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ABSTRACT
Decadal-scale changes in the meridional circulation of the Southern Ocean south of Australia are studied, over the
period 1958-2005, using Simple Ocean Data Assimilation (SODA) reanalysis data. Upper Circumpolar Deep Water
(UCDW) is found to upwell nearer to the surface over time, while the mixed layer (ML) is found to deepen, leading
to an increase in the number of times that UCDW intrudes into the ML. This entrainment of nutrients, especially iron,
into the ML from UCDW, is crucial for primary production and appears to occur predominantly in summer/autumn,
contrary to previous reports.

ML temperature, density and salinity all show increasing trends in almost all seasons and latitudinal zones within
the study region. A notable exception to the general increase in temperature occurs in the most southerly zone 60-65°S
in summer. An explanation for this apparent anomaly could be related to increased winds (in conjunction with the
increasing trend in the Southern Annular Mode), which mix remnant winter water into the ML, negating the surface
temperature increase.

Unlike trends in ML variables, trends in UCDW variables appear to be decoupled from the surface trends and occur
on time-scales that may be centennial rather than decadal.

1. Introduction

Insights into decadal-scale changes in the meridional circula-
tion in the Southern Ocean (SO) are important from the point of
view of understanding climate change in that region and globally.
For example, a strengthening in the meridional upwelling might
lead to higher primary production in the high latitudes, due to
increased upwelling of nutrients and therefore to increased draw-
down of CO; via the biological pump (Lovenduski and Gruber,
2005). At the same time, deep waters with higher concentrations
of dissolved inorganic carbon would be upwelled, leading to an
outgassing of natural CO, to the atmosphere (Le Quere et al.,
2007; Lovenduski et al., 2007). In addition to these, trends in
other factors, such as in the strength and position of the west-
erly winds, ocean temperature, timing and extent of ice melt
and ocean stratification need to be considered in developing an
understanding of past and future climate change.

The conventional view (Speer et al., 2000) regards the merid-
ional circulation in the SO as consisting of upper and lower
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cells, where the upper (Deacon) cell involves water upwelling
southwards to the near-surface along steeply tilted isopycnals,
moving northward by surface Ekman transport and then sinking
to form Antarctic Intermediate Water (AAIW) or Subantarctic
Mode Water (SAMW). This meridional upwelling takes place
against a background of intense zonal flow in the Antarctic Cir-
cumpolar Current (ACC) and occurs south of the Polar Front
(PF) (Hoppema et al., 2003; Sokolov and Rintoul, 2007).

Circumpolar Deep Water, comprised of Upper (UCDW) and
Lower (LCDW) Circumpolar Deep Water, is the most extensive
water mass in the ACC (Gordon, 1967). UCDW is characterized
by a nutrient maximum and an oxygen minimum, making it
critical for primary production when it reaches the upper ocean.
It is supplied mainly from the eastern south Pacific Ocean and
the western Indian Ocean (Callahan, 1972; Park et al., 1993). On
the other hand, LCDW is oxygen-rich and is characterized by
a salinity maximum and a nutrient minimum, whose source is
North Atlantic Deep Water (NADW) (Patterson and Whitworth,
1990; Park et al., 1993).

Changes in the westerly winds, which drive the ACC, will
not only potentially affect the position and strength of the ACC,
but also the upwelling of UCDW, because of variations in the
Ekman transport. The Southern Annular Mode (SAM) is the
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most important mode of climate variability in the Southern
Hemisphere middle and high latitudes on intraseasonal and in-
terannual timescales (Lovenduski and Gruber, 2005) and is as-
sociated with north—south movements of the westerly winds.
Changes in SAM have been linked to changes in ocean cir-
culation (Hall and Visbeck, 2002), sea-ice (Lefebvre et al.,
2004), and carbon dioxide uptake and biological productivity
(Lovenduski and Gruber, 2005; Lenton and Matear, 2007,
Lovenduski et al., 2007).

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 inten-
sification of the SH winds. However, while the SAM is gen-
erally 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) and thus its effect differs in the various regions of the SO.
This work concentrates on the SO south of Australia, where the
above-mentioned study (Sallee et al., 2008) found that the trend
associated with more positive SAM results in an intensification,
but no distinct meridional shift, of the ACC fronts. Another fac-
tor 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).

It is also necessary to consider the effect of the El
Nifio/Southern Oscillation (ENSO), which, while it is a tropical
coupled system, still has an impact in our study region (Holbrook
and Bindoff, 1997; L’Heureux and Thompson, 2006).

Given the sparse data availability in the SO prior to the Argo
period and the consequent difficulty in establishing trends on a
decadal basis, this paper uses reanalysis data from the Simple
Ocean Data Assimilation (SODA) 2.0.2/2.0.3 reanalysis to look
at monthly climatologies and seasonal trends. These trends are

over the period 1958-2005, and are in mixed layer (ML) vari-
ables, such as depth, temperature, density and salinity, as well as
similar UCDW variables. In addition, trends in the location of
the maximum wind stress, stratification, Ekman pumping, Ek-
man transport, UCDW upwelling depth and the southern-most
extent of UCDW are examined. Finally, connections between
wind stress and these variables are discussed.

2. Methods

The region studied in this work is the Australian sector of the
Southern Ocean (110-160°E, 40-65°S) and this is shown in
Fig. 1, which presents sea surface temperature, SST, (estimated
at5 m depth) in January 2000, taken from SODA, as well as mean
positions for the Polar Front (PF) and Southern Boundary of the
ACC (Orsi and Ryan, 2001). Approximate mean positions for the
other ACC fronts in this region can be taken from those identified
on the WOCE SR3 line (approximately 140°E) (Sokolov and
Rintoul, 2002): Subantarctic Fronts (SAF) 1 and 2 (50.5°S and
52°S) and the Southern ACC front (sACCY) (62-64°S). Along
this line, the sea ice zone extends to approximately 60°S, with
sea ice retreat to 65°S (Sokolov, 2008).

