layer and sea-surface variables.

SZ sACCZ AZ PFZ SAZ STCZ
ML Depth

(myr−1)
Australian n/s 0.14±0.04 0.26±0.07 0.49±0.09 0.57±0.10 n/s
Indian -0.23±0.09 0.11±0.04 0.32±0.06 n/s -0.13±0.07 n/s
Pacific n/s n/s n/s n/s 0.29±0.09 0.14±0.05
ML Density

(kgm−3yr−1)× 10−3

Australian n/s n/s 1.3±0.4 1.5±0.3 2.1±0.6 n/s
Indian n/s n/s 1.9±0.2 n/s n/s n/s
Pacific n/s n/s n/s n/s n/s -0.6±0.6
ML Salinity

(yr−1)× 10−3

Australian n/s n/s 2.6±0.4 4.7±0.3 6.3±0.8 1.7±0.8
Indian n/s n/s 2.9±0.4 1.4±0.4 1.7±0.3 4.1±0.8
Pacific n/s n/s -1.4±0.4 -0.8±0.5 -1.6±0.5 -1.7±0.4
ML Temperature

(◦Cyr−1)× 10−2

Australian 0.6±0.1 n/s n/s n/s n/s 1.1±0.2
Indian 0.6±0.1 n/s n/s 1.8±0.2 2.6±0.2 3.6±0.3
Pacific 0.4±0.1 n/s n/s n/s n/s -0.4±0.2
SST

(◦Cyr−1)× 10−2

Australian 0.7±0.1 n/s n/s n/s n/s 1.1±0.2
Indian 0.4±0.1 n/s n/s n/s 2.7±0.2 3.6±0.3
Pacific 0.4±0.1 n/s n/s n/s n/s -0.5±0.2
SSS

(yr−1)× 10−3

Australian 0.3±0.3 0.8±0.5 2.9±0.4 5.1±0.5 6.7±0.9 2.2±0.8
Indian n/s n/s 3.3±0.2 2.1±0.4 2.1±0.4 4.3±0.8
Pacific n/s n/s -1.1±0.4 -0.8±0.6 -1.4±0.7 -1.5±0.5

these variables in either the SZ or the sACCZ. MLD is generally increasing,

except in the SZ and SAZ in the Indian sector and in the southern part of the

Pacific sector.

Finally, ML temperature (and SST) is increasing only in the most southern

(SZ) and northern (STCZ) zones in all three sectors, in addition to the PFZ

and the SAZ in the Indian sector. This is a somewhat unexpected result,

especially in view of the results for ML temperature, given in Table A.4 for

the Australian sector, where ML temperature is increasing in all seasons and in

all zones, except for DJF and MAM in 60-65◦S (sACCZ) and DJF in 55-60◦S

(AZ). From this, one might expect that, at least, the annual ML temperature

trend in the Australian sector in the 50-55◦S (PFZ) and 45-50◦S (SAZ), would

be positive. In fact, all the annual ML temperature trends for all the Australian

zones, calculated using the Seasonal Kendall test (Section 3.6), are positive,

but only those for the SZ and STCZ are valid. This is because the test checks

(Gilbert , 1987) to see if the trends for all the “seasons” (in this case, months)

are homogeneous in direction and, if that is not the case, then the overall trend

is not valid, as is the case here. Despite this being the case for the full time

series, the trends within a season (say, MAM) are homogeneous, as shown in

the results found in Table A.4.

To examine this further, seasonal ML and SS trends for the Indian and

Pacific sectors are presented in Tables A.7 and A.10. These results indicate
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that ML temperature and SST are increasing in all seasons in the SZ, PFZ,

SAZ and STCZ in the Indian sector, but not in every season in the sACCZ

and the AZ. The situation in the Pacific sector is less clear-cut, with the SZ

the only zone where the trend (positive) applies to all seasons. In the Pacific

sector, positive temperature trends are found for all seasons except DJF (and

sometimes in MAM), whereas trends for DJF (and sometimes MAM) are either

not significant or negative, north of the SZ. In summary, even though ML

temperature and SST are generally increasing, they are not increasing in DJF

and MAM in the sACCZ or in DJF in the AZ and this holds for all three ocean

sectors. In DJF, these trends match trends of increasing wind stress (Tables

A.3, A.6 and A.9), leading to the possibility that increased mixing of cooler

remnant winter water (Figures 3.3, 6.1 and 6.2) into the ML, counteracts the

surface warming effect.

6.3.4 Intrusion of UCDW into the mixed layer

The intrusion of UCDW into the ML, is defined to occur if, for a given month,

at a particular grid point in SODA, UCDW is detected at a depth above

the MLD. Data for 1960-2010, where the 2000-2007 data are scaled to 10

years, are presented in two different ways here: firstly by decade (Figure 6.7)

and secondly, by frontal zone (Table 6.11). In the latter case, the data are

further broken down by season to allow a comparison to be made between the

upwelling in the various sectors. Note that the data in Table 6.11 show UCDW

in the SZ, contrary to the definition of the sBdy as the poleward edge of the

UCDW signal (Orsi et al., 1995). However, the data indicate that UCDW

can occasionally be found in the 65-70◦S zone (for the Australian and Indian

sectors). The apparent anomaly arises because the definition of 65-70◦S here as

the SZ does not take into account the slight movement of the sBdy with time

(see Figure 5.2 for the climatology of the southern-most position of UCDW in

the Australian sector).

As can be seen in Figure 6.7 and Table 6.11, there are considerably fewer

occasions when UCDW can be detected in the ML in the Pacific sector, com-

pared with the other two sectors. Figure 6.7 also shows that the number of

detections by decade seems to be decreasing recently in the Indian sector, is

increasing since the 1970s in the Pacific sector and is increasing gradually in

the Australian sector up until the 1990s.

Table 6.11 allows the number of times UCDW can be detected in the ML

to be examined both by frontal zone and season. For the Indian sector, for

example, the total number of detections by frontal zone suggests that, after

UCDW upwells south of the PF (Hiscock et al., 2003), it then moves northward

into the PFZ, AZ and STCZ. This is indicated not only by the total number of
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Figure 6.7: Number of times UCDW can be detected in the mixed layer by decade
(Aust.=Australian). Data for the decade centred on 2005 are scaled to 10 years.

Table 6.11: Number of times UCDW can be detected in the mixed layer, by season
and frontal zone (Aust.=Australian).

SZ sACCZ AZ PFZ SAZ STCZ Total

Australian

DJF 11 68 50 2 1 0 132
MAM 7 105 103 13 0 0 228
JJA 1 30 128 125 8 0 292
SON 0 21 116 105 5 0 247

Aust. Total 19 224 397 245 14 0 899

Indian

DJF 6 17 22 65 11 0 121
MAM 7 27 60 92 24 0 210
JJA 3 4 29 144 124 3 307
SON 0 0 3 132 124 2 261

Indian Total 16 48 114 433 283 5 899

Pacific

DJF 1 2 11 11 0 0 25
MAM 0 19 57 34 0 0 110
JJA 0 15 95 78 3 0 191
SON 0 9 58 41 2 0 110

Pacific Total 1 45 221 164 5 0 436
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detections, but also by the numbers by season. For example, in the sACCZ, the

majority of detections occur in DJF/MAM, in the AZ in MAM/JJA and in the

PFZ and SAZ in JJA/SON. This shows the northward movement of UCDW in

the ML from south to north of the PF, in addition to some upwelling in DJF in

the sACCZ and AZ. Similar arguments also apply to the Australian sector and

Pacific sectors, except that, in the Pacific sector, the majority of detections

in the sACCZ are in MAM/JJA, moving to MAM/JJA/SON in the AZ and

PFZ. This is interesting because it has previously been reported in the Pacific

sector (Hoppema et al., 2003; Gordon and Huber , 1990) that the entrainment of

nutrients into the ML occurs predominantly in autumn(MAM)/winter(JJA).

The data here are in agreement with this for the Pacific sector, but suggest

that the situation is different in the other two sectors.

It is not clear why there are fewer detections in the Pacific sector than

in the other two sectors, since the mean MLD is similar in all three (Table

6.3) and UCDW upwells higher on average in the Australian sector than the

other two (Table 6.2). This would imply that there would be more detections

in the Australian sector, which is not the case, perhaps because using mean

rather than actual values changes the result. It would seem, then, that fewer

detections in the Pacific sector may be related to the lack of movement north

of UCDW in the ML rather than the upwelling of UCDW. This is supported

by the figures in Table 6.11, which show substantial numbers of detections in

the Pacific sector in two zones only, unlike the other sectors.

6.4 Comparison with Previous Studies

6.4.1 Winds

Given that there are many significant correlations between mean wind stress

and both the ML and SS variables, as well as stratification (Table 6.6), and

that there are sometimes quite strong correlations between SAM or MEI and

mean wind stress (Table 6.4), it is worth looking closely at trends in SAM,

MEI or PDO and their effects.

As indicated in Table 6.4, there is a significant effect on the winds in each

sector, not only from SAM, but in some zones, from ENSO or the PDO. These

effects vary between zones, leading to different trends in wind stress. The

present study finds almost no significant trends in annual mean wind stress

and no trends in annual maximum wind stress, in any of the sectors, possibly

due to the effect of seasonal wind stress trends in opposite directions or trends

existing in one season only (for example, Table A.3).

Results from the study of Drost and England (2009), over a similar time

period to this study, indicate that a positive trend for SAM results in a wind
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shift that is: poleward in 20-50◦E and equatorward in the remainder of the

Indian sector 50-60◦E; equatorward for almost all but the last 10◦ of the 110-

160◦E Australian sector and equatorward for part (130-100◦W) of the 130-

80◦W Pacific sector. The results of the present study, which indicate a possible

southward movement of the maximum wind stress for the Pacific sector, but

no significant trend for the Australian and Indian sectors, are not inconsistent

with the above results, bearing in mind that the Australian and Pacific winds

are often affected, not just by SAM, but also by ENSO, as is evident in Table

6.4.

6.4.2 Meridional circulation

Two alternative points of view have been suggested by previous studies with

regard to changes in the meridional circulation. Yang et al. (2007a), using

an earlier (1.4.2) and less sophisticated version of the SODA reanalysis used

here (Schott et al., 2009), which considers the shorter time period 1980-2000,

found that, over the full SH, the meridional circulation is strengthening and

the Ekman pumping rate and northward Ekman velocity (which also shows a

poleward shift) are increasing. A more recent study (Böning et al., 2008) using

a high resolution gridded climatology based on Argo float and historical data

has concluded that the meridional circulation is insensitive to decadal wind

changes, since stronger winds lead to increased eddy activity, which counteracts

increased northward Ekman transport. The present study has found increased

Ekman pumping in the AZ in the Australian sector, but decreased pumping

in the AZ in the Indian sector (Table 6.9) and no trends in northward Ekman

transport.

6.4.3 UCDW

Observational data, which would allow conclusions to be drawn about long-

term trends in UCDW in a particular ocean, is quite sparse. The available

observations generally show sub-surface warming. For example, sections of

temperature trends for 1955-2003, between 50-1450 m, in each of the Indian

and Pacific Oceans by Levitus et al. (2005), show sub-surface warming in the

Indian Ocean and the Pacific Ocean, except south of 70◦S, where there is

cooling. A comparison of 1950s and 1990s SO temperature data from 35-65◦S

in the 700-1100 m depth range by Gille (2002) has found increases of around

4×10−3 ◦C/year, concentrated in the ACC (Gille, 2008). This is of similar

magnitude to increases found by Aoki et al. (2003) in the Indian ocean, near

the sACCf, averaged over 200-900 m for 1966-1998. The study by Böning et al.

(2008), which considers trends over the whole SH, has also found a warming
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trend for 1960-2006 across the ACC (SAF to PF), averaged over 300-1000 m,

of 6×10−3 ◦C/year, as well as decreasing salinity (-4×10−3 psu/year).

The UCDW temperature trends found in the present study are of the same

sign and approximate magnitude as the above (Table 6.7) in the sACCZ and

AZ, in addition to the PFZ in the Indian sector. This is consistent with the

above results because UCDW lies at the depths considered in the above studies

only in the zones mentioned above (Table 6.2). The single salinity trend found

in the present study (Table 6.7) is for the AZ in the Indian sector only and

again it is of the same sign (negative) and magnitude as found by Böning

et al. (2008). There is an intriguing result of decreasing UCDW temperature

in the Australian sector north of the PF and in the Pacific sector in the SAZ

and STCZ (where UCDW lies much deeper than considered in the previous

studies, Table 6.2). A study by Johnson and Orsi (1997) in the Pacific along

170◦W for 1968/9-1990 over 20-40◦S also shows a similar result of decreasing

temperature (-3×10−3 ◦C/year) in UCDW, but it is not directly comparable

to either due to its latitudinal range. Other UCDW studies, for example,

Böning et al. (2008) and Aoki et al. (2005), are on isopycnal surfaces and

cannot be directly compared with the results of this study, since here UCDW

variables are averaged over the full UCDW density range (27.35-27.75 kg m−3)

for temperatures over 1.5◦C (Section 3.3).

