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A B S T R A C T
Changes in biological productivity in the Southern Ocean have the potential to have a significant effect on world
climate. Here we use a combination of satellite, model and model reanalysis data to examine climate variability in the
Australian sector of the Southern Ocean (110–160◦E, 40–70◦S) to identify the controls on chlorophyll-a (a proxy for
phytoplankton biomass) and primary productivity and evaluate trends in these controls over the period 1997–2007.

In summer, in the 65–70◦S zone, sea-ice concentration together with the Southern Annular Mode explains 51% of
the variance in chlorophyll-a, while mean wind stress and sea-surface temperature explains 55% of the variance in the
60–65◦S zone. Further north, key controls are photosynthetically active radiation, sea-surface temperature, mixed layer
depth and stratification.

Trends in hydrodynamic variables are found to often be opposite in sign and up to an order of magnitude larger
than those previously identified in the same sector for 1958–2005. Allowing for the effect of shorter time series on
the magnitude of the trends, many recent trends seem to be outside the range of previous variability. These results are
consistent with a shift in the ocean state in the past 10–15 yr, in response to a shift in climate.

1. Introduction

Despite the Southern Ocean being characterized as a ‘high-
nutrient low chlorophyll’ region (Whitehouse et al., 2008), phys-
ical and concomitant biological changes in the Southern Ocean
may exert a disproportionate effect on the world’s climate. This
is due partly to the circumpolar nature of the Antarctic Circum-
polar Current (ACC), which facilitates the movement of heat
and CO2 between the Indian, Pacific and Atlantic Oceans. In ad-
dition, Southern Hemisphere westerlies, which drive the ACC,
cause divergence-driven upwelling of Upper Circumpolar Deep
Water (UCDW), which is rich in CO2 and nutrients (in particular
iron), with potential impacts on both the regional solubility and
biological pumps. A study by Lovenduski and Gruber (2005)
found that enhanced westerly winds over the Antarctic Zone
and Polar Frontal Zone, associated with positive phases of the
Southern Annular Mode (SAM), drive increased northward Ek-
man transport of this nutrient-enriched water, which can affect
biology as far north as the Polar Front (Hoppema et al., 2003).
A later modelling study by Lovenduski et al. (2007) found that
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positive phases of the SAM are also associated with anoma-
lous outgassing of natural CO2, which is only slightly mitigated
by the increased uptake of anthropogenic CO2, leading to a re-
duction in the rate of increase of CO2 uptake in the Southern
Ocean in the last 50 yr. Other studies, using repeated surface-
ocean CO2 observations (Metzl, 2009; Takahashi et al., 2009)
or an inverse method combined with observed atmospheric CO2

concentrations (Le Quere et al., 2007) have also found that the
Southern Ocean carbon sink has been weakening since at least
1990.

To some extent it is possible to assess mid- to late-twentieth
century trends for hydrodynamic variables in the Southern Ocean
via observations in specific areas at different times (Gille, 2002,
2008; Aoki et al., 2003; Hill et al., 2008) or via climatologies
(Boyer et al., 2005; Levitus et al., 2005; Jacobs, 2006; Böning
et al., 2008). Other methods include the use of reanalysis data
sets, such as the Simple Ocean Data Assimilation (SODA) data
set (Yang et al., 2007; Johnston and Gabric, 2010) or modelling
studies (Trenberth et al., 2007; Zhang, 2007; Henson et al.,
2010).

However, such trends are more difficult to establish for pri-
mary productivity, due to the sparse nature of the observational
data. The advent of the satellite era, and, in particular the Sea-
viewing Wide Field of View Sensor (SeaWiFS, McClain et al.,
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2004), has provided an opportunity to consider trends in standing
stock (surface chlorophyll-a) or primary productivity since 1997.
There are, however, caveats associated with reporting trends in
satellite-derived chlorophyll-a and in using ocean colour models
to estimate primary productivity (Saba et al., 2010a,b). One is
associated with potential over- or underestimation of the magni-
tude and variability of primary productivity and the other relates
to estimating trends in primary productivity. For example, a re-
cent paper by Saba et al. (2010b) found that, in two Northern
Hemisphere subtropical gyres, ocean colour models were more
challenged at estimating productivity trends over short time pe-
riods (such as the SeaWiFS era) than longer time periods.