2.1. SODA

The SODA package (Carton et al., 2000, 2005; Carton and Giese,
2008) is a reanalysis of ocean climate variability that begins
with a state forecast produced by a General Circulation Model
based on Parallel Ocean Program (POP) numerics (Smith et al.,
1992), forced by ERA-40 winds, from the European Centre for
Medium-Range Weather Forecasts 40-year reanalysis (Uppala
et al., 2005). This work uses the SODA 2.0.2/2.0.3 data sets,
which cover the period from 1958-2001/2002-2005 and con-
sist of sea surface heights, surface wind stresses, monthly zonal,
meridional and vertical velocity fields, as well as temperature
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Fig. 2. Isopycnals identifying UCDW are
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 66°S

summer mixed layer.

and salinity, which are presented on an eddy-permitting 0.5° x
0.5° x 40 depth level (from 5 to ~5500 m, with 10 m resolu-
tion in the top 100 m) global grid. The SODA 2.0.3 reanalysis
is different from the one for the earlier period in that it uses
QuikSCAT (Spencer et al., 2000) winds 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), and examination of the aggregated
time series used here does not show any particular biases.

The reanalysis is evaluated by comparisons with indepen-
dent observations, 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 model ocean in or-
der to accommodate hydrographic observations, which are re-
stricted to depths shallower than about 1000 m for assimilation,
due to the scarcity of observations below that depth. Freshwa-
ter fluxes since 1979 come from the Global Precipitation Cli-
matology Project precipitation data and evaporation from bulk
formulae (Schott et al., 2009). The vertical diffusion of mo-
mentum, heat and salt are carried out using KPP mixing with
modifications to address issues such as diurnal heating (Carton
and Giese, 2008). Vertical velocity is calculated using the con-
tinuity equation (Smith and Gent, 2002) and does not include
entrainment.

The core of UCDW can be identified (Sievers and Nowlin,
1984; Orsi et al., 1995) by [0,] < 4.5 ml 17! at density values
2735 kg m™ < 04 < 27.75 kg m~3, where [O,] is oxygen
concentration and oy is potential density anomaly. This is is
equivalent to the density criterion with temperature, 6 > 1.5°C
(Orsietal., 1995; Sokolov and Rintoul, 2002) and gives a salinity
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range of between 34.5 and 34.7. UCDW is identified in SODA
using the density and temperature criteria above. An example
of this is given in Fig. 2, 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 sum-
mer warming, can be seen above UCDW, which is located in the
temperature maximum layer (Sokolov and Rintoul, 2007).

2.2. Time series

The Australian sector from 110-160°E to 40-65°S, studied
here, is divided latitudinally into 5° zones. Spatial averaging
of UCDW variables, such as vertical velocity, temperature, den-
sity and salinity is computed over the depth of UCDW and
over the particular latitudinal zone, for example (110-160°E,
50-55°S). Temporal averages are computed at monthly and sea-
sonal (where the year is divided into four sets of three months,
December, January and February (DJF) and so on) scales. Ex-
amples of such time series for 1958-2005 in the 55-60°S zone
in summer(DJF), for mixed layer depth and mean wind stress,
can be seen in Fig. 3. Medians by month for these SODA time
series (1958-2005) are used to produce monthly climatologies.

Mixed layer depths (MLDs) are calculated in SODA using the
criterion of 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 only,
MLDs based on the density criterion of a 0.125 kg m~ change
in the potential density from the ocean surface (Monterey and
Levitus, 1997), MLD(0), are also calculated in SODA. Time
series are also calculated for temperature, density and salinity
based on MLD(o') and also for sea surface variables (estimated
at 5 m depth).
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Fig. 3. Time series for SAM, mean wind stress and mixed layer depth, for the region 110-160°E by 55-60°S during summer (DJF).

Wind stress is calculated as the magnitude of the SODA wind
stress vector T = (sz + 1:3)%, from the SODA values for zonal
and meridional wind stress, respectively. Maximum wind stress
over the whole region, as well as the latitude at which the maxi-
mum wind stress occurs, are then found, as well as mean wind
stress for each latitudinal zone.

Other variables considered include stratification at the base
of the mixed layer, which is calculated using the Brunt-Vaissala
Frequency squared (N?),

N2 = - 800 (1
Po 9z

where g is the acceleration due to gravity and py is the average

density for the zone. In addition the Ekman pumping rate, E, is

defined as

E=—c rl( ’ ) @)
= —cCuU — ],
oof

where f is the Coriolis parameter. Related to the Ekman pump-
ing rate is the northward Ekman transport, Qg, which can be
calculated as

0r =20 @
E=— ,

pof
where X is the east-west distance across which the transport is
calculated.
2.3. Trends

Trends and their significance in seasonal (DJF, MAM, JJA and
SON) time series are estimated using the non-parametric sea-
sonal Sen slope (Gilbert, 1987), a generalization of Sen’s estima-
tor of slope, and the seasonal Kendall test (Hirsch et al., 1982),

a generalization 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 statis-
tic and its variance 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
is applied to each set of 3 months within a particular seasonal
time series (eg. DJF) of 144 points, comprised of 48 yr worth
of 3 months of data. The seasonal Sen’s slope is then used to
estimate a linear trend. Trends at the 95% confidence level are
reported here as ‘significant’.