6.4.4 Mixed layer

The small number of studies and the uneven spatial and temporal distribution

of observations in the SO introduces considerable uncertainties (Jacobs , 2006;

Boyer et al., 2005). One long TS is available for temperature and salinity in

the northern part of the Australian region at Maria Island (42.6◦S, 148.23◦E)

and this shows positive trends for both variables from 1949-2005 (Hill et al.,

2008). These trends are consistent with those found in this study in that zone

(Table 6.10). Similar warming down to 800 m in the 40-50◦S band in the In-

dian Ocean for 1960-1999 was found using the Indian Ocean Thermal Archive

by Alory et al. (2007). ML temperature and SST trends found here in the

SAZ and STCZ are consistent with these results, but no conclusions can be

drawn for UCDW trends since UCDW lies at depths up to 2300 m in these

zones (Table 6.2). Global graphs of SST trends from 1979-2005, contained in

the IPCC Fourth Assessment Report (Trenberth et al., 2007), are patchy, with

areas where values are missing. Study of these leads to the following rough

conclusions for SST for the various sectors: Indian (increasing, for northern

latitudes for part of sector; southern latitudes, unclear), Australian (increasing,

for northern latitudes; decreasing near continent in east of sector) and Pacific

(decreasing mid-to-northern latitudes, especially in DJF; southern latitudes,
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unclear). Despite being a shorter time series, this compares quite well with the

ML and SS temperature results of this study (Table 6.10): Indian and Aus-

tralian (increasing all latitudes, except for DJF/MAM in southern latitudes)

and Pacific (decreasing or not significant, DJF all latitudes and northern lati-

tudes; increasing or not significant, southern latitudes, all seasons but DJF).

Trends in the literature for SSS are more difficult to find for the Australian

sector as conclusions in the IPCC report (Trenberth et al., 2007) come from

vertical sections of salinity constructed by Boyer et al. (2005) and these are

divided only into the Pacific and Indian Oceans and are annual trends only.

These two oceans exhibit very different trends for near-surface salinity: in-

creasing over almost all of the Indian Ocean and decreasing in patches in the

Pacific Ocean, with the largest decreases south of 70◦S. Again this compares

well with the salinity trends in Table 6.10: Indian (increasing, except SON

60-65◦S) and Pacific (decreasing or not significant, except for DJF 65-70◦S).

It should be noted that recent studies of changes in surface layer temperature

and salinity (Hosoda et al., 2009; Roemmich and Gilson, 2009) using Argo float

data are not comparable with these results as the time periods and types of

comparisons are different.

Trends for other ML variables such as depth and density and other vari-

ables such as Ekman variables and stratification (Tables 6.9 and 6.10) are

more difficult to verify, due to a lack of comparable observational studies.

Some studies suggest decreasing MLD and increasing stratification in certain

regions (Bindoff et al., 2007), in contrast to many of the results found here

for 1958-2007 (except for MLD in the SZ and SAZ in the Indian sector and

stratification in the Pacific sACCZ and Indian STCZ). Whether these results

are inconsistent is unclear, as they may be related to limitations associated

with the SODA product or they may be differences that are due to regional

rather than hemispheric trends.

6.5 Conclusions

This chapter considers the meridional circulation in the SO in three sectors,

Indian, Australian and Pacific, using the SODA 2.0.2/2.0.4 reanalysis. Cli-

matologies and annual trends for 1958-2007 are presented for UCDW and ML

variables, as well as stratification, wind stress and Ekman variables, and are

analysed by frontal zone.

Trends in ML and SS variables are often similar in the Australian and

Indian sectors; for example, any trends identified in density, salinity and tem-

perature are positive. Trends in the Pacific sector are often of opposite sign to

the other two sectors, in particular trends in salinity. Both ML salinity and
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SSS are decreasing in all sectors north of the sACCf in the Pacific sector, in

direct contrast to increasing salinity in the same latitudes in the Australian

and Indian sectors. These results are consistent with the work of Boyer et al.

(2005), who plotted vertical sections of salinity trends in the Indian and Pacific

Oceans.

ML temperature and SST trends are generally increasing, although it is

consistently the case, across all three ocean sectors, that they are not increasing

in DJF and MAM in the sACCZ or in DJF in the AZ. The explanation for this

in DJF, that was put forward in Chapter 5 for the Australian sector, would

seem to hold in all three sectors; that is, that increasing wind stress in DJF

mixes cooler remnant winter water into the ML, counteracting the effect of

surface warming.

The above differences in upper ocean trends seem to be related, at least

in part, to differences in the wind climatologies in the three sectors, including

wind strength and position (Figures 6.6 and 6.6). In turn, changes in mean

wind strength in each sector can be related to changes in SAM and, in the

Pacific and northern latitudes of the Australian sector, to ENSO (Table 6.4).

It would seem that trends in UCDW variables may well be decoupled from

surface trends and occur on time-scales that are centennial rather than decadal.

This conclusion is based on the small number of significant correlations between

mean wind stress and UCDW variables (Table 6.5) and their inconsistent signs,

as well as the fact that there are fewer correlations in the sACCZ and AZ,

where UCDW is nearer to the surface and more likely to be affected by the

winds. However, the fact that there are a greater number of correlations north

of the PF, where UCDW is deep, including some higher values, is worthy of

consideration, as are trends such as decreasing temperature north of the PF,

in both the Australian and Pacific sectors. Since only weak and inconsistently

signed correlations were found, up to a 10-year lag, between UCDW variables

and mean wind stress, it would seem that either UCDW trends are decoupled

from trends in the winds or else the lag is such that it cannot be tested with

the data available here.

There are differences in UCDW between the three sectors not just in terms

of trends, but also in climatological values. Even though climatological values

for UCDW density and salinity are consistent between sectors, differences are

found in climatological values for UCDW vertical velocity, top upwelling depth

and possibly temperature (Table 6.2). Trends in UCDW variables (Table 6.7)

also vary depending on their geographical region. Despite there being many

similarities between the Indian and Australian sectors (increasing vertical ve-

locity north of the PF, decreasing density when shoaling, upwelling nearer to

the surface), there is a major difference between them in UCDW temperature
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trends. UCDW temperature is increasing in all depths in the Indian sector,

and in the Australian sector where it is shoaling (sACCZ and AZ), but in the

deep in the Australian and Pacific sectors UCDW temperature is decreasing.

It may be that the differing results for the three sectors are somehow related

to the fact that UCDW in the Indian and Pacific sectors is comprised mainly

of water that recirculates from the ACC into the Indian or Pacific Oceans

and then re-enters UCDW (Figure 2.3) in the western Indian Ocean or the

south-east Pacific Ocean (Callahan, 1972).

There are also differences between the sectors related to UCDW vertical

velocity, which is increasing in the Indian (all zones), Australian (all zones,

except SZ and AZ) and Pacific (PFZ only) sectors. In addition, it is decreasing

in the SZ and STCZ in the Pacific sector. This means that UCDW vertical

velocity is increasing in all three sectors in the PFZ, which is the zone where

UCDW upwells along steeply tilted isopycnals (Figures 3.3, 6.1 and 6.2). This

is an interesting result, which is probably not related to wind stress (Table

6.5) and also does not appear to be related to trends in Ekman pumping rate.

However, increasing Ekman pumping rate is found in the sACCZ in summer

in all three sectors (Tables A.3, A.6 and A.9). This is not accompanied by an

increase in northward Ekman transport, which could mean that nutrients are

available for longer in this region.

A study into the number of times UCDW can be detected in the ML,

either by upwelling or by upwelling and then moving northward in the ML,

shows some interesting results. Firstly, the Pacific sector is unusual in that

UCDW can be found in the ML only about half as often as in the other

two sectors (Table 6.11 and Figure 6.7) and the main upwelling occurs in

autumn/winter/spring, unlike the other two sectors where it occurs in sum-

mer/autumn. Secondly, in the Australian sector, there is an increasing trend in

the number of times UCDW can be detected in the ML, from the 1960s to the

1990s, consistent with the trends of UCDW upwelling closer to the surface and

deepening of the ML in that sector. This is in contrast to a drop in the number

of detections in the Indian sector, in the last decade or so. These results have

important implications for the delivery of nutrients, especially iron, to the ML

for use in primary production, but they must be considered along with trends

in other variables, such as MLD, ML temperature and stratification, as well as

changes in the light regime, before conclusions can be drawn for a particular

sector.
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Chapter 7

Interannual variability in

phytoplankton biomass and

biological productivity in the

Australian sector of the

Southern Ocean in 1997-2007

This chapter examines climate variability on interannual timescales and its

effect on phytoplankton biomass and primary productivity in the Australian

sector of the SO, from the Subantarctic zone to the Antarctic continent. Three

types of data are utilised: satellite data (for chlorophyll-a, PAR and sea-

ice concentration), modelled primary productivity data (calculated with the

VGPM model of Behrenfeld and Falkowski (1997)) and model reanalysis data

(SODA for hydrodynamic variables). Seasonal time series (spring and summer

only, since the majority of primary production in the SO occurs then), over the

study period 1997-2007, are constructed for five-degree latitudinal zones that

approximate the SO frontal zones. In order to examine the effect of the various

variables on phytoplankton biomass and biological productivity, correlations

are computed between the variables and each of chlorophyll-a and primary

productivity, using detrended time series. The variables considered include a

number of climate indices, such as SAM, MEI and PDO, as well as sea-ice

concentration, PAR and the SODA-derived variables discussed in Section 3.4.

7.1 Chlorophyll-a and Primary Productivity

An example of SeaWiFS chlorophyll-a for January 2000 is shown in Figure

7.1, overlaid by an outline of the study region. Mean January (1998-2007)

chlorophyll-a and primary productivity (VGPM) are shown in Figure 7.2
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Figure 7.1: SeaWiFS chlorophyll-a for January 2000, including the Australian sector
(110-160◦E, 40-70◦S) considered in this study.

(where slight differences in the Antarctic coastline between the plots are due

to the different masks applied). There are high chlorophyll-a values (around

0.5 mg m−3) to the east of Tasmania, with the highest values (some in ex-

cess of 1 mg m−3) near the Antarctic continent, consistent with observations

(Wright and van den Enden, 2000).) The considerable interannual variation

in chlorophyll-a is demonstrated in Figure 7.3 for each of the six zones over

the period September 1997 to August 2007. In 65-70◦S, chlorophyll-a values

generally peak around 1 mg m−3 or less, although the values for 2000 and 2002

are 2 and 3 times that, respectively. Peak chlorophyll-a values in the 65-70◦S

zone generally occur in December or January, after the 60-65◦S zone where

maximum values are usually in November. However in 60-65◦S the 2000, 2002

and 2007 peaks are in January, December and December, respectively, corre-

sponding to extreme values of around 0.6 mg m−3 in each case, compared with

the usual peaks of 0.4 mg m−3 or less. During 1997-2007, peak values in the

50-55◦S zone were in the range 0.2-0.3 mg m−3 and appear to be decreasing

with time. Further north, chlorophyll-a values increase again with peaks up

to 0.4 and 0.5 mg m−3 for 45-50◦S and 40-45◦S, respectively. These peaks

occur anywhere between November and February, illustrating the interannual

variability in phenology and magnitude of the bloom.
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(a)

(b)

Figure 7.2: Mean (1998-2007) January values for (a) SeaWiFS chlorophyll-a and (b)
VGPM primary productivity, overlaid by the PF and sBdy (Orsi and Ryan, 2001,
updated 2006).
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Figure 7.3: SeaWiFS chlorophyll-a time series for September 1997-August 2007 for
the (a) 40-45◦S, (b) 45-50◦S, (c) 50-55◦S, (d) 55-60◦S, (e) 60-65◦S and (f) 65-70◦S
zones. Winter values are missing, which means that the time series starts again in
July for (c), August for (d) and (e) and in September for (f). The tick mark is for
January of the year indicated. Note the different vertical scales.
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Table 7.1: Climatological values for Austral spring and summer by latitudinal zone (n/a = not applicable).