A few modelling studies, which use satellite-derived surface
chlorophyll-a values to calculate primary productivity, have ex-
amined trends for the Southern Ocean (Barbini et al., 2005;
Arrigo et al., 2008; Smith and Comiso, 2008). Using an al-
gorithm calibrated specifically for use in the Southern Ocean,
Arrigo et al. (2008) found no trend in 1997–2006 for annual
primary productivity in the whole Southern Ocean, although
statistically significant trends for primary productivity in the
Ross Sea (increasing) and the south Indian Ocean sector (de-
creasing) were found. In contrast, Smith and Comiso (2008)
found annual productivity over the entire Southern Ocean, cal-
culated using the Vertically Generated Production Algorithm
(VGPM) of Behrenfeld and Falkowski (1997), has increased
significantly since 1998, particularly in January and February.
A recent modelling study (Steinacher et al., 2010), which looks
at primary productivity projected over the 21st century, found
that, for parts of the Southern Ocean, an alleviation of the lim-
itations of light and/or temperature will lead to an increase in
primary productivity, but that absolute change in productivity in
the Southern Ocean (south of 45◦S) will vary regionally. The
variation in trends, in both surface chlorophyll-a and primary
productivity, between different regions of the Southern Ocean
is also illustrated in the work of Martinez et al. (2009), who
examine changes in surface chlorophyll-a from (1979–1983) to
(1998–2002), using data from the earlier Coastal Zone Colour
Scanner (CZCS) and SeaWiFS.

Previous work (Steinacher et al., 2010) has identified a num-
ber of physiochemical controls on primary productivity in the
Southern Ocean. 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 micronutrient availability and
community composition and grazing. Sea-ice retreat south of
60◦S during spring and summer is thought to affect primary pro-
ductivity by seeding the upper ocean with phytoplankton cells
growing in or on the ice, providing a source of iron in meltwater
(Constable et al., 2003) and by forming a low salinity, stable
surface layer (Smith and Nelson, 1985).

Studies have shown that there is an inverse correlation be-
tween MLD and primary productivity (Mitchell and Holm-
Hansen, 1991) and the depth of the chlorophyll-a maximum

(de Baar et al., 2005). Increased wind stress may lead to in-
creased entrainment of nutrients into the mixed layer, but this
may be offset by a deepening of the mixed layer, which results
in a reduced average light exposure for algal cells. Increased
stratification due to increased temperature may also be counter-
balanced by increased wind stress. Smith and Comiso (2008)
suggest that for open ocean waters, phytoplankton biomass is
limited over large regions of the Southern Ocean, due to the
interactive effects of iron and irradiance. The availability of key
nutrients such as iron and silicic acid (Moore and Doney, 2006)
is thought to be related to the strength and upwelling position
of nutrient-rich UCDW, which may affect primary productivity
and cause shifts of ecosystem structure (Nicol et al., 2000). In
addition, a combination of increased temperature and increased
iron has been shown to have a magnified effect on primary pro-
ductivity, compared with the effect of either individually (Rose
et al., 2009).

Climate variability can affect many of these controls on pri-
mary productivity, particularly on interannual timescales (Boyce
et al., 2010). This has been established by considering correla-
tions between chlorophyll-a or primary productivity and climate
indices, such as the SAM (Marshall, 2003), the Multivariate El
Niño/Southern Oscillation (ENSO) Index (Wolter and Timlin,
1993, MEI) and the Pacific Decadal Oscillation (PDO, Man-
tua and Hare, 2002). For example, studies have shown the link
between the SAM and chlorophyll-a (Lovenduski and Gruber,
2005), the SAM and primary production (Arrigo et al., 2008),
the MEI and chlorophyll-a (Behrenfeld et al., 2006) and the
PDO index and chlorophyll-a (Martinez et al., 2009).