2.4. Correlations

Correlations between two Southern Hemisphere atmospheric
indices, the SAM and the multivariate ENSO Index (MEI),
and the wind stress are performed. In addition, correlations be-
tween mean wind stress and stratification, UCDW variables and
ML variables are calculated. Correlations are found only af-
ter the time series are detrended and averaged time series (one
point per season, as in Fig. 3) are used. Indices to measure the
SAM, prior to the satellite era (1979), have been constructed by
Marshall (2003) and also Visbeck (Hall and Visbeck, 2002; Vis-
beck, 2009) using Southern Hemisphere 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 val-
ues mean the opposite (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.

Tellus 62A (2010), 5
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Fig. 4. Temperature distributions in November 2001 along 140°E from (a) Sokolov and Rintoul (2007) and (b) SODA. Note that the colour scales

are different.

The MEI (Wolter, 1987; Wolter and Timlin, 1993) is based on
observations of sea level pressure, zonal and meridional surface
wind components, SST and total cloudiness fraction of the sky,
taken over the tropical Pacific. The MEI values are calculated as
the first unrotated principal component of all these fields com-
bined, computed for twelve sliding bi-monthly seasons (that is,
December/January, January/February and so on) and then stan-
dardized with respect to each season and to the 1950-1993 ref-
erence period. For seasonal correlation purposes, DJF is taken to
be November/December, December/January, January/February.
Positive values of the MEI represent the warm ENSO phase (El
Nifio).

3. Results and Discussion

3.1. Comparison of SODA with Hydrographic data

In order to assess SODA’s skill at representing hydrographic data
in the Australian region of the SO, temperature and salinity plots
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were produced from SODA and compared with plots produced
from hydrographic data collected along the SR3 track (approxi-
mately 140°E) in November 2001 (Sokolov and Rintoul, 2007).
These plots, given in Figs. 4 and 5 (note the different colour
maps) show that the SODA data is a very close match for the
actual temperature data and a good match for the salinity data,
although SODA puts the 34.5 contour at a lower depth, than in
the observations, in the higher latitudes. It should be noted, how-
ever, that the comparison of SODA with the observational data
does not really illustrate SODA’s skill, since here SODA is re-
producing data that has already been assimilated into the model.
It would seem that such an illustration is not possible since it
would require an independent data set that has not already been
assimilated into SODA.

3.2. SAM and MEI trends

The SAM index is known to have been moving towards a more
positive polarity since the 1970s (Thompson and Solomon, 2002;
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Fig. 5. Salinity distributions in November 2001 along 140°E from (a) Sokolov and Rintoul (2007) and (b) SODA. Note that the colour scales are
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Marshall, 2003). However, as mentioned in the Introduction,
this is not true for all seasons (Marshall, 2007). Using the data
produced by Marshall (2003) applied to the period under study
here (1958-2005) 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. An example of the SAM
index for DJF can be seen in Fig. 3. When a similar analysis for
1958-2005 was conducted for the MEI, it was found that the
index shows a significant positive trend in MAM and JJA only,
meaning that the index is moving to a more ‘El Nifio-like’ state.

3.3. Correlations

3.3.1. Correlations between SAM/MEI and mean wind stress
The aim of this section is to determine the effect of two of
the major Southern Hemisphere atmospheric indices, SAM and
MEI, on the winds in the region under consideration. Correla-
tions between the SAM/MEI indices and the mean wind stress

are given in Table 1, for each latitudinal zone and season. Strong
correlations between SAM and mean wind stress can be seen in
most seasons and zones, with positive correlations in the south
and negative correlations in the north, due to the fact that positive
SAM means stronger winds in the south, relative to the north.

The majority of the correlations between MEI and mean wind
stress are positive and occur in the more northerly zones. There is
also an intriguing (negative) correlation between MEI and mean
wind stress in DJF in the most southerly zone. The opposite
signs in the correlations between SAM and mean wind stress,
and MEI and wind stress in 60—-65°S and 40—45°S are consistent
with studies that have found that ENSO and SAM indices are
often anticorrelated (L’Heureux and Thompson, 2006). Another
point to note is that there are a few season/zone combinations
where there is a significant effect from both SAM and MEI on
the mean wind stress.

3.3.2. Correlations between mean wind stress and other vari-
ables An example of a positive correlation (0.78), between mean

Tellus 62A (2010), 5
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Table 1. Significant correlations between mean wind stress and either the SAM or MEI index

60-65°S 55-60°S 50-55°S 45-50°S 40-45°S

SAM MEI SAM MEI SAM MEI SAM MEI SAM MEI

DJF 053 —-034 0.80 n/s 0.49 n/s n/s 037 —-037 043
MAM 054 n/s 0.70 n/s 0.52 n/s n/s 037 -031 033
JJA 0.47 n/s 0.55 n/s 052 041 049  0.52 n/s 0.30
SON 0.56 n/s 0.62 n/s 041 043 n/s 041 —-0.43 n/s

Notes: n/s, no significant correlation found. Correlations are found using detrended time series.

Table 2.  Significant correlations (and when they occur) between the mean wind stress and the variables

presented
Zone 110-160°E by 60-65°S 55-60°S 50-55°S 45-50°S 40-45°S
UCDW vertical velocity n/s n/s n/s n/s n/s
UCDW temperature n/s n/s n/s SON(0.36) DJF(0.30)
UCDW density n/s n/s SON(—0.30) SON(—0.38) n/s
UCDW salinity MAM(0.32) n/s SON(—-0.35) DIJF(0.30) SON(0.30)
JJA(0.31)
UCDW top depth n/s n/s n/s n/s n/s
ML depth DJF(0.42) DJF(0.78) DIJF(0.69) DIJF(0.54) DIJF(0.80)
MAM(0.36) MAM(0.45)
SON(0.30) SON(0.44) SON(0.34)
ML temperature DJF(-0.43) DJF(—0.59) DJF(—0.53) DJF(—0.40) DJF(-0.52)
MAM(—-0.38) MAM(-0.35) MAM(-0.33) MAM(-0.59)
ML density DIJF(0.55) DIJF(0.54) DJF(0.31) n/s DIJF(0.38)
MAM(0.31) MAM(0.34)
JJA(0.37) JJA(0.30)
SON(0.34) SON(0.32)
ML salinity DJF(0.50) DIJF(0.34) n/s n/s n/s
JJA(0.37)
SON(0.32)
Stratification n/s DIJF(—0.41) DIJF(—0.38) n/s n/s
SON(0.31)
Upward Ekman DIJF(0.51) n/s n/a n/a n/a
pumping rate MAM(0.74)
JJA(0.67)
SON(0.67)