65-70◦S 60-65◦S 55-60◦S 50-55◦S 45-50◦S 40-45◦S
Chlorophyll-a (mg m−3)

Summer 0.79 0.31 0.19 0.20 0.27 0.36
Spring 0.23 0.24 0.17 0.18 0.20 0.29

Primary Productivity (mgCm−2day−1)
Summer 277.7 250.9 275.5 364.2 592.5 797.0
Spring 72.4 131.5 157.2 246.7 363.6 543.6

Mean Wind Stress (N m−2)
Summer 0.094 0.064 0.12 0.16 0.14 0.089
Spring 0.072 0.078 0.14 0.16 0.15 0.10

Sea-ice Concentration(%)
Summer 69.8 31.7 n/a n/a n/a n/a
Spring 86.4 59.9 n/a n/a n/a n/a

PAR (Einst. m−2 day−1)
Summer 31.4 32.5 36.7 40.0 43.4 48.0
Spring 25.0 21.6 24.5 28.9 32.9 37.7

SST (◦C)
Summer -0.80 1.15 3.37 6.31 10.32 14.03
Spring -1.40 -0.71 1.20 4.64 8.73 11.59

MLD (m)
Summer 86.9 38.7 35.4 48.9 55.4 30.5
Spring 117.4 71.8 88.1 124.0 152.5 112.4

Stratification (s−2)
Summer 2.8×10−5 5.3×10−5 5.3×10−5 5.1×10−5 5.9×10−5 8.2×10−5

Spring 1.7×10−5 3.7×10−5 3.4×10−5 2.4×10−5 2.3×10−5 3.1×10−5

Ekman Transport (Sv)
Summer n/a 0.98 2.7 4.5 4.8 3.2
Spring n/a 1.4 3.0 4.3 4.7 3.8

Ekman Pump Rate (ms−1)
Summer n/a 1.9×10−6 1.1×10−6 n/a n/a n/a
Spring n/a 1.8×10−6 0.67×10−6 n/a n/a n/a

Top UCDW Depth (m)
Summer n/a 41.3 52.1 108.8 346.8 1124
Spring n/a 58.9 70.2 120.9 422.2 1112
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Table 7.2: Correlations (significant at the 95% confidence level) between chl a and
PP by latitudinal zone.

65-70◦S 60-65◦S 55-60◦S 50-55◦S 45-50◦S 40-45◦S
Summer 0.89 0.75 0.81 0.86 0.79 0.94
Spring 0.42 0.90 0.92 0.97 0.96 0.77

In contrast to chlorophyll-a, primary productivity generally increases to

the north (Figure 7.2, Table 7.1). This is evident also in Figure 7.4, which

shows a climatology of primary productivity values by latitude. The exception

to this is the 65-70◦S zone in December, January and February, where primary

productivity is higher than in 60-65◦S and 55-60◦S. This is consistent with

high chlorophyll-a near the Antarctic shelf, due possibly to nutrients on the

shelf but not the upwelling of nutrients, since UCDW is not found south of the

Southern Boundary of the ACC (∼ 65◦S).

Strong correlations are found between chlorophyll-a and primary produc-

tivity (0.75-0.97), in both spring and summer in all zones, except for spring in

the 65-70◦S zone (0.42) (Table 7.2).

7.2 Controls on Chlorophyll-a and Primary

Productivity

This section will focus on the main factors, found in Tables 7.3 and 7.4, that

influence chlorophyll-a and primary productivity in the Southern Ocean. It

should be noted that no correlations were found between chlorophyll-a or pri-

mary productivity and the MEI or the southern-most position of UCDW.

7.2.1 Sea-ice concentration

An example of sea-ice concentration is shown in Figure 7.5 for August 2007

and climatological values for sea-ice concentration are given in Table 7.1 and

Figure 7.6. Minimum sea-ice concentration occurs in March, with maximum

values in June/July. Little or no sea-ice is found north of 60◦S and sea-ice

concentrations of approximately 86% and 60%, for the 65-70◦S and 60-65◦S

zones in spring, reduce to 70% and 32% in summer. Sea-ice concentration is

an important factor in controlling the levels of chlorophyll-a (Table 7.3), in

agreement with previous studies in this sector (Sokolov , 2008), including the

inverse nature of the relationship. There are also similar correlations between

primary productivity and sea-ice concentration (Table 7.4).
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Figure 7.4: Climatological (1997-2007) VGPM primary productivity data by latitu-
dinal zone.

Figure 7.5: Sea-ice concentration (%) for August 2007.
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Table 7.3: Correlations (significant at the 95% confidence level) between various
variables and chlorophyll-a, by latitudinal zone and season, in decreasing order.
PAR values for 65-70◦S are not available in spring. Abbreviation of variable names
is as follows: Sea-ice = Sea-ice concentration, meanWS = Mean wind stress, maxWS
= Maximum wind stress, Strat = Stratification, Top UCDW = Top UCDW depth,
EkPump = Ekman pumping rate, EkTrans = Ekman transport.

Summer

65-70◦S 60-65◦S 55-60◦S 50-55◦S 45-50◦S 40-45◦S
Sea-ice (-0.65) PDO(-0.67) PAR(0.70) PAR(0.44) PDO(0.47)
PDO(-0.58) SST(-0.66) SST(-0.61) SST(-0.39) Strat(0.42)
SAM(0.48) Strat(-0.60) Strat(-0.47)

meanWS(0.55)
EkTrans(0.47)

Top UCDW(0.39)
Spring

65-70◦S 60-65◦S 55-60◦S 50-55◦S 45-50◦S 40-45◦S
Sea-ice(-0.53) PAR(0.82) PAR(0.90) PAR(0.94) PAR(0.86) PAR(0.55)

Sea-ice(-0.69) SST(0.59) MLD(-0.74) SST(0.82) MLD(-0.56)
MLD(-0.58) SST(0.70) Strat(0.69) Strat(0.42)

EkPump(-0.37) Strat(0.47) MLD(-0.68) SST(0.37)
meanWS(-0.41)
EkTrans(-0.40)

Table 7.4: Correlations (significant at the 95% confidence level) between various
variables and primary productivity, by latitudinal zone and season, in decreasing
order. PAR values for 65-70◦S are not available in spring. Abbreviation of variable
names is as in Table 7.3

.
Summer

65-70◦S 60-65◦S 55-60◦S 50-55◦S 45-50◦S 40-45◦S
PDO(-0.57) SST(-0.52) PAR(0.82) PAR(0.70) Strat(0.45)
SAM(0.48) PAR(0.50) MLD(0.39)

Sea-ice(-0.45) Top UCDW(0.45)
PDO(-0.44)

Spring

65-70◦S 60-65◦S 55-60◦S 50-55◦S 45-50◦S 40-45◦S
Sea-ice(-0.81) PAR(0.96) PAR(0.98) PAR(0.98) PAR(0.95) PAR(0.94)
Strat(0.51) Sea-ice(-0.79) SST(0.79) MLD(-0.76) SST(0.82) MLD(-0.84)

maxWS(-0.38) EkPump(-0.47) MLD(-0.70) SST(0.73) MLD(-0.71) SST(0.77)
SST(0.38) maxWS(-0.38) Strat(0.51) Strat(0.43)

maxWS(-0.37) maxWS(-0.43) meanWS(-0.39)
meanWS(-0.43) EkTrans(-0.36)
EkTrans(-0.41)
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Figure 7.6: Climatological sea-ice concentration (%).

7.2.2 PAR

Climatological values for PAR are given in Table 7.1, where PAR is shown to

increase northwards, except in spring in the most southerly zone, where the

value of PAR is higher in the 65-70◦S zone than in 55-65◦, due to decreased

cloud cover (Sokolov , 2008). Light availability has been suggested as one of

the major controls on primary productivity in the Southern Ocean (Nelson

and Smith, 1991). Here, PAR was found to be highly positively correlated

with chlorophyll-a in spring (0.82-0.94, except for 0.55 in 40-45◦S, Table 7.3)

and primary productivity in spring (0.94-0.98, Table 7.4), when the region is

light-limited. These correlations are found for all zones except 65-70◦S, where

values for PAR are generally not available between May and September, so

that in this case there is no SON time series. PAR is also positively correlated

with chlorophyll-a (50-60◦S) and primary productivity (50-65◦S) in summer.

7.2.3 SST

Climatological values for summer and spring SST (Table 7.1) increase to the

north, with spring values lower than summer values. Results of correlations

between chlorophyll-a or primary productivity and SST, (Tables 7.3 and 7.4,

respectively) show that, in summer, there is a negative correlation between SST

and both chlorophyll-a (50-65◦S) and primary productivity (60-65◦S), whereas

in spring (40-60◦S) there is a positive relationship. No significant correlations

between SST and chlorophyll-a and primary productivity are found in 65-70◦S

in either season. The difference between the direction of the correlations in
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spring and summer may be related to the fact that in spring increasing tem-

perature leads to increasing ice melt, which leads both to increased iron being

released as well as to the formation of shallower mixed layers, both of which

are related to increases in chlorophyll-a and primary productivity. However,

in summer in 50-60◦S where chlorophyll-a is low (Table 7.1), increasing SST

may not increase chlorophyll-a if nutrients such as iron are limiting (de Baar

et al., 2005).

7.2.4 Mixed layer depth and stratification

The depth of the mixed layer (Table 7.1) varies between latitudinal zones and

seasons. Deeper mixed layers occur in spring than in summer and the mixed

layer generally shallows towards the Antarctic continent, except for the most

northerly zone and 65-70◦S, which are both exceptions. Negative correlations,

between MLD and both chlorophyll-a and primary productivity, are found in

spring for all but the two southern-most zones (Tables 7.3 and 7.4). These

results are consistent with previous studies (Mitchell and Holm-Hansen, 1991;

de Baar et al., 2005), indicating that as the mixed layer deepens, chlorophyll-a

decreases (due to light limitation). Interestingly, no significant correlations are

found in summer between MLD and chlorophyll-a, and only one between MLD

and primary productivity. This would seem to indicate that mixed layers are

already sufficiently shallow in summer.

Climatological values for stratification in summer, also given in Table 7.1,

generally increase to the north. However, in spring, the highest value is in

the 60-65◦S zone, north of which stratification decreases, except in the most

northerly zone. Stratification is higher in summer than in spring in all cases,

generally by a factor of 1.5-2.5, due to higher temperatures, sea-ice melt and

lower wind stress. Positive correlations are found between stratification and

both chlorophyll-a and primary productivity in spring in 40-55◦S and sum-

mer in 40-45◦S (Tables 7.3 and 7.4). The opposite is true for the only other

correlation between stratification and chlorophyll-a in summer though, which

occurs in 60-65◦S, a region of low wind stress in summer (Table 7.1), where

decreased stratification (and increased mixing of nutrients) may be related to

an increase in chlorophyll-a.

7.2.5 PDO

A number of significant correlations are found between the PDO and both

chlorophyll-a and primary productivity (Tables 7.3 and 7.4), but only in sum-

mer. The sign of the correlations is negative in 60-70◦S and positive in 40-50◦S.

The fact that there are correlations between chlorophyll-a and PDO is con-
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sistent with work by Martinez et al. (2009) who have recently shown that

multi-decadal changes in global phytoplankton abundance can be related to

basin-scale oscillations of the physical ocean (ie. the PDO in this region),

which affect SST and hence chlorophyll-a.

7.2.6 Comparison of controls on chlorophyll-a with con-

trols on primary productivity

As would be expected from the form of Equation (3.1), significant correla-

tions are found between primary productivity and chlorophyll-a, PAR, MLD

and SST (Tables 7.2 and 7.4). Interestingly, the modelled primary productiv-

ity is also correlated with sea-ice concentration, stratification and mean and

maximum wind stress, which are not represented explicitly in the model. A

comparison of Tables 7.3 and 7.4 shows very similar results for correlations of

factors with either chlorophyll-a or primary productivity. In the more detailed

analysis to follow, the work will focus on correlations with chlorophyll-a, given

the various caveats associated with the modelling of primary productivity.

7.3 Controls on Chlorophyll-a by Zone

7.3.1 Spring

Based on the results from Table 7.3, the important factors that influence

chlorophyll-a in the Southern Ocean during spring are: sea-ice concentration

in 60-70◦S (negative correlation); PAR, which is highly positively correlated

across all zones, except 65-70◦S where September data is missing; SST (posi-

tive correlation) and MLD (negative correlation) for 40-60◦S and stratification

(positive correlation) for 40-55◦S. It should be noted, however, that many

of these factors covary. Some (lower-valued) correlations are also found in

50-55◦S between chlorophyll-a and Ekman transport and mean wind stress

and in 55-60◦S between chlorophyll-a and Ekman pumping rate. Interest-

ingly, these correlations are negative in each case, indicating an increase in

chlorophyll-a associated with a decrease in the other variable. In the case of

mean wind stress this may indicate that increased chlorophyll-a is related to

reduced mixing of phytoplankton away from available light, given the impor-

tance of light in spring. A possible explanation for the negative correlation

between chlorophyll-a and both the Ekman pumping rate and the northward

Ekman transport may involve an increased phytoplankton residence time, due

partly to an increased residence time for essential nutrients such as iron, which

are found in this region in spring (see Figure 5.15) and remain in the region

for sufficient time to be utilized by phytoplankton (see Section 2.9.5).
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Figure 7.7: Mean summer time series for 1998-2007 in 65-70◦S zone for (a)
Chlorophyll-a, (b) Sea-ice concentration and (c) SAM.