The first aim of this work is to examine how climate variabil-
ity on interannual timescales affects phytoplankton biomass and
primary productivity in the Australian sector of the Southern
Ocean, from the Subantarctic zone to the Antarctic continent.
The second aim is to identify any trends in these controls over
the study period (September 1997–August 2007) and to attempt
to set these trends in the context of a longer time-frame. We uti-
lize three types of data: satellite data (for surface chlorophyll-a,
PAR and sea-ice concentration), modelled primary productiv-
ity data (calculated with the VGPM model of Behrenfeld and
Falkowski (1997)) and model reanalysis data (SODA for hydro-
dynamic variables). Seasonal time series (spring and summer),
over the study period, are constructed for 5◦ latitudinal zones
that approximate the Southern Ocean frontal zones. These are
then correlated with similar surface chlorophyll-a time series,
in order to identify controls on phytoplankton biomass. In addi-
tion, 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 1958–2005
previously analysed by Johnston and Gabric (2010). Finally, the
trends in various hydrodynamic variables are plotted as ‘running’
sets of trends, beginning with 1958–2007, then 1959–2007 and
finishing with 1998–2007, to see if the present trends are outside
the range of earlier variability.
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2. Methods

2.1. Study region

The region studied in this work is the Australian sector of the
Southern Ocean (110–160◦E, 40–70◦S). This is shown in Fig. 1,
which presents mean (1998–2007) SeaWiFS chlorophyll-a and
VGPM primary productivity for January. Note: in the remainder
of this study the words chlorophyll-a and primary productivity
will be taken to refer to surface chlorophyll-a and estimated pri-
mary productivity, respectively, in the interests of brevity. Mean
positions for the Polar Front and Southern Boundary of the ACC
(Orsi and Ryan 2001 updated, 2006) in the Australian sector are

also shown in Fig. 1. 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 Rin-
toul, 2002): Subantarctic Fronts 1 and 2 (50.5◦S and 52◦S) and
the Southern ACC front (62–64◦S). Along this line, the sea-ice
zone extends north to approximately 60◦S, with seasonal sea-ice
retreat to 65◦S (Sokolov, 2008).

2.2. Data sources

2.2.1. Satellite data. Chlorophyll-a and PAR are derived from
SeaWiFS (Version 5.1) (McClain et al., 2004) level 3 monthly

Fig. 1. 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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data which is gridded at 9 km × 9 km resolution. Monthly
sea-ice concentration data (Comiso 1999 updated, 2008) are de-
rived using measurements from the Scanning Multichannel Mi-
crowave Radiometer on the Nimbus-7 satellite and the Defense
Meteorological Satellite Program Special Sensor Microwave
Imagers. Data were generated using the Microwave Scanning
Radiometer-Earth Observing System Bootstrap algorithm and
gridded on a polar stereographic grid at 25 km × 25 km resolu-
tion.

2.2.2. Model data. Net Primary Productivity is computed
using the Vertically Generalized Production Model (VGPM)
(Behrenfeld and Falkowski, 1997), which estimates primary pro-
ductivity from chlorophyll-a using a temperature-dependent de-
scription of chlorophyll-specific photosynthetic efficiency. Our
study uses the VGPM output, with the caveat that this is a stan-
dard algorithm and is not calibrated specifically for the South-
ern Ocean. However, the VGPM is a widely used model (Carr
et al., 2006) that has been used previously in the Southern 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 Aus-
tralian sector (Dierssen et al., 2000; Smith et al., 2000; Barbini
et al., 2005). Also, a recent paper Saba et al. (2010a), com-
paring 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 overestimated primary productivity but underes-
timated 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 Advanced Very High Resolution Radiometer (AVHRR)
are inputs to the VGPM (Behrenfeld and Falkowski, 1997)
model, where primary productivity (PP) is defined as