Notes: n/s, no significant correlation found; n/a, not applicable. Correlations are found using detrended time

series.

wind stress and MLD in the 55-60°S zone in DJF, can be seen
in Fig. 3, where there is also a significant correlation between
SAM and mean wind stress (0.80). The relationship between
the wind stress and other variables is summarized in Table 2,
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 t. There are
very few significant correlations between mean wind stress and
UCDW variables, compared with the number that are associated
with the ML. Also, correlations between mean wind stress and

Tellus 62A (2010), 5

ML variables are positive for ML depth, density and salinity, but
negative for temperature. Some interesting observations from
Table 2 include the fact that the strongest correlations in any
zone are all in DJF and that there are more ML correlations in
DJF and MAM than in any other season.

3.4. UCDW

3.4.1. UCDW climatological means Annual means of SODA
climatological values for UCDW variables are given in Table 3,
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Table 3. 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
(s~ C0) (kg m™) (m)
60-65 32 x 107° 1.9 27.7 34.6 90-900
55-60 1.9 x 1073 2.1 27.6 34.6 90-1600
50-55 23 % 107 2.4 27.6 34.6 130-2400
45-50 9.2 x 10° 2.6 27.6 34.6 400-2400
40-45 33 x 1076 2.7 27.6 34.6 1100-2400
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
T T Top UCDW (60465'5) ——
Mixed Layer (60-65°S) —x<—
20 Top UCDW (55-60°S) —%— A
i Mixed Layer (55-60°S) —H—

40

60

80

100

120

Zonal median climatological depth (m)

140

160

Fig. 6. Climatologies of mixed layer depths
and top UCDW depths for 60—-65°S and
55-60°S. Note that these are climatologies
of median depths over a latitudinal zone and
thus it cannot be concluded that UCDW is
always at a lower depth than the mixed layer

where UCDW temperature, density and salinity values are the
same for all seasons. The density (around 27.6 kg m~3), salinity
(34.6) and temperature values (which are all above 1.5 °C) are all
consistent with the definition of UCDW water mass characteris-
tics from Section 2. UCDW temperatures decrease 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.

UCDW shoals as it upwells to the south, as can be seen in
Fig. 2 and also from the approximate depth ranges given in
Table 3. The isopycnals begin to rise steeply near the Subantarc-
tic 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°S
in our region — see Fig. 1), but no further south, since the South-
ern Boundary 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 at around 64.5°S (moving as far south as 64.8°S in
MAM, when the area is ice free). Vertical velocities in UCDW
(Table 3), peak in the 50-55°S zone and then decrease as UCDW

depth.

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 the depth to which UCDW up-
wells (see Fig. 6) indicate that there is a seasonal variation in
this depth in the more southerly zones, with UCDW upwelling
highest in March.

3.4.2. UCDVW linear trends (1958-2005) A summary table
for the significant linear trends in UCDW variables can be found
in Table 4. Since trends are obtained for a large number of time
series (viz., seasonal time series for each variable and latitudinal
zone), the data are summarized by presenting the maximum sig-
nificant 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 all four seasons and that
the maximum trend presented applies to the MAM time period.
Maximum significant trends are also presented, as a percentage
of (the absolute value of) the median value, in Table 5, for those
variables where it is meaningful to do so.

It can be seen that UCDW vertical velocity is increasing in
all seasons in the three most northerly zones (where UCDW is

Tellus 62A (2010), 5
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Table 4.  Significant maximum trends (per year) for UCDW variables

Zone AMean AMean AMean AMean AMean
110-160°E vertical temperature density salinity top depth
by (°S) velocity
ms~tyr™h (°Cyr™h)  (kgm™ yr7h) Y (myr~!)
60-65 1.7 x 1078 33x 1073 —45%x 107 —42x107* 1.0
MAM? ALL(MAM?) ALL(SON#) JJA,SON? ALL(DJF?*)
55-60 —6.6 x 1078 n/s n/s n/s 1.5
SON? DJF*, MAM,JJA
50-55 8.9 x 1078 —2.4x 1073 n/s n/s 0.44
ALL(DJF*) ALL(SON?) MAM?
45-50 7.1 x 1078 —1.5x 1073 n/s n/s 2.1/-0.22
ALL(MAM?) ALL(SON?) DJFY/JJA?
40-45 40 x 1078 —8.1 x 107 n/s n/s n/s
ALL(DJF?) ALL(JJAY)
AUCDW Southerly Position (°S) 1.7 x 1072
ALL(JJA?)

Notes: n/s, no significant trend; positive values indicate increasing trend (eg. UCDW is upwelling
closer to the surface and further south).

AIndicates season in which maximum trend occurs.