7.3.2 The 65-70◦S zone in summer

In the 65-70◦S zone, significant correlations exist between chlorophyll-a and

sea-ice concentration (negative), PDO (negative) and SAM (positive) (Table

7.3). However, since no correlation was found between SAM and sea-ice con-

centration, in contrast to PDO and sea-ice concentration, which were found to

be correlated, this work will concentrate on the former variables. Examination

of the time series for chlorophyll-a, sea-ice concentration and SAM in Figure

7.7 indicates that the maximum chlorophyll-a values in 2000 and 2002 coincide

with low sea-ice concentration and high SAM values. Using a multi-variate lin-

ear regression model it is found that sea-ice concentration and SAM together

can explain 51% of the variance in chlorophyll-a, even though the seasonal

time series in Figure 7.7 do not all show the same trend over the 10 years.
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Figure 7.8: Mean summer time series for 1998-2007 in 60-65◦S zone for (a)
Chlorophyll-a, (b) Mean wind stress and (c) SST.
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7.3.3 The 60-65◦S zone in summer

The largest list of factors affecting chlorophyll-a in summer is found for the

60-65◦S zone in summer: PDO, SST and stratification (negatively correlated);

mean wind stress, northward Ekman transport and UCDW top depth (pos-

itively correlated). Since nutrient-rich UCDW upwells between the PF and

the sBdy of the ACC and then moves northward under Ekman transport, it

seems worthwhile to investigate these connections, despite the fact that the

correlations are relatively low. Many of the factors in the list above co-vary

(for example, stratification is affected by SST and mean wind stress) and only

SST and mean wind stress are found to be uncorrelated. The time series for

these two variables, as well that for chlorophyll-a, are shown in Figure 7.8,

where it can be seen that high chlorophyll-a, again in 2000, 2002 and 2007, is

related to high mean wind stress occurring at the same time as low SST. In

this case, SST and mean wind stress together account for 55% of the variance

in chlorophyll-a (noting again that the 10-year trends are not the same for

each of the variables).

The positive correlation between UCDW top depth and chlorophyll-a is

interesting, in that it implies that when UCDW is not advected as close to

the surface, chlorophyll-a increases. A negative correlation is found between

UCDW top depth and SST; that is, when UCDW is nearer to the surface,

SST increases (and chlorophyll-a decreases). In summer in the 60-65◦S zone,

the climatological value for SST is around 1.2◦C (Table 7.1), while the UCDW

temperature is around 1.9◦C (Table 5.1). This is consistent with UCDW near-

ing the surface having a warming effect on SST, as indicated above. However,

this is clearly not the whole story, firstly, because these two factors do not

explain all the variance in chlorophyll-a and secondly, because UCDW carries

nutrients that are essential for primary production. It is hypothesised that

favourable conditions for phytoplankton growth, in summer in the 60-65◦S

zone, involve high wind stress to mix these nutrients into the mixed layer,

combined with low SST (Figure 7.8). Iron sources could include both UCDW

(which intrudes into the mixed layer mainly in summer and autumn in this

zone), as well as the melting sea-ice, since a significant correlation between

sea-ice concentration in the previous spring and chlorophyll-a in the following

summer is also found (not presented).

7.3.4 The 50-55◦S and 55-60◦S zones in summer

Both PAR (positive correlation) and SST (negative correlation) are significant

factors affecting chlorophyll-a in 50-60◦S in summer, in addition to stratifi-

cation in 55-60◦S (Table 7.3). Similarly, PAR is positively correlated with
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primary productivity in 50-60◦S and MLD in 55-60◦S (Table 7.4). Again, as

in spring, these factors covary.

7.3.5 The 40-45◦S and 45-50◦S zones in summer

None of the factors considered here was found to be significantly correlated

with chlorophyll-a in the 45-50◦S zone. However, PDO and stratification were

both positively correlated with chlorophyll-a in the 40-45◦S zone (Table 7.3),

in contrast to the negative correlations found between these variables and

chlorophyll-a further south. Both of these regions can be impacted by min-

eral dust deposition from the Australian continent (Gabric et al., 2010) and

this is consistent with the large interannual variability in the phenology and

magnitude of the bloom (Figure 7.3).

7.4 Comparison with Previous Studies

In their study of primary production in the SO in 1997-2006, Arrigo et al.

(2008) found that interannual variability in primary production covaried with

sea-ice cover, although changes in SST played a role. This study agrees with

those results, finding an inverse relationship between chlorophyll-a and sea-ice

concentration, as pointed out for this region by Sokolov (2008), as well as the

same relationship with primary production. Other studies have highlighted the

importance of irradiance in the light-limited SO (Smith and Comiso, 2008) and

this work finds strong correlations between PAR and chlorophyll-a in spring

and in the 50-60◦S zones in summer. However, no correlations between PAR

and chlorophyll-a are found in summer in the two most southerly zones, which

agrees with recent work by Venables and Moore (2010), who report that for

at least 3 months of the year (summer), light limitation does not significantly

constrain chlorophyll-a in HNLC regions, such as the region under study here.

The fact that chlorophyll-a is likely to be affected by MLD, stratification

and SST has been shown in previous studies (Mitchell and Holm-Hansen,

1991; de Baar et al., 2005; Behrenfeld et al., 2006; Arrigo et al., 2008) and

these were found to be important factors here, bearing in mind that they co-

vary. However, no correlations were found here with MLD in summer, perhaps

due to shallowing of the mixed layer in that season. The interesting thing

about SST is that its correlation with chlorophyll-a is negative in summer,

but positive in spring (a pattern that is repeated for stratification, apart from

the 40-45◦S value). Previous work has already identified an inverse relation-

ship between chlorophyll-a and SST at global spatial scales and interannual

timescales (Behrenfeld et al., 2006; Martinez et al., 2009). In contrast, a re-

cent study (Saba et al., 2010b) has found a positive relationship between the
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two at station HOT (Hawaiian Ocean Time-Series), where the authors found

that surface fields, such as SST and chlorophyll-a, did not necessarily correlate

well with the increase in integrated primary productivity, since the deep layer

forcing was driving the increase. Also, Arrigo et al. (2008) found a complex

relationship between primary production and SST in the SO, with positive cor-

relations in some regions and negative correlations in others. They attribute

this to the fact that SST affects primary production both directly (through the

relationship between temperature and phytoplankton metabolic rate) and in-

directly (through the effect of temperature on stratification and sea-ice). The

present study also finds correlations between the PDO and both chlorophyll-a

and primary productivity in summer: positive in 40-45◦S (chlorophyll-a only)

and negative in both 60-65◦S and 65-70◦S. This is consistent with work by

Martinez et al. (2009) who looked at the co-variability of chlorophyll-a and

SST over decadal timescales and concluded that the spatial pattern of the

changes bore the imprint of the PDO.

Perhaps surprisingly, this study finds only one significant correlation be-

tween both chlorophyll-a and primary productivity and SAM (positive in the

65-70◦S zone in summer). This is in contrast to a previous study (Lovenduski

and Gruber , 2005), which used SeaWiFS 8-day data from 1997-2004 and con-

sidered zones based on climatological fronts and thus differed slightly from the

present study. The Lovenduski and Gruber (2005) study linked SAM to differ-

ent variations in mid- and high-latitude primary production north and south

of the Polar Front and suggested that the positive correlation of chlorophyll-

a and SAM south of the Polar Front was related to an increased supply of

iron during upwelling, while the negative correlation north of the Polar Front

was because of stronger light limitation due to deeper mixed layers. However,

the SAM-chlorophyll-a correlations in the study by Lovenduski and Gruber

(2005) were actually only significant in the Subantarctic zone south of Aus-

tralia and elsewhere they were small and often not statistically significant.

Arrigo et al. (2008) conclude that 31% of the variation in annual production

in the Southern Ocean is explained by SAM, but again the result is not sta-

tistically significant. The short data record and the seasonal approach may

explain the lack of significant correlations in our study also. In fact, our study

does find a combination of (non-significant) positive (50-70◦S) and negative

correlations (40-50◦S) between SAM and chlorophyll-a in summer, in agree-

ment with Lovenduski and Gruber (2005). This includes one in the 60-65◦S

zone that is significant at the 94% confidence level and is likely to be related

to other significant factors found in that zone, such as mean wind stress and

northward Ekman transport. Finally, it should be noted that in spring all the

SAM-chlorophyll-a correlations appear to be positive, indicating that different

146



processes seem to be dominant in spring compared with summer.

When considering factors which affect chlorophyll-a it is worth noting the

comments of Behrenfeld et al. (2009), who point out that correlations between

SST and chlorophyll-a emerge because SST acts as a surrogate for other en-

vironmental factors (such as nutrients, including iron, and mixed layer light

levels) that vary with SST and directly impact phytoplankton light levels.

They also note that the relative importance of these factors varies over space

and time, as has been demonstrated in this study.

7.5 Conclusions

Using a combination of satellite, model and model reanalysis data, the effect

of interannual climate variability on phytoplankton biomass and primary pro-

ductivity in the Australian sector of the SO during the period 1997-2007 has

been investigated. In five-degree latitudinal zones that approximate the frontal

zones of the ACC, factors that affect chlorophyll-a and primary productivity

have been identified and examined and found to be very similar.

Apart from sea-ice concentration near the Antarctic continent, which is

negatively correlated with both chlorophyll-a and primary productivity, very

different factors are found to influence both chlorophyll-a and primary pro-

ductivity in spring compared with summer.

In spring, the important factors are PAR, SST, MLD and stratification,

bearing in mind that some of these factors co-vary. In the north in the 40-45◦S

zone, PDO and stratification are positively correlated with chlorophyll-a in

summer, in contrast to zones further south. In summer in the zones near to

and just north of the PF (50-60◦S), PAR and SST are the most important

factors, with SST negatively correlated with chlorophyll-a. A number of co-

varying factors have been found that influence chlorophyll-a in the zone (60-

65◦S) south of the PF, where entrainment of UCDW brings nutrient-rich water

to the near-surface. However, a multiple linear regression finds that 55% of

the variance in chlorophyll-a in summer can be explained by a combination

of SST (negative correlation) and mean wind stress (positive), whereas, in the

65-70◦S zone in summer, sea-ice concentration (negative correlation) and SAM

(positive) explain 51% of the variance in chlorophyll-a.

Considerable variability in both the phenology and magnitude of the bloom

is found in the period 10 years from September 1997 to August 2007 studied

here. In addition, the factors that influence phytoplankton biomass vary both

spatially and temporally, since there is not only a difference in the relative

importance of the factors in the various latitudinal zones, but there is also a

difference between spring and summer.
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Chapter 8

Trends in upper ocean structure

and meridional circulation in

the Australian sector of the

Southern Ocean in 1997-2007

compared with trends in

1958-2007 and their connection

with trends in primary

productivity

The aim of the present chapter is to identify any trends in primary productivity

and phytoplankton biomass over the study period (September 1997-August

2007), as well as trends in hydrodynamic variables, and to attempt to set

these trends in the context of a longer time-frame. Non-parametric methods

are used to identify trends in the various variables and, in the case of the

hydrodynamic variables, the trends are compared with trends over the period

1958-2007, previously analysed in Chapter 5. Finally, the trends in various

hydrodynamic variables are plotted as “running” sets of trends, to see if the

the present trends are outside the range of earlier variability.

8.1 Trends over the Period 1997-2007

Before studying trends over the period 1997-2007, it is worth noting that the

SAM does not display an increasing trend in summer and autumn over this

time (Monaghan et al., 2008), in contrast to the trend from the 1970s to the
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late 1990s (Thompson and Solomon, 2002). The SAM index for summer for

1958-2007 is shown in Figure 5.14. The negative trend for 1997-2007 in summer

is found to be significant only at the 90% confidence level and the trend for

spring is not statistically significant. No trends were found for the PDO index,

while the MEI had a positive trend in spring only.

8.1.1 Trends in satellite and SODA-derived variables

In addition to trends in chlorophyll-a and primary productivity, trends in

all the variables identified in Chapter 7 as possibly affecting chlorophyll-a or

primary productivity are presented in Table 8.1 for completeness. Sea-surface

salinity (SSS) is also presented, although it was not included in the previous

chapter as it is only an indirect control through its effect on stratification.

No trends in summer or spring were found for PAR or the southern-most

position of UCDW. The work in Chapter 5 analysed trends in hydrodynamic

variables similar to those here, in the same region but over the longer time

period 1958-2007, and when the trends in hydrodynamic variables from Table

8.1 are compared with those (Appendix A, Tables A.3-A.4), two differences

are apparent. One is that the 1997-2007 trends are generally about an order

of magnitude larger than the 1958-2007 trends and the second is that the sign

of the trends is very often opposite to that for the longer time period.