PP = 0.66125 ∗ P B
opt ∗ E0

(E0 + 4.1)
∗ chla ∗ Zeu ∗ Dirr (1)

and primary productivity is in units of mg C m−2 d−1, P B
opt is the

optimal rate of photosynthesis in the water column [mg C (mg
chlorophyll-a)−1 h−1] and is regulated by temperature, E0 is the
daily surface PAR (Einsteins m−2 d−1), chla is chlorophyll-a
concentration (mg m−3), Zeu is the depth of the euphotic zone
(m) and Dirr is the photo period (h). Physiological variability is
linked to the P B

opt variable, which is given by fitting a polynomial

of the form, P B
opt = ∑7

i=0 ai( SST
10 )i , to field data (see Behrenfeld

and Falkowski, 1997, for the ai values). The euphotic depth
Zeu is calculated from chla using the Case I model of Morel
and Berthon (1989). Primary productivity is calculated on a
daily basis, then binned to give 8-d or monthly values. Monthly
primary productivity data sets on a 9 km × 9 km grid are used
in this study.

2.2.3. The SODA reanalysis. The Simple Ocean Data As-
similation (SODA) data (Carton et al., 2000; Carton and Giese,
2008) come from a reanalysis of ocean climate variability that
begins with a state forecast produced by the Parallel Ocean Pro-
gram (POP) general circulation model (at 0.25◦ × 0.4◦ × 40
level resolution). SODA then uses a sequential data estimation
scheme to change temperature and salinity in the model ocean
in order to accommodate hydrographic observations, which are
restricted to depths shallower than about 1000 m for assim-
ilation, due to the scarcity of observations below that depth.
Freshwater fluxes since 1979 come from the Global Precipi-
tation Climatology Project precipitation data and evaporation
from bulk formulae (Schott et al., 2009). The vertical diffusion
of momentum, heat and salt are carried out using KPP (Large
et al., 1994) mixing with modifications to address issues such
as diurnal heating (Carton and Giese, 2008). The reanalysis has
been evaluated by comparisons with independent observations,
such as the historical archive of hydrographic profiles, supple-
mented by ship intake measurements, moored hydrographic ob-
servations, 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).

The remainder of the variables used in this study come
either from the SODA reanalysis data set or are derived
from variables therein. This work uses the SODA 2.0.2/2.0.4
(1958–2001/2002–2007) data sets to look at the 10 yr period
September 1997 to August 2007. The data sets include sea sur-
face heights, surface wind stress, zonal, meridional and vertical
velocity fields, as well as temperature and salinity, and are pre-
sented 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.
The SODA 2.0.4 reanalysis is different from the one for the
earlier period in that it uses QuikSCAT (Spencer et al., 2000)
winds rather than ERA-40 (Uppala et al., 2005) 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
data sets, we have also used the SODA 5-d data, to allow for
more accurate detection of UCDW in the mixed layer.

The core of UCDW can be identified (Sievers and Nowlin,
1984; Orsi et al., 1995) by [O2] < 201 µmol l−1 at density values
27.35 < σθ < 27.75 kg m−3, where [O2] is oxygen concentration
and σ θ is potential density anomaly. 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 and 34.7. UCDW is identified in SODA using the density
and temperature criteria above.

In order to assess SODA’s ability to represent hydrodynamic
data in the Southern Ocean, a plot is presented in Fig. 2, which
compares SODA temperature data with observational data (Sed-
wick et al., 2008) (note the different colour scales). SODA
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Fig. 2. Temperature distributions in March 1998 along 140◦E from (a) (Sedwick et al., 2008, reprinted with permission from Elsevier) and (b)
SODA. (Note the different colour scales).

temperature data is a very good match for the observational
data, except perhaps near 44◦S. Figure 3 shows a section, from
50 to 55◦S, of the temperature plot in Fig. 2b, overlaid with
isopycnals that represent UCDW. Note that UCDW is mainly
found deeper than 350 m and south of the Polar Front (Johnston
and Gabric, 2010), which is around 54◦S here (Sedwick et al.,
2008). Part (b) of the same figure is observational data for dis-
solved iron concentration (Sedwick et al., 2008), measured at
the same time as the hydrographic data. By comparing the con-

tours that delineate UCDW with the iron concentrations, it can
be seen that UCDW coincides with a region of higher (around
0.3 nM) dissolved iron concentration values.