Table 5. Significant maximum trends per year, calculated as a percentage of the median value

Zone 60-65°S 55-60°S 50-55°S 45-50°S 40-45°S
UCDW 0.53 —0.35 0.40 0.78 1.3
Vertical velocity MAM? SON? ALL(DJF?) ALL(MAM?) ALL(DJF?*)
UCDW 1.2 1.8 0.34 0.45/-0.05 n/s
Top depth ALL(DJF*) DJF*, MAM,JJA MAM? DJF*/JJA?
Mixed layer 0.71 0.70 0.76 0.84 0.41
Depth ALL(DJF*) ALL(JJA?) ALL(DJF*) ALL(SON#?) SON?
Stratification —0.30 —-0.24 —0.66 -0.77 —0.67
MAM,JJA?,SON MAM?* DIJEMAM*JJA  DIJFEMAM?JJA SON?
Mean wind 0.70 n/s 0.37 0.41 0.51
stress DJF?* DJF* DJFA, MAM,JJA  DJF*, MAM,JJA
Upward Ekman 0.74/—-0.40 0.99 n/a n/a n/a
Pumping rate DJF*/SON? DIF*F, MAM
Northward n/s —0.50 0.37/—-0.35 0.50 0.50
Ekman transport SON? DJF?/SON? DIJFJJA? DIJF? JJA
Maximum 0.36
wind stress DIJF* MAM

Note: n/s, no significant trend; n/a, not applicable.

4Indicates season in which maximum trend occurs.

deep) and in MAM in the most southerly zone (where UCDW
upwells). In the two most southerly zones 55-65°S, UCDW is
found to upwell closer to the surface in almost all seasons and
decreases in density and salinity are found for the 60—-65°S zone.
In addition, UCDW is found to upwell further to the south over
time in all seasons. The values for percentage trend, given in
Table 5, are greatest for UCDW top depth and some vertical
velocity and Ekman pumping rate values.
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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 noteworthy result is the decreasing
trend in UCDW temperature found in the three northerly zones.
It might have been expected that UCDW would show increasing
temperature in accordance with previous findings of increases
in Southern Ocean temperatures (Gille, 2002; Aoki et al., 2003)
and the trends in 60-65°S agree with this. However, this is not
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the case for the other zones and, since UCDW, north of 50°S,
lies at depths of up to 2400 m (see Table 3), 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 UCDVW is of the order of centuries (Santoso et al., 2006).
The above would perhaps also explain the lack of significant
trends in 55-60°S, where the cooling trend in the deeper wa-
ter is counteracted by mixing with warming upper ocean water,
during upwelling.

The above 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 2.
For example, there are no direct correlations between UCDW
top depth and mean wind stress (nor are there lagged ones up to
a 10 year lag — not presented) and neither are there direct nor
lagged correlations between UCDW top depth and the Ekman
pumping rate (not presented).

3.5. Winds, stratification and Ekman variables

3.5.1. Climatological wind stress From Fig. 7, it can be seen that
the location of maximum wind stress, as well as the values of
regional mean and maximum wind stress, varies seasonally with
the Semi-Annual Oscillation. Peak wind stress occurs around
April and September and these months also correspond to the
most southerly locations of the maximum wind stress.

The maximum wind stress varies from 0.22 N m~2 in Decem-
ber/January to 0.29 N m~2 in April and September, dropping
to 0.25 N m~2 in June. The mean wind stress follows a sim-
ilar pattern, with values in the range 0.12-0.18 N m~2. The
location of the maximum wind stress moves from 49.5°S in
December/January to 54.3°S in April/May, moving northwards
to 52.3°S in July.

0.3

0.28

0.26

024 -

0.22

0.2

Wind Stress (N m™)

0.18
0.16

0.14
Fig. 7. Climatology of maximum and mean
0.12 wind stress, as well as location of maximum
wind stress.

A similar climatological plot for mean wind stress by latitudi-
nal zone (not presented), 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 wind stress increases to the north reaching a maximum
between 50 and 55°S, as discussed above, and then decreases
again.

3.5.2. Linear trends (1958-2005) in winds Increasing trends
for maximum wind stress are found for DJF and MAM only
(see bottom of Table 6), consistent with increasing trends in
SAM in the same seasons (see Section 3.2), while no significant
trends are found for the location of maximum wind stress. Trends
in mean wind stress by latitudinal zone (presented in Table 6)
are all positive, indicating increases in the mean wind stress,
particularly in DJF, except for the 55-60°S zone. Finally, no
trends are found in the location where curl(t) is equal to zero.

Given that there are strong positive correlations between SAM
and mean wind stress in all seasons in 50-65°S (see Table 1)
and that SAM shows an increasing trend in DJF and MAM (see
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 and not in 55-60°S at all. This is possibly due
to a confounding effect from ENSO, since the MEI exhibits a
positive trend in MAM (see Section 3.2).

Increasing SAM may also mean winds moving south
(Thompson and Solomon, 2002), but recent work has found
that the effect of SAM varies depending on the region (Sallee
et al., 2008; Drost and England, 2009) and that, in 110-150°E
(almost our study region) the winds will move north (Drost and
England, 2009). We do not find a northerly trend, but do find
that there is no significant trend in the position of the maximum
wind stress.

3.5.3. Climatological stratification and Ekman variables The
monthly climatology for stratification at the base of the ML
given by N? and presented in Fig. 8, shows seasonal variation

Tellus 62A (2010), 5
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Table 6. Significant maximum trends (per year) for various other variables

Zone AMean AMean AMean AMean
110-160°E Stratification Wind Stress Upward Ekman Northward
by (°S) Pumping Rate Ekman Transport
(s72yr™h) (Nm=2 yr=!) (ms~! yr=h) (Svyrh
60-65 —2.0 x 1077 3.7 x 1074 1.2 x 1078/-9.2 x 107 n/s
MAM?,JJA,SON DJF* DJF?*/SON
55-60 —1.9 x 1077 n/s 1.0 x 1078 —1.9 x 1072
MAM? DJF*, MAM SON?
50-55 —4.3 x 1077 5.9 x 107 n/a 1.6/—1.8 x 1072
DIJEMAM,JJA? DJF?* DJF*/SON?
45-50 —53 x 1077 6.0 x 107 n/a 2.4 % 1072
DIJEMAM®JJA  DIJEMAM?,JJA? DJEJJA?
40-45 —2.2 x 1077 5.1 x 107 n/a 22 x 1072
SON? DIJEMAM? JJA? DJEJJIA?
Maximum Location of
wind 9.1 x 107* maximum n/s
stress DIEMAM? wind stress

Notes: n/s, no significant trend; n/a, not applicable.