8.1.2 UCDW intrusions into the mixed layer

The vertical advection of nutrient-rich UCDW into the mixed layer is thought

to be critical for primary production (Martin et al., 1990b; Hoppema et al.,

2003) and this may occur between the Polar Front and the Southern Boundary

of the ACC. Here the frequency with which UCDW is entrained in the mixed

layer is examined to see if any change has occurred over the period 1997-2007.

Rather than using the SODA monthly datasets, here the SODA 5-day datasets

(pentads) are used to analyse the frequency of intrusions on a finer time-

scale. UCDW is deemed to have entered the mixed layer if the top position

of UCDW (UCDW top depth) is shallower than the MLD at any particular

grid-point. Values for UCDW top depth and MLD in summer (Table 7.1) may

be misleading in that they imply that UCDW does not upwell high enough to

enter the mixed layer, but that is because they are climatological rather than

actual values.

The number of times UCDW is entrained in the mixed layer is presented

by season and year for each of the five-degree latitudinal zones between 50 and

70◦S in Figure 8.1, where the 73 pentads in a year are re-combined to form

“seasons”, which consist of 18 pentads, except for December which contains an
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Table 8.1: Trends (per year) for September 1997 to August 2007 by latitudinal
zone for Austral spring and summer. Blanks mean no significant trend was found
(n/a=not applicable).No significant trends were found for PAR, SAM, MEI, PDO
or southern-most position of UCDW.

65-70◦S 60-65◦S 55-60◦S 50-55◦S 45-50◦S 40-45◦S
Chlorophyll-a

(mg m−3 yr−1)
Summer -2.7×10−3 7.2×10−3 1.2×10−2

Spring -2.7×10−3

Primary Productivity

(mg C m−2day−1 yr−1)
Summer 8.4 14.7
Spring

Mean wind stress

(Nm−2 yr−1)
Summer -3.7×10−3 -8.3×10−3 -5.5×10−3

Spring -8.7×10−3 -5.7×10−3 -1.4×10−2 -1.4×10−2 -5.8×10−3 -4.6×10−3

Sea-ice concentration

(% yr−1)
Summer n/a n/a n/a n/a
Spring -0.31 n/a n/a n/a n/a
SST

(◦C yr−1)
Summer 4.3×10−2 9.5×10−2 6.7×10−2 -4.5×10−2

Spring -3.3×10−2 -5.4×10−2 4.9×10−2 5.7×10−2

SSS

(yr−1)
Summer -2.0×10−2 2.5×10−2 4.0×10−2 2.6×10−2

Spring -8.9×10−3 -2.4×10−2 2.3×10−2 4.1×10−2 2.0×10−2

Mixed layer Depth

(m yr−1)
Summer -2.4
Spring -7.3

Stratification

(s−2 yr−1)
Summer -2.6×10−6 -4.1×10−6

Spring 9.0×10−7 -3.1×10−6 -2.0×10−6 -1.9×10−6

Ekman transport

(Sv yr−1)
Summer n/a -7.7×10−2 -2.3×10−1 -1.7×10−1

Spring n/a -3.0×10−1 -3.5×10−1 -1.7×10−1 -1.9×10−1

Ekman Pumping

(ms−1yr−1)
Summer n/a n/a n/a n/a
Spring n/a -1.7×10−7 n/a n/a n/a

UCDW top depth

(m yr−1)
Summer n/a 6.0 13.4 7.7
Spring n/a 5.0 12.0 8.4
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Figure 8.1: Number of times that UCDW is entrained in the mixed layer by season
and year in (a) 65-70◦S, (b) 60-65◦S, (c) 55-60◦S and (d) 50-55◦S.

extra pentad. Figure 8.1 shows that UCDW reaches the 65-70◦S zone only in

some years, depending on the position of the Southern Boundary of the ACC,

and because of this, neither climatological values (Table 7.1) nor trends (Table

8.1) for UCDW top depth are given in this zone. From Figure 8.1 it can be

seen that UCDW is entrained in the 60-70◦S zones predominantly in summer

and autumn, a situation that was also noted in the previous 1958-2007 work

of Chapter 5. In contrast to 60-70◦S, in 55-60◦S UCDW is found in the mixed

layer in all four seasons in 1998-2002 and mainly in autumn and winter in the

50-55◦S zone. The overall figure is consistent with the upwelling of UCDW in

60-65◦S in summer and autumn, followed by the movement north of this water

by Ekman transport, which leads to larger numbers of intrusions in winter and

spring in 55-60◦S and 50-55◦S.

In terms of temporal trends in the number of intrusions of UCDW into the

mixed layer in summer and spring, which are the seasons of interest here, a

statistically significant decrease in summer is found in the 60-65◦S and 55-60◦S

zones. This does not seem to be the case, however, in spring. These results
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are consistent with trends found for UCDW top depth in summer in 60-65◦S

in Table 8.1 which show that UCDW is found further from the surface and

the mixed layer is shallowing. Again, when these results are compared with

the analysis for 1958-2007 in Chapter 5, the trend of a decreasing number of

intrusions of UCDW in summer into the mixed layer in 1997-2007 is opposite

to the trend for the longer time period.

8.1.3 Trends in chlorophyll-a and primary productivity

When the summer and spring time series for chlorophyll-a are examined for

trends, small negative trends in chlorophyll-a are found for both seasons in

the 55-60◦S zone and small positive trends for both chlorophyll-a and pri-

mary productivity are found in summer in the two most northerly zones (40-

50◦S) (Table 8.1). These results are presented with the caveat that there is

some uncertainty in primary productivity trends that are derived using surface

chlorophyll-a, given that ocean colour models are more challenged to model

short time-period trends (such as those considered here) than longer-period

trends (Saba et al., 2010b).

The summer chlorophyll-a results are consistent with the work of Henson

et al. (2010), who produced global maps of the trend in monthly anomalies in

SeaWiFS chlorophyll-a for September 1997 to December 2007, which show, for

the Australian sector, a band of increasing chlorophyll-a around 40-45/50◦S

and a band of decreasing chlorophyll-a between about 45/50◦S and 60◦S, as

well as small patches of increasing chlorophyll-a near the Antarctic continent.

Since the trends in this work are presented by season and those of Henson et al.

(2010) are annual trends, in order to make the comparison the assumption is

made that, where there are opposite trends in summer and spring, the summer

trends dominate, due to the larger values for summer both in chlorophyll-a

and chlorophyll-a trends. Trends for primary productivity in summer are also

similar to those found, for annual values, by Henson et al. (2010), who use

primary productivity estimated from three different algorithms, one of which

is the VGPM algorithm used here.

Further study is needed into the reasons for the positive trends that are

found for chlorophyll-a and primary productivity in the two most northerly

zones 40-45◦S and 45-50◦S in summer (Table 8.1), given that the only factors

found here that correlate positively with chlorophyll-a are PDO and stratifica-

tion in 40-45◦S (Table 7.3) and stratification with primary production (Table

7.4). One factor that needs to be taken into account in these northern lati-

tudes is the effect of mineral deposition of dust from the Australian continent,

which can affect both the phenology and the magnitude of the bloom (Gabric

et al., 2010). Significant negative trends are also found for chlorophyll-a in the
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Figure 8.2: Running trends for 10 year sets of SST in 55-60◦S, for summer (DJF)
and spring (SON), for the decade beginning at the starting year.

55-60◦S zone in both summer and spring (Table 8.1). In summer, these trends

are consistent with the positive trends found for SST (Table 8.1), in conjunc-

tion with the negative correlation between SST and chlorophyll-a (Table 7.3)

in that zone. The fact that wind stress is also decreasing there, presumably

with a concomitant decrease in the mixing of nutrients in the ML, is also con-

sistent with decreasing chlorophyll-a. However, SST cannot be the key factor

in spring since the positive correlation between SST and chlorophyll-a (Table

8.1) then would suggest increasing not decreasing chlorophyll-a. In this case,

a decrease in wind stress and a decrease in stratification (Table 8.1) may be

relevant.

8.2 Comparison of 1997-2007 and 1958-2007

Trends

In order to compare the 1997-2007 trends with previous trends over longer

time periods, two types of plots of “running” trends are produced, for each

latitudinal zone and season, for the various SODA and SODA-derived vari-

ables presented in Table 8.1. The first type involves plotting sets of 10-year

(decadal) trends for the decade beginning at the starting year, similar to the

plots used by Henson et al. (2010) to consider trends in chlorophyll-a and pri-

mary production. Figure 8.2 shows such a plot for SST in 55-60◦S in spring

and summer. In this case, the 1998-2007 spring trend (final point on the graph)

falls just within the bounds of the previous sets of spring decadal trends. On
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Figure 8.3: Trends for Sea-surface Salinity for spring (SON) and summer (DJF) in
(a) 50-55◦S and (b) 60-65◦S, for the sets of 10-year time series, which begin at the
starting year.
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the other hand, the final two points on the graph of summer SST trends (that

is the trends for 1997-2006 and 1998-2007) are outside the bounds of any pre-

vious summer trends. A similar plot for sea-surface salinity (Figure 8.3) shows

that recent sets of 10-year trends for (a) the 50-55◦S zone and (b) the 60-65◦S

zone fall (a) inside and (b) well outside the bounds of previous salinity trends.

It is interesting to note that the recent salinity trends in the two zones are in

opposite directions.

The second way of considering these trends in a “running” fashion is similar

to plots for SAM by Monaghan et al. (2008). In this case the trends are

calculated from the starting year to 2007, so that in Figures 8.4 and 8.5, the

value at 1958 represents the trend in SST or SSS, respectively, from 1958-2007,

and the value at 1959 is the trend from 1959-2007, while the final point is the

trend for the time series, 1998-2007, considered in this study. The shaded areas

show the 95% confidence interval for the trends and this increases as expected

for later starting years, where the time series is shorter.

These figures show stable long term trends in SST and SSS, respectively,

as well as what appear to be recent changes in the trends. For example, Figure

8.4(d)(blue) shows quite stable near-zero trends, for SST in summer in the 55-

60◦S zone, until the late 1980s, after which the SST trends become increasingly

positive. This is consistent with Figure 8.2, where the last couple of sets of

10-year trends are outside the bounds of previous variability. The difference

between SSS trends in different latitudinal zones detected in Figure 8.3 is also

illustrated in parts (c) and (e) of Figure 8.5. SSS trends are increasing in the

50-55◦S zone and decreasing in the 60-65◦S zone for starting years of around

1985. In each of these cases the plots in Figure 8.5 indicate that the trends

are becoming increasingly positive (50-55◦S) or negative (60-65◦S). This is

consistent with Figure 8.3(b) but is harder to detect in part (a) of the same

figure. When similar analyses are done for the other SODA-derived variables

presented in Table 8.1, for each latitudinal zone and season, there appears to

have been a detectable change in the trends for many of the variables.

8.3 Discussion

Trends in phytoplankton biomass, various climate indices and hydrodynamic

variables have been considered over the period 1997-2007. Trends in hydrody-

namic variables over the study period are much larger and often of opposite

sign to those previously calculated in Chapter 5 for 1958-2007 and this is il-

lustrated in Figure 8.5, which shows stable long term salinity trends as well

as what appear to be recent changes in salinity trends. The other type of plot

showing “running” sets of decadal trends, which begins with the 10 year trend
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Figure 8.4: Trends for Sea-surface Temperature for summer and spring, for the time
series from the starting year to 2007, with the 95% confidence intervals shaded.
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Figure 8.5: Trends for Sea-surface Salinity for summer and spring, for the time series
from the starting year to 2007, with the 95% confidence intervals shaded.
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for 1958-1967, then the 1959-1968 trend and so on (Figures 8.2 and 8.3), was

produced to match similar plots for chlorophyll-a from Henson et al. (2010).

They found that the 10-year trend in SeaWiFS chlorophyll-a was of similar

magnitude to trends of previous decades in modelled chlorophyll-a and that

the same applied to primary production. However, the present study does not

find the same result for some of the hydrodynamic trends considered here.

Differences in SST trends, depending on the region and latitudinal zone,

have been reported previously (Trenberth et al., 2007). Such differences have

also been found in a recent study (Roemmich and Gilson, 2009), which com-

pared mean Argo float data (2004-2007) with data from the World Ocean

Atlas, 2001 (Boyer et al., 2002). The study found that, in the present study

region south of Australia, SST was increasing between about 50 and 60◦S and

decreasing between about 40 and 50◦S (no results were given south of 60◦S).

This is consistent with the plots from Figure 8.4, including the magnitude of

the trends. In addition, the present study also finds possible recent decreases

in SST in 60-65◦S (spring) and 65-70◦S. The recent trends in SSS (Figure 8.5)

are also consistent with those found in the study by Roemmich and Gilson

(2009) and a similar one by Hosoda et al. (2009); that is, recent increases in

SSS between 40 and 50◦S and decreases south of there. These trends are also

consistent with decreased precipitation in the northern zones (Bindoff et al.,

2010; Helm et al., 2010) and increased precipitation, sea-ice and glacial melt

near the Antarctic continent (Jacobs , 2006; Liu and Curry , 2010).