2.3. Time series analyses

The Australian sector from 110–160◦E to 40–70◦S is divided lat-
itudinally into 5◦ zones, over which spatial averages for the var-
ious variables are computed. Temporal averages are computed

Fig. 3. (a) Temperature distribution in March 1998 along 140◦E from SODA, overlaid with isopycnals identifying UCDW. Part (b) shows dissolved
iron concentrations (Sedwick et al., 2008, reprinted with permission from Elsevier) measured at the same time as the temperatures shown in part (a).
The isopycnals identifying UCDW coincide with higher values of dissolved iron.
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at monthly and seasonal (where the calendar year is divided
into four sets of three months, DJF, MAM and so on) scales.
Since the majority of primary production occurs in spring and
summer in the Southern Ocean, we focus on those two seasons.
Climatologies are produced from medians of the monthly time
series.

Mixed layer depths are calculated in SODA using the criterion
of an absolute temperature difference of 0.2◦C from the surface
(Montegut et al., 2004). Examination of an alternative definition
for MLD, using the density criterion of a 0.125 kg m−3 change
in the potential density from the ocean surface (Monterey and
Levitus, 1997), found that it made no difference to the types of
trends found to be significant.

UCDW variables considered are the top depth where UCDW
can be identified and the most southerly position where UCDW
can be identified. Mean wind stress is calculated as the magni-
tude of the SODA wind stress vector τ = (τ 2

x + τ 2
y )

1
2 , from the

SODA values for zonal and meridional wind stress, respectively,
averaged over 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 2),

N 2 = − g

ρ0

∂σθ

∂z
, (2)

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)

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

QE = −Xτx

ρ0f
(4)

where X is the east–west distance across which the transport is
calculated.

2.4. Climate indices

Indices to measure the SAM, prior to the satellite era (1979),
have been constructed by Marshall (2003) and also Visbeck
(2009) using Southern Hemisphere atmospheric pressure obser-
vations 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 be-
cause both seasonal and annual values are available, is shown
in Fig. 4 for summer for the period 1958–2007, along with the
MEI and PDO Index.

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 12 sliding bi-monthly periods (that is, De-
cember/January, January/February and so on) and then standard-
ized with respect to each season and to the 1950–1993 reference
period. For seasonal correlation purposes, summer is taken to
be November/December, 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 anoma-
lies 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 defined (Mantua and Hare, 2002) as the
leading empirical orthogonal function (EOF) of mean Novem-
ber 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
influence of the long-term trends in the data. Positive values
indicate months of above normal SSTs along the west coast of
North and Central America and on the equator, and below nor-
mal SSTs in the central and western north Pacific at about the
latitude of Japan.

2.5. Statistical analyses

In order to examine the effect of the various variables consid-
ered in this study on biological productivity, correlations are
computed between the variables and both chlorophyll-a and pri-
mary productivity. 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 2.2.3. Correlations, using the Pearson correlation co-
efficient, are found using the 30 point seasonal time series, after
detrending. Using these results and the R Statistical and Comput-
ing Package (R Foundation for Statistical Computing, Vienna,
Austria), a multiple linear regression model is fitted between
chlorophyll-a and those variables that are not correlated with
one another.

Trends and their significance in seasonal (summer and spring)
time series are estimated using the non-parametric seasonal Sen
slope (Gilbert, 1987), a generalization of Sen’s estimator 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 statistic 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
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Fig. 4. Summer time series for (a) SAM (Marshall, 2003), (b) MEI (Wolter and Timlin, 1993) and (c) PDO (Mantua and Hare, 2002). The SAM
time series shows a positive trend (increased wind stress) from the 1970s to the mid-1990s and a generally negative, but not significant, trend for the
period (1998–2007) considered in this work. The 1998–2007 trends for MEI and PDO are also not significant. Positive MEI values represent the
warm ENSO phase (El Niño) and positive PDO values represent months where there are above normal SSTs along the west coast of North and
Central America and on the equator, and below normal SSTs in the central and western north Pacific.

to the time series for each month within a particular seasonal
time series (e.g. summer) of 30 points, comprised of 10 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’.