4Indicates season in which maximum trend occurs.
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by the Brunt-Vaissala Frequency squared.

in stratification, with maximum stratification in February/March
and minimum stratification in September—November. The more
southerly zones reach their peak values later, due to ice melt and
formation. The strongest stratification is found in the 60-65°S
zone and 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 (not presented)
shows decreases from positive values (upwelling) of around 2 x
107% ms~2 in 60-65°S, through zero where curl(t) 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 x 10~°
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ms~2 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 Fig. 7, with a large decrease in summer values.

Peak climatological northward Ekman transport values for
each latitudinal zone (not presented) occur around March and
October, with minimum values in December, similar to the wind
stress (see Fig. 7). Values vary from around 1 Sv (10° m* s7!)
in 60-65°S to 5 Sv in 50-55°S.

3.5.4. Linear trends (1958-2005) in stratification and Ek-
man variables Data showing significant trends in stratification,
upward Ekman pumping rate and northwards Ekman transport
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Table 7. Means of climatological values for Mixed Layer variables

Zone Mean density Mean salinity Mean depth Mean temperature
110-160°E Summer Winter Summer  Winter Summer Winter Summer  Winter
by (°S) (kgm™3)  (kgm™?) (m) (m) 0 °O)
60-65 27.2 27.4 33.9 34.0 27.8 57.0 1.2 -0.8
55-60 26.8 27.1 33.7 33.8 31.9 88.0 33 1.1
50-55 26.5 26.8 33.8 33.9 41.2 117.4 6.0 4.3
45-50 26.2 26.5 34.1 342 46.1 124.9 9.9 8.4
40-45 25.9 26.4 34.6 34.7 32.6 125.3 13.6 11.4

are also given in Table 6. No trends are given for upward Ekman
pumping rate in 50-55°S since in that region pumping varies in-
terannually from upwelling to downwelling, nor north of 50°S,
since it is not is applicable there.

Trends in Table 6 show that the mean upward Ekman pumping
rate is increasing in DJF in 55-65°S and MAM in 55-60°S, but
is decreasing in 60-65°S in SON. The final variable considered
in Table 6 is the mean northward Ekman transport, which can
be seen to be decreasing in 50-60°S in SON and increasing in
DJF and JJA in the more northerly zones.

Stratification can be seen to decrease over time, although
only in some seasons. 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 2 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 southern-most latitudes
only).

3.6. Mixed layer variables

3.6.1. ML climatological means SODA summer and winter cli-
matological values for ML variables, are given in Table 7. ML
density increases and salinity decreases to the south, with salin-
ity rising again slightly near the continent. ML temperatures and
sea surface temperatures (SST) (not presented) decrease to the
south, with SST temperatures generally higher than ML temper-
atures (by up to 0.4 °C), except in regions of ice formation.

MLD in the Southern Ocean follows a seasonal cycle (see
Fig. 6) with climatological maximum depths averaging around
150 m (with large interannual variations) in the 40-50°S (Sub-
antarctic 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 around
25 m near the Antarctic continent.

An investigation into MLD calculated using the less stringent
density criterion, MLD(o'), found that MLD < MLD(o) for cli-

matological values, in almost all zones. For example, in 60—-65°S,
summer MLD is 28.8 m compared with 42.9 m for MLD(o).
In addition, the seasonal variation in MLD(o') (not presented) is
almost identical to that in Fig. 6, although the MLD(o') values
are larger. These MLD(o') depths are similar to those found by
Sokolov (2008) using the ML climatology of Montegut et al.
(2004).

3.6.2. ML linear trends (1958-2005) With one exception,
all significant trends found for ML variables and presented in
Table 8, are positive, indicating increasing mixed layer depth,
temperature, density and salinity in all seasons, except in the
most northerly and most southerly zones. In the most southerly
zone, the exceptions are in ML temperature in DJF and MAM
and ML density in JJA and SON. ML depth found using the two
criteria, MLD and MLD(o ) (not presented), shows similar trends
in each case. The same is true for SST, salinity and density trends
(not presented), when compared with their ML counterparts,
although the trends are often a little larger for the sea-surface
variables.

These results appear to be related to trends in wind stress,
particularly in the more southerly zones, based on the strong
correlations in Table 2 between mean wind stress and ML vari-
ables. In DJF, increasing wind stress contributes to a deepening
in the ML, an increase in evaporation and a subsequent increase
in salinity and density, as well as mixing of water of greater
density into the ML. The negative correlation between ML tem-
perature and mean wind stress in DJF and MAM is explained,
in all but the most southerly zones, by the mixing of colder,
deeper water into the ML (see Tables 3 and 7 for UCDW and
ML temperatures). However, this effect is outweighed by surface
heating, leading to increases in ML temperatures.