Since this work is using two different types of “running” plots to examine

trends in hydrodynamic variables, it is also worth applying the same approach

to examine trends in the SAM. The SAM plots (Figure 8.6(a)) show that in

summer SAM has displayed a positive trend until about 1990, after which

the trend has become increasingly negative. The situation in spring is a little

different in that the SAM trend was near zero until quite recently, after which

there are positive and then negative values, which may not be meaningful

given the width of the 95% confidence interval there. The plot for SON in

part (b) of the figure shows that, while the final value for spring is just outside

the bounds of previous variability, that is not the case for the previous points,

leading to the speculation that, in spring, SAM is probably not displaying

unusual trends in recent years. The plot for SAM in summer in part (b)

shows that 10-year trends in recent years are not outside the bounds of earlier

variability, although they are the lowest since 1960. In addition, considerable

decadal variability can be seen in the 10-year trends in part (b) for both spring

and summer. This is consistent with work by Jones and Widmann (2004), who

have reconstructed the summer (DJ) Antarctic Oscillation (SAM) index over

the twentieth century, from sea-level pressure measurements, and have found
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Figure 8.6: (a) Trends in SAM for summer (blue) and spring (green), for the time
series from the starting year to 2007, with the 95% confidence intervals shaded. (b)
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that recent positive values are not unprecedented.

8.4 Conclusions

This work has studied trends, over the period 1997-2007, in phytoplankton

biomass and primary productivity, as well as in hydrodynamic variables and

any of the other factors that potentially affect chlorophyll-a and primary pro-

ductivity (for example, sea-ice concentration, PAR and various climate in-

dices).

Over the period 1997-2007, it is found that chlorophyll-a is decreasing in

55-60◦S in both spring and summer, while both chlorophyll-a and primary pro-

ductivity are increasing in 40-50◦S in summer. A decrease in the Ekman trans-

port of nutrients (iron) and an increase in SST, which is negatively correlated

with chlorophyll-a, is consistent with the negative trend in chlorophyll-a found

in summer in the 55-60◦S zone. However, the similar trend in chlorophyll-a

found in spring may be related to trends in Ekman transport and stratification

rather than SST. The trends in the 40-50◦S zone do not appear to be related

to trends in the hydrological variables studied here.

Many of the trends for the hydrodynamic variables for 1997-2007 are of

opposite sign and up to an order of magnitude larger those found in Chapter 5

for the 1958-2007 time period. For example, an increasingly positive trend in

SST is found in 50-60◦S in recent years, consistent with a recent study using

Argo float data (Roemmich and Gilson, 2009). Trends in sea-surface salinity

are of opposite sign depending on which latitudinal zone is considered - south

of the PF salinity is decreasing and north of the PF it is increasing, again

consistent with recent Argo float studies (Roemmich and Gilson, 2009; Hosoda

et al., 2009) and precipitation studies (Helm et al., 2010; Bindoff et al., 2010).

An investigation into these and other similar trends finds that, in many

cases in recent years, there is a discernible change that is outside the bounds

of earlier variability. This may indicate that there has been a shift in the last

ten to fifteen years in the ocean state of the Southern Ocean.
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Chapter 9

Conclusions

Documenting changes in the meridional circulation of UCDW is important for

understanding climate change, due to the importance of UCDW in regulating

CO2 in the SO via both the solubility and biological pumps. The variability in

the meridional circulation of UCDW in the SO, for the past 50 years, and its

connection with variability in phytoplankton biomass and primary production,

in the past decade, was examined in this work. The main study region was the

Australian region (110-160◦E, 40-70◦S) of the SO, although comparisons were

made with two other sectors: Indian (20-60◦E, 40-70◦S) and Pacific (130-80◦W,

40-75◦S). Hydrodynamic data were analysed in five-degree latitudinal zones

that were chosen to approximate the SO frontal zones. Given the sparseness

and temporal and spatial variability of observational physical data in the SO,

the approach taken was to use SODA model reanalysis data, which had the

advantage of combining model output with observational data.

Initial work involved establishing that SODA was sufficiently skilled at rep-

resenting hydrodynamic data in the study region. Then SODA data were used

to confirm that there were high dissolved iron concentrations in UCDW and

to examine UCDW circulation in the SO using Lagrangian tracking. Various

UCDW properties, such as upwelling velocity, the top depth to which UCDW

upwells and southern-most position of UCDW, as well as UCDW tempera-

ture, density and salinity, were studied. Additional related properties, such

as upward Ekman pumping rate and northward Ekman transport, were also

studied and trends were calculated for all these UCDW-associated variables

for 1958-2007.

Since changes in the meridional circulation of UCDW may be reflected in

changes in upper ocean properties, climatological values and trends in ML and

SS properties and stratification were also examined. Connections between the

global climate indices SAM, MEI and PDO and changes in the SH winds were

considered and then the effect of changes in wind stress, on the various UCDW

and upper ocean variables, was examined. These analyses were repeated for
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the Indian and Pacific sectors and similarities and differences in the three

sectors, as well as the robustness of UCDW trends, were studied.

In order to establish connections between hydrodynamic variables and

chlorophyll-a or primary production, the above analyses were also repeated

for the shorter time period September 1997 - August 2007. This was necessary

because satellite data, for chlorophyll-a and other input variables necessary for

the primary production model, were not available, in a consistent and uniform

manner for the study region, until 1997. Interannual variability in chlorophyll-

a, a proxy for phytoplankton biomass, was then studied, as well as factors

which influenced chlorophyll-a and primary productivity.

Recent observational studies have suggested that changes are taking place

in some SO water mass properties, for example, freshening in AABW (Rintoul ,

2007). So the (1997-2007) ten-year trends in hydrodynamic variables were

compared with the 1958-2007 trends, both in terms of magnitude and direction.

In addition, the trends were studied to determine whether the most recent ten-

year trends were outside the variability of previous sets of ten-year trends.

The results here show that trends in UCDW upwelling are not related to

changes in the SH westerly winds, unless they operate over a longer period

than can be detected with the available data. The trends in UCDW properties

appear to operate on time-scales that are longer than decadal and this is

perhaps not surprising, given that UCDW is part of the global MOC. However,

since UCDW upwelling is divergence-driven, it was possible that it could have

been affected by changes in wind strength and/or position.

A noteworthy result was that UCDW vertical velocity was increasing (for

1958-2007) in the PFZ in all three ocean sectors studied, as well as in the

SAZ and STCZ (except in the Pacific sector). Even though this was generally

not the case where UCDW was shoaling (the sACCZ and the AZ) the upward

Ekman pumping rate was found to be increasing in summer in the sACCZ,

where UCDW is entrained in the ML. This was the case for all three ocean

sectors and since this was not accompanied by an increase in northward Ekman

transport, an increased amount of nutrients may have been available for a

longer period of time in summer for primary production in the zones south

of the PF (for example, in the Australian sector in 55-65◦S). However, this

may or may not translate into an increase in primary production in any of

these sectors over the period 1958-2007, given that factors other than nutrient

availability also affect primary production.

Differences between the three sectors were found particularly in the number

of times that UCDW could be detected in the ML. The number of detections in

the Pacific sector was only about half of the number in the other two sectors

and the majority of those detections occurred in autumn/winter/spring (as
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previously reported), whereas they occurred in summer/autumn in the other

two sectors. This result may be significant for the Australian and Indian

sectors since it means that nutrients may be available in summer for primary

production, when they are most required. An increasing trend was found,

from the 1960s to the 1990s, in the number of of detections in the Australian

sector. This was consistent with other trends found there, which indicated

that UCDW was upwelling closer to the surface and the ML was deepening.

This result, in addition to the fact that UCDW was found in the ML most

frequently in summer/autumn, may be important for the resupply of nutrients

for primary production through the summer.

Unfortunately, it is not possible to assess the importance of increasing

UCDW vertical velocity and an increase in the number of detections of UCDW

in the ML, in terms of trends in chlorophyll-a, because suitable chlorophyll-a

data are available only for the last decade in the study region. These data

are too recent to compare with trends over 1958-2007 and the time-series is

also too short to allow conclusions to be drawn with any certainty, based on

relationships seen in that time period. In addition, the 1997-2007 time period

appears to be very different from the 1958-1997 period, possibly due to the

change in the SAM from the earlier to the later time period.

This work also found no trends in the southern-most position of UCDW for

the Indian and Pacific sectors, with the only trends in the Australian sector

being a slight southward movement in autumn and winter. Increasing trends in

UCDW temperature (all three sectors) and decreasing trends in UCDW density

(Australian and Indian sectors) were found in most seasons in the latitudinal

zones where UCDW was shoaling. However, these results did not necessarily

apply in the zones where UCDW was found at depths greater than about 1000

m. For example, UCDW temperature, which was increasing in the Indian

sector, was decreasing in the Australian and Pacific sectors, north of about the

PF. It is suggested that these, and other differences in UCDW between the

three ocean sectors, may be explained by the fact that UCDW consists mainly

of water that has re-entered the ACC after re-circulating through either the

Indian or Pacific Oceans. This allows for variations in its characteristics in

the three ocean sectors, since they are partly supplied by water from different

sources.

The connection between the three climate indices studied and wind stress

varied across the three ocean sectors, although the effect of the SAM (a positive

correlation) was felt in the sACCZ, AZ and PFZ in each case. There was also a

negative correlation between SAM and mean wind stress in the most northerly

and southerly latitudinal zones (STCZ and SZ) in the Australian and Indian

sectors, but not in the Pacific sector. Correlations between mean wind stress
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and MEI and PDO were similar, with positive correlations in the PFZ, SAZ

and STCZ in the Australian sector (and in some cases in the Indian sector)

and negative correlations in the Pacific sector. The fact that the winds in the

various latitudinal zones are not only correlated with SAM, but also sometimes

with MEI and PDO, means that changes in one of these climate indices will

not necessarily be associated with uniform changes in the physical ocean state

in the various zones, due to the additional effects on the winds. This is true

not only when comparing latitudinal zones within an ocean sector, but is also

true when one ocean sector is compared with another.

Unlike changes in UCDW, decadal-scale changes in ML and SS variables

in all three sectors were found to be related to changes in the SH winds, which

increased in summer in most of the sACCZ, AZ and PFZ, in line with increases

in SAM. Positive correlations between mean wind stress and MLD, ML density,

and ML and SS salinity, and negative correlations with ML and SS tempera-

ture were found. The relation between mean wind stress and stratification is

more complex, since other factors, such as temperature and salinity, determine

stratification. Trends in stratification were patchy, with the majority of trends

found being negative, although increasing stratification was found in a number

of zones in summer.

In the Australian sector, positive trends were found for 1958-2007 in ML

density and salinity (north of the sACCf), ML temperature and SST (except

in summer in the sACCZ and AZ) and ML depth. The Indian sector results

were very similar, except that ML density and MLD trends were patchier and

became negative north of the PF. The main differences in the Pacific sector

were negative trends in ML density and ML and SS salinity. The temperature

results (increasing except in summer in the sACCZ and the AZ) were consistent

across all three ocean sectors and the exceptions in summer may have been

related to increased winds mixing remnant winter water into the ML and

negating the surface warming.

Some of these results appeared initially to be contrary to recent studies,

but this was explained when trends for 1997-2007 were compared with those

for the longer 1958-2007 time period. In many cases, the 1997-2007 trends

were outside the range of variability of previous sets of ten-year trends. In

addition, a study of “running” sets of trends from 1958-2007, 1959-2007, . . .

to 1998-2007, indicated that, in some zones and seasons, the trends have be-

come increasingly positive (for example, SST in 55-60◦S or SSS in 50-55◦S)

or increasingly negative (for example, SSS in 60-65◦S). These results were in

agreement with recent observational studies. Differences were found between

latitudinal zones in recent trends in both SST and SSS. SST was found to in-

crease between about 50◦ and 60◦S and decrease between about 40◦ and 50◦S,
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in agreement with previous studies, which reported trends only to 60◦S. South

of there, SST trends were becoming more negative in 60-65◦S, in spring, and

65-70◦S. Increasing SSS was found between 40◦ and 50◦S, with decreases south

of there, in agreement with Argo float studies and trends in precipitation. In

addition, studies of trends in other hydrodynamic variables also indicated that

there had been some recent changes in trends. It would seem, therefore, that,

in the last decade or two, there may have been a shift in the state of the SO.