3. Results and Discussion

3.1. Chlorophyll-a and primary productivity

Mean January (1998–2007) chlorophyll-a and estimated pri-
mary productivity (VGPM) are shown in Fig. 1 (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 excess of 1 mg m−3) near the Antarctic
continent. The considerable interannual variation in chlorophyll-
a is demonstrated in Fig. 5 for each of the six zones over the
period September 1997 to August 2007. Peak chlorophyll-a val-
ues are generally around 1 mg m−3, 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 Jan-
uary, 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,
corresponding 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 January
for 50–55◦S and November and February for 40–50◦S, illustrat-
ing the interannual variability in phenology as well as in the
magnitude of the bloom.

In contrast to chlorophyll-a, estimated primary productivity
generally increases to the north (Fig. 1, Table 1). The exception
to this is the 65–70◦S zone in December, January and Febru-
ary, where primary productivity is higher than in 60–65◦S and
55–60◦S. This is consistent with high chlorophyll-a near the
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Fig. 5. 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.

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 pri-
mary productivity (0.75–0.97), in both spring and summer in all
zones, except for spring in the 65–70◦S zone (0.42) (Table 2).

3.2. Controls on chlorophyll-a and primary productivity

This section will focus on the main factors, found in Tables 3
and 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 primary productivity and the
MEI or the southern-most position of UCDW.

3.2.1. Sea-ice concentration. 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 (Table 1). Interannual variability in
sea-ice concentration in summer in the 65–70◦S zone is shown
in Fig. 6, in addition to decreases in sea-ice concentration which
correspond to increases in chlorophyll-a and vice versa. Sea-ice

concentration is an important factor in controlling the levels of
chlorophyll-a (Table 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 4).

3.2.2. PAR. Climatological values for PAR are given in Ta-
ble 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 sug-
gested as one of the major controls on primary productivity
in the Southern Ocean (Moore and Doney, 2006). 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 3)
and primary productivity in spring (0.94–0.98, Table 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.
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Table 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)a

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−2d−1)b

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)c

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(%)d

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 d−1)a

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)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)c

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)c

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)c

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)c

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

UCDW top depth (m)c

Summer n/a 41.3 52.1 108.8 346.8 1124
Spring n/a 58.9 70.2 120.9 422.2 1112

aSource: SeaWiFS
bSource: VGPM
cSource: SODA
dSource: National Snow and Ice Data Center

Table 2. Correlations (significant at the 95% confidence level) between chlorophyll-a and
primary productivity 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

3.2.3. SST. Climatological values for summer and spring SST
(Table 1) increase to the north, with spring values lower than
summer values. Results of correlations between chlorophyll-a
or primary productivity and SST, (Tables 3 and 4, respectively)
show that, in summer, there is a negative correlation between
SST and both chlorophyll-a (50–65◦S) and primary produc-

tivity (60–65◦S), whereas in spring (40–60◦S) there is a posi-
tive 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 corre-
lations in spring and summer may be related to the fact that in
spring increasing temperature leads to increasing ice melt, which
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Table 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 conc = Sea-ice
concentration, Mean WS = Mean wind stress, Strat = Stratification, Top UCDW = Top UCDW depth, Ek Pump/Trans = Ekman pumping
rate/transport

65–70◦S 60–65◦S 55–60◦S 50–55◦S 45–50◦S 40–45◦S

Summer

Sea-ice conc (–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)

Mean WS (0.55)
Ek Trans (0.47)
Top UCDW (0.39)

Spring

Sea-ice conc (–0.53) PAR (0.82) PAR (0.90) PAR (0.94) PAR (0.86) PAR (0.55)
Sea-ice conc (–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)
Ek Pump (–0.37) Strat (0.47) MLD (–0.68) SST (0.37)

Mean WS (–0.41)
Ek Trans (–0.40)

Table 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 follows: Sea-ice conc = Sea-ice
concentration, Mean/Max WS = Mean/Maximum wind stress, Strat = Stratification, Ek Pump/Trans = Ekman pumping rate/transport