In 60-65°S a different situation arises in DJF and MAM,
where there are no significant positive trends in ML temperature,
unlike all other zones and seasons. An explanation for this in
DJF in 60-65°S could be related to the presence in January-
March of colder remnant water between the ML and UCDW
(see Fig. 2). Increasing winds (see Table 6) mix this colder
water into the ML, where it counteracts the surface warming.
The situation in MAM is different from DJF in that there is no
negative correlation between mean wind stress and temperature
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Table 8. Significant maximum trends (per year) for Mixed Layer variables

Zone AMean AMean AMean AMean
110-160°E Depth Temperature Density Salinity
by (°S) (myr) (cCyr™l)  (kgm3yrl) orh
60-65 2.5 x 107! 1.3 x 1072 1.1 x 1073 1.8 x 1073
ALL(MAM?) JJA® SON DJFMAM? ALL(DJF?)
55-60 6.2 x 107! 1.8 x 1072 2.1 x 1073 32 x 1073
ALL(JJA®) ALL(SON®) ALL(DJF?) ALL(DJF?)
50-55 6.3 x 107! 2.5 x 1072 29 x 1073 52 x 1073
ALL(JJA®) ALL(SON®?) ALL(DJF?) ALL(DJF?)
45-50 8.9 x 107! 2.6 x 1072 4.1 %1073 6.9 x 1073
ALL(SON?®)  ALL(SON%) ALL(DJF?) ALL(DJF?)
40-45 4.5 % 107! 1.3 x 1072 —15%x 1073 23x1073
SON® ALL(MAM?) MAM? DJF* SON

AIndicates season in which maximum trend occurs.

there (see Table 2) and there is still a weakly significant (90%
confidence level) positive trend in ML temperature.

3.7. 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., 1990; 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 Fig. 9 for the 60-65°S, 55-60°S and 50-55°S
zones and these are broken down by decade and season, where
the 2000-2005 data are scaled to 10 yr. It is important to note
that, although Fig. 6 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 always at a lower depth than the MLD, which is
not in fact the case.

Figure 9 shows noticeable differences between the three zones
in terms of the seasons where the majority of detections of
UCDW in the ML occur. In 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 figures are consistent with the theory that
UCDW upwells south of the PF (around 55°S — see Fig. 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 months, based on moving 10° north at the peak (March)
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northward Ekman velocity of 0.015 ms™! (not presented) for
the 60-65°S zone and this is consistent with the changes from
Fig. 9(a) to Fig. 9(b).

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 (132), MAM (243), JJA (370) and
SON (306)), it would seem that UCDW is primarily entrained
in the ML in summer/autumn (in 55-65°S), rather than in au-
tumn/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 but this does not seem to be
the case, as both the MLD and the UCDW upwelling depth fol-
low a similar seasonal cycle (see Figure 6), which means that the
deepening of the ML in winter is accompanied by a concomitant
deepening of the UCDW upwelling depth.

Figure 9 also shows that the total number of times UCDW is
detected in the ML has increased from the 1960s to the 2000s,
including a large increase in the 1990s. This increasing trend is
consistent with the trends found for the ML and UCDW—that
is the ML is deepening (see Table 8) and UCDW is upwelling
closer to the surface (see Table 4). Of note 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 upwelling as well as advection.

3.8. The connection with primary production in the
southern-most zones

UCDW upwells in the latitudinal zones 55—65°S and entrains nu-
trients that are essential for phytoplankton growth into the ML.
This work has found that, for all seasons, there is a weak trend
southwards in the southern-most latitude where UCDW can be
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detected. This may be important from the point of view of phy-
toplankton growth and biomass, due to the fact that, during the
Baseline Research on Oceanography Krill and the Environment
(BROKE) survey, a connection was found between circulation
patterns (and surface water temperatures) and the abundance of
krill compared with salps (Nicol et al., 2000).

The strongest trend associated with UCDW is associated with
UCDW top depth; it is moving closer to the surface, which,
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, al-
though an increasing trend in the upward Ekman pumping rate
is found in summer (and autumn in 55-60°S), this is not accom-
panied by an increase in the northward Ekman transport. This
has the effect of increasing the time that the nutrients are avail-
able for primary production. Other significant summer trends
in the 55-65°S zone are increasing wind stress (in 60—65°S),
increasing ML temperature and salinity (except in 60—-65°S) and
increasing density. However, the relative impact of the various
trends on PP is difficult to quantify and other factors, such as
changes in irradiance levels, also need to be taken into account.

3.9. Comparison of results with previous studies

Significant surface and subsurface warming in our sector of
the Southern Ocean has been found both in a small number
of regional observational studies as well as in the ensemble of

Data from 2000 to 2005 are scaled to 10 yr.

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 to 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, difficult. Our results show
an increase in ML temperature of around 1-2 x 1072 °Cyr~!
(see Table 8), except in DJF and MAM in the most southerly
(60-65°S) zone, consistent with the above.

Data in our study region has been collected at Maria Island
(42.6°S, 148.23°E) from 1944 to 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 x 1072 °C yr~!
and 3 x 1073 yr~!, respectively). These are consistent in sign
and order of magnitude with the ML results found here in that
latitudinal region.

Similar vertical sections to those mentioned above for temper-
ature 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
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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 south
of 50°S there is a relatively weak freshening signal. Decreas-
ing salinity has been found at a few Southern Ocean sites
near to Antarctica, possibly associated with increased precipita-
tion, sea-ice extent, sea-ice melt or changes in CDW upwelling
(Jacobs, 2006). Our study found increased ML salinity in all
zones in the study region and this is consistent with trends of
decreased precipitation north of 50°S and the results found at
Maria Island, mentioned above. It is also consistent with the
study by Curran et al. (2003), which found that sea-ice de-
creased in the East Antarctic region 80—140°E from the 1950s to
1995—decreasing sea-ice extent leads to decreasing ice melt and
increasing salinity. It is unclear whether the ML trends found
here for salinity south of 50°S are inconsistent with previous
work, due to uncertainties introduced by the uneven spatial and
temporal distribution of observations in this region (Boyer et al.,
2005; Jacobs, 2006).