The results suggest considerable interannual variability in the magnitude

and phenology of the phytoplankton bloom in the study region during 1997-

2007, which was affected by different factors, depending on the season and

latitudinal zone. Sea-ice concentration was found to be important near the

Antarctic continent and irradiance was significant in all zones and seasons,

except in summer near the Antarctic continent, in agreement with a previous

study. In spring, other important, but co-varying, factors, were SST, MLD

and stratification. The factors identified as being significantly correlated with

chlorophyll-a were almost the same as those that were significantly correlated

with primary productivity.

In summer, in the 65-70◦S zone, sea-ice concentration together with SAM

explained 51% of the variance in chlorophyll-a, while in the 60-65◦S zone, SST

combined with mean wind stress (a combination which is related to UCDW

temperature and also nutrient mixing) accounted for 55% of the variance in

chlorophyll-a. However, in each of these cases there are differences in the 10-

year trends of each variable within the set of correlated variables. The small

negative trend in chlorophyll-a in the 55-60◦S zone in summer may be due

to decreasing wind stress and consequent decreased mixing of nutrients (iron)

into the ML, in combination with an increase in SST, which was negatively

correlated with chlorophyll-a in that zone in summer.

Lower-valued correlations were found between both chlorophyll-a and pri-

mary productivity and some of wind stress, Ekman pumping rate and Ekman

transport in the sACCZ, AZ and PFZ. These are the zones where UCDW

brings nutrient-enriched and, in some of these zones, warmer waters into the

ML, either through intrusion or through northward Ekman transport. This

highlights the importance of the combination of variability in wind stress and

variability in the upwelling of UCDW - not because of the effect of wind stress

on the upwelling, but because of the effect that variability in the mixing of

nutrients and warmer water into the ML has on primary production.

One important conclusion from the work presented here is related to the

importance of the role of SST, when considering variability and trends in

chlorophyll-a and primary production. This is particularly pertinent in light

of the recent changes in trends in SST in spring and summer in the Aus-
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tralian sector of the SO (increases in the mid-latitude zones (PFZ and AZ)

and decreases nearer to the Antarctic continent). In the present work, SST

was found to correlate negatively with chlorophyll-a in summer in all the zones

where UCDW was identified in the ML (sACCZ, AZ, PFZ) with a positive cor-

relation in the STCZ. In spring, correlations are positive north of 60◦S (AZ,

PFZ, SAZ and STCZ), reversing the correlations for the AZ and PFZ.

Previous work has also found differences in the directions of SST- chlorophyll-

a correlations, depending on the ocean region being studied (although seasonal

differences do not appear to have been considered). The positive correlations

here between SST and chlorophyll-a in spring are consistent with physiological

factors, such as algal metabolic rate and species composition, as well as the

effect of temperature on stratification and sea-ice melt (near the Antarctic con-

tinent). The fact that the correlations are reversed in summer may be because

these regions become iron-limited in summer, dominating other effects. There

is also the connection with the presence of UCDW, which provides a supply

of nutrients in summer in these regions, but is also warmer than the surface

water in the sACCZ.

The direction of the correlations is of interest with regard to future trends

in chlorophyll-a, since recent decreases in SST, in summer in the Australian

sector of the SO, near the Antarctic continent (SZ and sACCZ), may imply

an increase in chlorophyll-a there, while increases in SST in the mid-latitudes

(AZ and PFZ) would suggest the opposite scenario.

Ideally, the next step in this work would be to explore past and future trends

in chlorophyll-a and primary productivity, using conclusions drawn from the

1997-2007 study on the importance of the various controls. These trends could

include past trends in chlorophyll-a and primary productivity for 1958-2007,

based on trends that have been established in hydrodynamic variables over

that time period, and also future trends in chlorophyll-a and primary produc-

tivity, based on modelling projections of trends in hydrodynamic variables.

However, this is problematic with the available datasets, due to the complex-

ity of the situation and the difficulty in identifying all the controls on primary

production, as well as the fact that many of the controls co-vary. In addition,

it is necessary to be wary of assuming that relationships that hold for the ten

year 1997-2007 period can be extrapolated to much longer time-scales. Much

longer data sets, than those that exist at present, are necessary to establish

trends for chlorophyll-a. These sets would also help to validate the controls

on phytoplankton biomass, which would then allow robust conclusions to be

drawn about past trends and future trends in chlorophyll-a and primary pro-

ductivity. Such work should be possible in the future as more satellite data

become available.

168



An important conclusion, suggested by the results here, is that very dif-

ferent controls seem to affect both phytoplankton biomass and primary pro-

ductivity in spring and summer and, within each of these seasons, in differ-

ent latitudinal zones. This means that care needs to be taken when inferring

trends in chlorophyll-a and primary productivity from model-based predictions

of future climate that are not seasonally based, as well as to ensure that the

projections apply in the particular latitudinal zone. However, if it is assumed

that the 1997-2007 results for controls on chlorophyll-a and primary produc-

tivity hold in the future, then this may imply that chlorophyll-a and primary

productivity would increase in summer during the 21st century (Tables 7.3

and 7.4) in 65-70◦S (SZ). This is because modelling projections of 21st century

climate suggest that the positive trend in the SAM will continue (Miller et al.,

2006)and that sea-ice concentration will decrease (Liu and Curry , 2010). The

situation in 60-65◦S (sACCZ) seems to be more complex and, while increased

wind stress associated with increased SAM would imply increased chlorophyll-

a (Table 7.3), the trends also depend on SST and the supply of nutrients (and

hence trends in the upwelling of UCDW, which are unclear, since they do not

appear to be related to changes in wind stress). Chlorophyll-a in 50-60◦S (AZ

and PFZ) may decrease in summer due to predicted increases in SST and

stratification (Steinacher et al., 2010), but in spring the opposite may occur,

since predicted increases in SST and stratification and decreases in MLD (Boyd

et al., 2008b), imply increases in both chlorophyll-a and primary productiv-

ity (Tables 7.3 and 7.4). These predictions, however, assume that Ekman

transport provides a sufficient supply of nutrients, especially iron, from higher

latitudes, which may not necessarily be the case. The above results are gener-

ally in agreement with results from multi-model mean projections (Steinacher

et al., 2010) of changes in primary productivity between 1860-1869 and 2090-

2099, which indicate that, for the Australian region of the SO, there will be

increases in primary productivity near the Antarctic continent (60-75◦S) and

decreases in 40-60◦S.

Another conclusion from the study of Steinacher et al. (2010) was that

changes in primary productivity will vary in sign between regions of the SO.

This is consistent with the fact that differences were found in this study be-

tween hydrodynamic trends in the three sectors of the SO studied, as well as

differences in the upwelling of UCDW in those sectors. The techniques used

in this study could readily be extended to compare recent trends in hydrody-

namic variables in the Indian and Pacific sectors with previous trends for these

sectors. Such future work could also include a study of the connections be-

tween interannual variability in chlorophyll-a (and primary productivity) and

variability in hydrodynamic variables and the upwelling of UCDW in those two
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sectors, as well as potentially other sectors in the SO. Such analysis would pro-

vide a useful contribution to the important on-going study of CO2 regulation

in the Southern Ocean.
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Appendix A

Additional Tables

The Appendix contains tables giving seasonal trends for 1958-2007 by latitu-

dinal zone. There are three sets of tables, one for each of the ocean sectors:

Australian (Tables A.2-A.4), Indian (Tables A.5-A.7) and Pacific (Tables A.8-

A.10). Each set of tables gives trends, with 95% confidence interval limits,

for UCDW variables, other variables (stratification, wind stress and Ekman

variables) and ML (and SS) variables.

Table A.1: Trends (per year, with 95% confidence interval limits) for 1958-2007 in
global climate indices.

SAM MEI PDO
×10−2

×10−2
×10−2

DJF 2.9±2.2 2.1±1.1
MAM 3.1±2.1 1.3±1.0 2.8±1.2
JJA 1.5±0.9 2.4±1.2
SON n/s n/s n/s
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Table A.2: Trends (per year, with 95% confidence interval limits) for 1958-2007 in
UCDW variables in the Australian sector. A positive trend in UCDW Top Depth
means that UCDW is found closer to the surface. Additional trends are: UCDW
Salinity in 60-65◦S SON (-3.4±3.4)×10−4 and UCDW Southern-most Position MAM
(-1.1±1.1)×10−2 and JJA (-1.8±0.6)×10−2.

UCDW 60-65◦S 55-60◦S 50-55◦S 45-50◦S 40-45◦S
Vertical velocity

(ms−1yr−1)× 10−8

DJF 1.3±1.1 9.4±3.8 5.7±2.5 3.5±0.8
MAM 7.8±4.7 8.8±2.8 3.3±0.7
JJA 1.7±1.4 6.9±3.7 7.4±2.4 3.2±0.8
SON -7.0±4.7 4.1±4.0 4.5±2.2 3.3±0.8

Temperature

(◦Cyr−1)× 10−3

DJF 3.5±0.8 -2.7±0.5 -1.5±0.3 -0.7±0.2
MAM 3.6±0.9 -2.3±0.5 -1.4±0.3 -0.4±0.3
JJA 3.2±0.8 -2.3±0.5 -1.5±0.3 -0.8±0.3
SON 2.9±0.9 -2.4±0.5 -1.7±0.3 -0.8±0.3

Density

(kgm−3yr−1)× 10−4

DJF -4.3±2.0 -2.8±2.8
MAM -4.3±1.8
JJA -4.2±2.0
SON -4.3±1.4

Top Depth

(myr−1)
DJF 0.70±0.70
MAM 0.32±0.32
JJA 0.61±0.61 0.52±0.52
SON 0.68±0.68 0.55±0.55
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Table A.3: Trends (per year, with 95% confidence interval limits) for 1958-2007
in stratification, wind stress and Ekman variables in the Australian sector. No
significant trends are found in the position of maximum wind stress.

Stratification Mean Wind Stress Ekman Pumping Ekman Transport
(s−2yr−1)× 10−7 (Nm−2yr−1)× 10−4 (ms−1yr−1)× 10−8 (Svyr−1)× 10−2

65-70◦S

DJF -1.0±0.7 8.9±3.6
MAM
JJA
SON -1.0±0.4

60-65◦S

DJF 3.2±1.7 1.2±0.5
MAM
JJA -3.5±3.0
SON -4.2±3.5 -1.3±0.7 -1.0±0.8

55-60◦S

DJF -1.9±1.8 0.8±0.6
MAM -2.2±1.5
JJA
SON -10.5±7.3 -2.4±1.6

50-55◦S

DJF -4.0±1.4
MAM -4.6±1.3
JJA -2.5±1.2
SON -7.8±5.9 -2.2±1.6

45-50◦S

DJF -5.5±1.5
MAM -5.8±1.6
JJA -2.2±1.3 1.7±1.7
SON

40-45◦S

DJF
MAM 1.7±1.6 4.0±4.2
JJA 3.8±3.7 1.6±1.6
SON -2.0±1.1

Max. Wind Stress
(Nm−2yr−1)× 10−4

DJF 6.3±4.2
MAM 7.6±5.9
JJA
SON -5.9±5.7
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Table A.4: Mixed Layer Trends (per year, with 95% confidence interval limits) for 1958-2007 in the Australian sector.

MLD ML Density ML Salinity ML Temperature SST SSS
(myr−1) (kgm−3yr−1)× 10−3 (yr−1)× 10−3 (◦Cyr−1)× 10−2 (◦Cyr−1)× 10−2 (yr−1)× 10−3

65-70◦S

DJF 0.4±0.5 0.8±0.5 0.6±0.3 0.7±0.3 1.3±0.5
MAM -0.5±0.5 0.6±0.3 0.8±0.3
JJA -0.8±0.5 -0.6±0.6 0.6±0.2 0.8±0.2
SON -0.3±0.3 0.5±0.2 0.6±0.2

60-65◦S

DJF 0.13±0.07 1.0±1.1 1.1±1.4
MAM 0.14±0.09
JJA 0.17±0.09 1.2±0.3 1.4±0.3
SON 0.16±0.10 0.6±0.3 0.7±0.4

55-60◦S

DJF 0.11±0.08 2.4±1.0 3.3±1.0 3.3±1.0
MAM 0.14±0.10 1.3±0.6 2.5±0.7 1.0±0.4 0.9±0.4 2.9±0.7
JJA 0.63±0.16 0.8±0.5 2.2±0.7 1.6±0.4 1.9±0.4 2.8±0.9
SON 0.45±0.17 1.3±0.6 2.7±0.8 1.7±0.4 1.8±0.4 2.8±0.9

50-55◦S

DJF 0.30±0.13 2.9±0.7 5.6±1.1 1.2±0.5 1.1±0.5 5.7±1.0
MAM 0.43±0.15 1.4±0.7 4.7±1.0 1.8±0.4 1.6±0.4 5.5±1.0
JJA 0.79±0.36 0.8±0.7 4.0±1.0 2.2±0.4 2.4±0.4 5.0±0.9
SON 0.70±0.26 1.1±0.7 4.8±1.0 2.6±0.4 2.7±0.4 4.8±1.0

45-50◦S

DJF 0.29±0.14 4.6±1.3 7.6±1.7 1.2±0.5 1.1±0.5 7.6±1.9
MAM 0.45±0.17 2.1±1.0 5.8±1.7 1.8±0.4 1.6±0.4 7.0±1.8
JJA 0.88±0.40 5.8±1.4 2.2±0.3 2.4±0.3 6.2±1.8
SON 1.00±0.40 1.4±1.1 6.4±1.6 2.6±0.3 2.5±0.4 6.7±1.6

40-45◦S

DJF 2.9±1.4 0.7±0.5 0.6±0.5 2.9±1.7
MAM -2.2±1.2 1.6±0.6 1.5±0.6
JJA -1.4±1.4 1.2±0.4 1.2±0.4 2.0±1.5
SON 0.48±0.21 2.1±1.5 1.0±0.3 0.9±0.4 3.0±1.5
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Table A.5: Trends (per year, with 95% confidence interval limits) in UCDW variables
for 1958-2007 in the Indian sector. A positive trend in UCDWTop Depth means that
UCDW is found closer to the surface. No trends were found for UCDW southern-
most position.