65–70◦S 60–65◦S 55–60◦S 50–55◦S 45–50◦S 40–45◦S

Summer

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 conc (–0.45) Top UCDW (0.45)

PDO (–0.44)

Spring

Sea-ice conc (−0.81) PAR (0.96) PAR (0.98) PAR (0.98) PAR (0.95) PAR (0.94)
Strat (0.51) Sea-ice conc (−0.79) SST (0.79) MLD (−0.76) SST (0.82) MLD (−0.84)
Max WS (−0.38) Ek Pump (−0.47) MLD (−0.70) SST (0.73) MLD (−0.71) SST (0.77)

SST (0.38) Max WS (−0.38) Strat (0.51) Strat (0.43)
Max WS (−0.37) Max WS (−0.43) Mean WS (−0.39)

Mean WS (−0.43) Ek Trans (−0.36)
Ek Trans (−0.41)

leads both to increased iron being released as well as to the for-
mation 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 (see Table 1),
increasing SST may not increase chlorophyll-a if nutrients such
as iron are limiting (de Baar et al., 2005).

3.2.4. Mixed layer depth and stratification. The depth of the
mixed layer (Table 1) varies between latitudinal zones and sea-
sons. Deeper mixed layers occur in spring than in summer
and the mixed layer generally shallows towards the Antarc-
tic 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 3 and
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.
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Fig. 6. Summer time series for 1998–2007
in sector (110–160◦E, 65–70◦S) for (a)
Chlorophyll-a, (b) Sea-ice concentration and
(c) SAM.

Climatological values for stratification in summer, also given
in Table 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 summer in 40–45◦S (Tables 3 and 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 1), where decreased
stratification (and increased mixing of nutrients) may be related
to an increase in chlorophyll-a.

3.2.5. PDO. A number of significant correlations are found
between the PDO and both chlorophyll-a and primary produc-
tivity (Tables 3 and 4), but only in summer. 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 consistent with work by Martinez et al. (2009) who have
recently shown that multi-decadal changes in global phytoplank-
ton abundance can be related to basin-scale oscillations of the
physical ocean (i.e. the PDO in this region), by examining the
covariability of chlorophyll-a and SST.

3.2.6. Comparison of controls on chlorophyll-a with controls
on primary productivity. As would be expected from the form of
Equation (1), significant correlations are found between primary
productivity and chlorophyll-a, PAR, MLD and SST (Tables 2

and 4). Interestingly, the modelled primary productivity 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 3 and 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.

3.3. Controls on Chlorophyll-a by Zone

3.3.1. Spring. Based on the results from Table 3, the impor-
tant 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 (positive 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 be-
tween chlorophyll-a and Ekman transport and mean wind stress
and in 55–60◦S between chlorophyll-a and Ekman pumping
rate. Interestingly, these correlations are negative in each case,
indicating an increase in chlorophyll-a associated with a de-
crease in the other variable. In the case of mean wind stress this
may indicate that increased chlorophyll-a is related to reduced
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mixing of phytoplankton away from available light, given the
importance of light in spring. However, it is unclear why the
are negative correlations between chlorophyll-a and the Ekman
variables.

3.3.2. 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 3). However, since no correlation was found between
SAM and sea-ice concentration, 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 Fig.
6 indicates that the maximum chlorophyll-a values in 2000 and
2002 coincide with low sea-ice concentration and high SAM
values. Using a multivariate linear regression model it is found
that sea-ice concentration and SAM together can explain 51%
of the variance in chlorophyll-a.

3.3.3. 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 (positively correlated). Since nutrient-rich UCDW upwells
between the Polar Front and the Southern Boundary 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 covary (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 (Fig. 7), show 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.