The few studies available have reported both surface and sub-
surface warming in the SO. For example, a comparison of tem-
perature data (Gille, 2002) from the 1950s and 1990s over the
SO between 35 and 65°S, in the 700-1100 m depth range, yields
an increase of around 4 x 1073 °Cyr~!, with warming concen-
trated 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 sACCH, 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 (3.3 x 10~% °Cyr™!), although our results do not
find significant trends in the 55-60°S zone.

A recent study by Boning et al. (2008) has used both Argo
float and historical 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 x 10~ °Cyr~! and
salinity decreases of —4 x 10~*yr~!. Our UCDW results for
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. Our results show an increasing trend in UCDW tem-
perature only in 60-65°S and no significant trend in 50-55°S,
with decreasing UCDW temperature north of 55°S. Our tem-
perature results are, however, consistent with trends found from
measurements taken in the Pacific along 170°W between 40 and
20°S from 1968/1969 to 1990 (Santoso et al., 2006; Johnson
and Orsi, 1997), which show temperature trends of —3 x 1073
°Cyr~! (and decreases in salinity) along deep density surfaces
corresponding to UCDW. Boning 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
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obtained by averaging over the full UCDW density range (27.35
kgm™ <0y <27.75kgm3) for 6 > 1.5°C.

A recent study by Yang et al. (2007) has used an earlier ver-
sion (1.4.2) of the SODA data that is used here 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 to 2000, includ-
ing 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 (Boning et al., 2008)
have concluded that the SO overturning circulation is insensi-
tive to decadal changes in wind stress, due to stronger westerly
winds inducing an increase in eddy activity, which counteracts
increases in northward Ekman transport. Our study, which fo-
cuses on the region south of Australia and considers a longer
time period (1958-2005) than the other SODA study, finds a
complex response to wind forcing, which involves both SAM
and ENSO, and, while it does find an increase in Ekman pump-
ing, in certain seasons, south of 55°S, does not find that this
translates into an increase in northward Ekman transport in our
region.

The work in this paper is based on the SODA 2.0.2/2.0.3
reanalysis data set, 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 110°E-160°E 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 our finding of
no significant trend in the position of the maximum wind stress),
unlike some other regions, such as the Indian basin (Drost and
England, 2009).

Itis worth noting here that recent work by Hosoda et al. (2009)
and Roemmich and Gilson (2009), based on Argo float data,
which shows decreasing surface layer salinity and temperature
in some parts of the Australian sector, cannot be meaningfully
compared with the present work, due to the time periods being
considered. The trends presented here are over the time period
1958-2005, whereas the other studies compare mean values for
2003-2007 or 2004-2008, respectively, with climatological val-
ues from the World Ocean Database (1960—-1989) or the World
Ocean Atlas, respectively.
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4. Conclusions

The work in this paper has focussed on the Australian region of
the Southern Ocean (110-160°E, 40-65°S) and uses data from
the SODA 2.0.2/2.0.3 reanalysis to investigate the climatolog-
ical physical environment, as well as trends in the time series
(1958-2005) of various physical parameters. Results are anal-
ysed by season and by 5° latitudinal zone. Trends, presented
below, represent the range in seasonal values for the southern-
most zones 55-65°S.

Significant strong increases are found in ML depth (0.18-0.62
myr~!) and ML temperature (0.58—1.8 x 1072 °C yr~"), with the
notable exception of ML temperature in DJF and MAM in the
most southerly zone (60-65°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 DJF.
Smaller increases are found in ML density [0.9-2.1 x 1073
(kg m~®)yr~!] and salinity (1.3-3.2 x 10~%yr~!). It should
be noted that these trends are for the period 1958-2005 and
cannot be compared with recent results, which show decreases
in sea-surface temperature (Roemmich and Gilson, 2009) and
salinity (Hosoda et al., 2009; Roemmich and Gilson, 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 occurring in DJF in 60—65°S. Strong posi-
tive correlations, found between mean wind stress and ML depth
(in all zones) and with ML density and salinity (south of 50°S),
particularly in DJF/MAM, are consistent with increasing ML
depth and increasing ML density and salinity, due to increased
wind mixing and evaporation. The seemingly anomalous re-
sult 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 in-
creasing wind mixes cooler remnant winter water into the ML,
counteracting the effect of surface warming.

Ekman pumping is found to increase in DJF/MAM in the
southerly zones, but this does not lead to an increase in north-
ward Ekman transport, nor does it seem to be connected to the
depth to which UCDW upwells (at least on a decadal time-
scale). Trends in UCDW upwelling are studied, as it is thought
to be crucial in the supply of nutrients in the zones where it
upwells (approximately 55-65°S). The strongest (percentage)
trend among the UCDW variables in the 55-65°S zones, is in
UCDW top depth, indicating that UCDW is found to upwell
closer to the surface over time (0.44 to 1.5 m yr~"). This leads to
an increasing trend in the number of occasions where UCDW is
found above the ML depth. 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 in greater numbers in winter and spring.

Other significant UCDW trends include an increase in up-
welling velocity (but predominantly in the more northerly zones,
where UCDW is found at depths up to 2400 m) and a de-
crease in UCDW temperature there, contrary to general upper
ocean warming. An increase in UCDW temperature and a de-
crease in UCDW density and salinity are also found in the most
southerly 60—65°S zone. In addition, a small but significant in-
crease (southerly movement) in the latitude of the southernmost
location of UCDW is also found. 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 most southerly zones
of 55-65°S in the Australian region studied, it is found that,
in this region, summer brings very shallow mixed layers and
higher temperatures, very low wind stress, quite high stratifi-
cation and very low northward Ekman velocities, which means
that nutrients, injected into the ML by UCDW upwelling, will
be advected northwards only slowly. The combination of these
factors leads to favourable conditions for primary production,
as does the increasing 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 tem-
perature or stratification in DJF, in addition to the southward
trend in the position of UCDW upwelling, may counteract these
effects.
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