UCDW 60-65◦S 55-60◦S 50-55◦S 45-50◦S 40-45◦S
Vertical velocity

(ms−1yr−1)× 10−8

DJF 2.5±1.1 2.9±2.6 2.7±2.7 6.8±4.1
MAM 2.8±1.4 4.0±2.6 7.9±2.3 12.1±5.0
JJA 2.5±1.3 3.0±2.3 7.8±2.1 9.7±5.6
SON 1.7±1.2 3.4±2.2 6.5±2.9 6.9±5.0

Temperature

(◦Cyr−1)× 10−3

DJF 2.1±1.8 2.8±1.1 3.3±0.6 0.7±0.3
MAM 2.4±1.0 3.1±0.6 1.0±0.4
JJA 1.9±1.3 2.8±0.9 3.3±0.7 1.2±0.4
SON 1.3±1.1 2.6±0.9 3.1±0.5 0.8±0.3

Salinity

(yr−1)× 10−4

DJF -5.3±1.6
MAM -3.6±3.6 -3.4±3.4
JJA -3.2±3.2
SON -3.8±3.8

Density

(kgm−3yr−1)× 10−4

DJF -2.8±2.8 -7.1±1.9 -5.3±1.1
MAM -5.4±2.8 -5.3±1.7 -4.8±1.4
JJA -3.6±3.6 -5.6±1.9 -4.5±1.2
SON -3.0±3.0 -5.3±1.8 -4.0±1.1

Top Depth

(myr−1)
DJF 0.8±0.8
MAM 1.0±1.0 0.7±0.7
JJA 1.6±1.0 1.1±0.8
SON 1.1±0.7 0.6±0.6
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Table A.6: Trends (per year, with 95% confidence interval limits) for 1958-2007 in
stratification, wind stress and Ekman variables in the Indian sector.

Stratification Mean Wind Stress Ekman Pumping Ekman Transport
(s−2yr−1)× 10−7 (Nm−2yr−1)× 10−4 (ms−1yr−1)× 10−8 (Svyr−1)× 10−2

65-70◦S

DJF 2.2±1.2
MAM -1.6±1.0 -4.4±3.6
JJA -0.9±0.7 -7.3±3.7
SON -6.0±2.9

60-65◦S

DJF 1.8±1.2 2.2±1.8 1.5±0.6
MAM -1.7±1.3
JJA -1.2±1.1 -3.1±2.3 -1.5±0.8
SON -1.2±0.9

55-60◦S

DJF 13.7±4.1 2.3±0.8
MAM -4.5±1.7
JJA
SON -0.8±0.7

50-55◦S

DJF -2.0±1.0
MAM -3.2±1.7
JJA -2.7±1.4
SON -2.1±1.2 -7.1±6.2 -1.5±1.5

45-50◦S

DJF 1.3±1.1 -10.2±3.5 -2.9±1.0
MAM
JJA -2.0±1.1
SON -1.0±0.6 -9.9±4.9 -2.5±1.4

40-45◦S

DJF 4.5±2.2 -13.3±0.4 -4.3±1.1
MAM 3.8±2.3
JJA
SON -6.8±4.0 -2.2±1.3

Max. Wind Stress Position of
(Nm−2yr−1)× 10−4 Max. Wind Stress

(◦yr−1)× 10−2

DJF -4.9±4.1 -9.7±3.0
MAM
JJA 5.6±5.5
SON
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Table A.7: Mixed Layer Trends (per year, with 95% confidence interval limits) for 1958-2007 in the Indian sector.

MLD ML Density ML Salinity ML Temperature SST SSS
(myr−1) (kgm−3yr−1)× 10−3 (yr−1)× 10−3 (◦Cyr−1)× 10−2 (◦Cyr−1)× 10−2 (yr−1)× 10−3

65-70◦S

DJF -0.24±0.19 0.9±0.3 0.7±0.4 0.5±0.6
MAM 0.7±0.2 0.4±0.3 0.9±0.7
JJA -0.41±0.21 -0.8±0.8 -0.8±0.8 0.5±0.2 0.4±0.2
SON -0.36±0.21 -0.7±0.7 -0.7±0.7 0.4±0.2 0.3±0.1

60-65◦S

DJF 0.12±0.08 0.9±0.6 1.3±0.5
MAM 0.7±0.6 2.0±0.6
JJA 0.13±0.09 -0.6±0.6 -0.7±0.7 0.9±0.2 1.1±0.2 1.0±0.7
SON 0.5±0.3 0.5±0.3

55-60◦S

DJF 0.21±0.09 3.0±0.6 3.7±0.7 3.6±0.9
MAM 0.20±0.10 1.8±0.5 2.8±0.6 0.8±0.4 0.7±0.4 3.6±0.8
JJA 0.56±0.15 1.7±0.3 3.1±0.6 2.1±0.3 2.3±0.3 3.4±0.7
SON 0.42±0.18 1.5±0.4 2.6±0.5 2.7±0.7

50-55◦S

DJF 1.9±0.9 1.3±0.4 1.0±0.5 2.2±0.9
MAM 1.3±0.9 2.1±0.4 2.0±0.4 1.9±1.0
JJA 0.9±0.6 1.9±0.3 2.2±0.3 2.3±0.8
SON 0.65±0.27 1.6±0.7 1.8±0.3 2.0±0.3 2.2±0.7

45-50◦S

DJF -0.22±0.11 1.7±0.8 2.4±0.5 2.6±0.5 1.5±0.8
MAM -0.16±0.13 -3.3±0.8 1.2±0.8 3.6±0.5 3.6±0.5 1.4±0.9
JJA -1.3±0.6 1.4±0.6 2.3±0.4 2.5±0.5 2.5±0.7
SON 2.4±0.7 2.0±0.4 2.1±0.4 2.8±0.5

40-45◦S

DJF -0.34±0.08 -4.2±0.2 5.0±2.4 4.1±0.7 4.7±0.7 4.8±2.3
MAM -0.26±0.08 -5.4±0.2 4.3±1.7 5.2±0.7 5.2±0.7 4.6±1.9
JJA -1.2±1.2 3.2±1.3 2.5±0.6 2.3±0.6 4.0±1.4
SON 4.2±1.5 2.9±0.5 2.7±0.5 4.2±1.6
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Table A.8: Trends (per year, with 95% confidence interval limits) in UCDW variables
for 1958-2007 in the Pacific sector. No trends were found for UCDW Top Depth or
Southern-most position of UCDW. Additional trends are: UCDW Salinity in 65-70◦S
MAM (-2.2±2.2)×10−4 and UCDW Density in 60-65◦S JJA (-2.6±2.6)×10−4.

UCDW 65-70◦S 60-65◦S 55-60◦S 50-55◦S 45-50◦S 40-45◦S
Vertical velocity

(ms−1yr−1)× 10−8

DJF -0.9±0.6
MAM -1.0±0.8 3.2±2.5
JJA -1.3±0.8 2.1±1.9 -0.7±0.6
SON -0.9±0.7 2.1±1.8 -0.9±0.9 -0.7±0.6 -0.6±0.4

Temperature

(◦Cyr−1)× 10−3

DJF 0.8±0.8 1.4±0.7 0.3±0.2
MAM 0.9±0.8 1.5±0.8 -0.4±0.3
JJA 1.4±0.9
SON 1.0±0.8 1.3±0.8

Table A.9: Trends (per year, with 95% confidence interval limits) for 1958-2007 in
stratification, wind stress and Ekman variables in the Pacific sector.

Stratification Mean Wind Stress Ekman Pumping Ekman Transport
(s−2yr−1)× 10−7 (Nm−2yr−1)× 10−4 (ms−1yr−1)× 10−8 (Svyr−1)× 10−2

70-75◦S

DJF
MAM
JJA -2.1±0.7 -5.0±2.9
SON -1.7±0.6

65-70◦S

DJF 2.1±1.8 0.8±0.6
MAM
JJA
SON -0.8±0.7

60-65◦S

DJF -2.9±1.6 5.7±4.0 1.2±0.8
MAM
JJA 2.9±1.1
SON -7.8±6.5 -1.6±1.2

55-60◦S

DJF -3.2±1.8 7.1±6.4 1.8±1.3
MAM
JJA 1.5±1.0
SON 2.1±1.0 -10.6±8.1 -2.5±1.7

50-55◦S

DJF -5.4±1.7
MAM
JJA
SON 1.5±1.0 -7.6±5.4 -2.3±1.7

45-50◦S

DJF -4.4±1.8
MAM -2.3±1.8
JJA
SON

40-45◦S

DFJ -3.6±3.1
MAM
JJA -5.5±4.1 -1.7±1.7
SON

Max. Wind Stress Position of
(Nm−2yr−1)× 10−3 Max. Wind Stress

(◦yr−1)× 10−2

DJF -5.3±5.2
MAM
JJA -8.3±8.3
SON -1.0±0.7
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Table A.10: Mixed Layer Trends (with 95% confidence interval limits) for 1958-2007 in the Pacific sector.

MLD ML Density ML Salinity ML Temperature SST SSS
(myr−1) (kgm−3yr−1)× 10−3 (yr−1)× 10−3 (◦Cyr−1)× 10−2 (◦Cyr−1)× 10−2 (yr−1)× 10−3

70-75◦S

DJF 0.5±0.3 0.5±0.4 0.6±0.4
MAM -0.6±0.6 0.6±0.3 0.7±0.3
JJA -0.23±0.11 0.4±0.2 0.4±0.2
SON -0.25±0.11 0.3±0.2 0.3±0.2

65-70◦S

DJF 0.16±0.06 0.7±0.5
MAM 0.7±0.5 0.6±0.6
JJA -0.19±0.09 -1.0±0.7 1.2±0.3 1.3±0.3
SON -0.21±0.10 -0.9±0.6 1.1±0.3 1.2±0.2

60-65◦S

DJF 0.22±0.10 -0.9±0.9
MAM -1.3±0.7 -0.9±0.8
JJA -2.5±0.5 -1.7±0.6 1.7±0.5 1.9±0.7 -1.3±0.7
SON -2.9±0.6 -1.5±0.8 2.3±0.6 2.4±0.6 -1.3±0.7

55-60◦S

DJF 0.24±0.12
MAM -1.4±0.9 0.7±0.5 0.7±0.5
JJA 0.45±0.46 -2.9±0.9 -0.9±0.9 1.8±0.5 2.0±0.5
SON -2.9±1.0 -1.3±1.1 2.1±0.5 2.3±0.5 -1.5±1.3

50-55◦S

DJF 0.24±0.11 -1.0±0.5 -0.9±0.6
MAM 0.32±0.16 -1.3±1.3
JJA 0.52±0.30 -2.5±1.0 -2.1±0.9 0.8±0.3 0.9±0.3 -1.7±1.7
SON -2.5±1.0 -1.8±1.0 1.0±0.3 1.1±0.4 -1.8±1.3

45-50◦S

DJF 0.07±0.06 -1.7±1.1 -1.3±0.4 -1.2±0.5 -1.6±1.0
MAM 0.08±0.08 -1.5±1.1 -0.6±0.4 -0.7±0.4 -1.5±1.1
JJA 0.35±0.18 -1.1±1.1 -1.6±1.1 -1.3±1.3
SON -1.5±0.9 -2.0±0.9 -1.7±1.1

40-45◦S

DJF -1.1±1.1 -0.7±0.5 -0.8±0.5 -1.1±1.1
MAM -1.3±1.3 -1.3±1.1
JJA 0.16±0.12 -1.3±1.3 -0.8±0.4 -0.9±0.4 -1.2±1.2
SON 0.23±0.12 -2.0±1.2 -0.7±0.4 -0.8±0.4 -1.9±1.2
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