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 1), while
the UCDW temperature is around 1.9◦C (Johnston and Gabric,
2010). This is consistent with UCDW nearing the surface hav-
ing 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. We hypothesize that favourable conditions for phy-
toplankton 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 (Fig. 7). Iron sources could include both UCDW,
which intrudes into the mixed layer mainly in summer and au-
tumn in this zone (Fig. 8), as well as the melting sea-ice, since
a significant correlation between sea-ice concentration in the
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Fig. 7. Summer time series for 1998–2007
in sector (110–160◦E, 60–65◦S) for (a)
Chlorophyll-a, (b) Mean wind stress and (c)
SST.
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Fig. 8. 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.

previous spring and chlorophyll-a in the following summer is
also found (not presented).

3.3.4. The 50–55◦S and 55–60◦S zones in summer. Both PAR
(positive correlation) and SST (negative correlation) are sig-
nificant factors affecting chlorophyll-a in 50–60◦S in summer,
in addition to stratification in 55–60◦S (Table 3). Again, as in
spring, these factors covary.

3.3.5. 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 3), in contrast to
the negative correlations found between these variables and
chlorophyll-a further south. Both of these regions can be im-
pacted by mineral dust deposition from the Australian continent
(Gabric et al., 2010) and this is consistent with the large inter-
annual variability in the phenology and magnitude of the bloom
(Fig. 5).

3.4. Trends over the Period 1997–2007

Before studying trends over the period 1997–2007, it is worth
noting that the SAM does not display a positive trend in summer
and autumn over this time (Monaghan et al., 2008), in contrast

to the trend from the 1970s to the late 1990s (Thompson and
Solomon, 2002). The SAM index for summer for 1958–2007
is shown in Fig. 4 and the negative trend for 1997–2007 in
summer is found to be significant only at the 90% confidence
level, whereas 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.

3.4.1. Trends in satellite and SODA-derived variables. In ad-
dition to trends in chlorophyll-a and primary productivity, trends
in all the variables identified in Section 2 as possibly affecting
chlorophyll-a or primary productivity are presented in Table 5
for completeness. Sea-surface salinity (SSS) is also presented,
although it was not included in the previous section 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. Previous work by Johnston and Gabric
(2010) analysed trends in hydrodynamic variables similar to
those here, in the same region but over the longer time period
1958–2005, and when the SODA-derived trends from Table 5
are compared with those, two differences are apparent. One is
that the 1997–2007 trends are generally about an order of mag-
nitude larger than the 1958–2005 trends and the second is that
the sign of the trends is very often opposite to that for the longer
time period.
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Table 5. 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, 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−2d−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

In order to compare these 1997–2007 trends with previous
trends over longer time periods, plots of ‘running’ trends are
produced, similar to plots for SAM by Monaghan et al. (2008),
for each latitudinal zone and season, for the various SODA-
derived variables presented in Table 5. The trends are calculated
from the start year to 2007, so that in Fig. 9 the value at 1958
represents the trend in summer SST from 1958 to 2007, while
the final point is the trend for the time series, 1998–2007, con-
sidered in this study. The shaded areas show the 95% confidence
interval for the trends and this increases as expected for later
start years, where the time series is shorter. Note that start year
varies between 1958 and 1998 for spring, whereas for summer
it is 1959 to 1998, since the first summer season from December
1958 to February 1959 is labelled as 1959.

Figures 9 and 10 generally show quite stable initial trends for
SST and SSS, respectively, followed by later either increasing or

decreasing trends. These increasing or decreasing trends appear
to be occurring, even allowing for the fact that the later time
series are shorter and the confidence intervals are wider. There
are strong recent increases in SST in 50–60◦S in both spring
and summer, with decreases north and south of there, except in
60–65◦S in summer (Fig. 9). The difference between SSS trends
in different latitudinal zones is illustrated in Fig. 10, where SSS
trends are increasing north of 50◦S and decreasing south of
there, for start years of around 1980. When similar analyses are
performed for the other SODA-derived variables presented in
Table 5, for each latitudinal zone and season, there appears to
have been a detectable change in the trends for many of the
variables.

3.4.2. UCDW intrusions into the mixed layer. The vertical ad-
vection of nutrient-rich UCDW into the mixed layer is thought
to be critical for primary productivity (Martin et al., 1990;

Tellus 63B (2011), 2



280 B. M. JOHNSTON AND A. J. GABRIC

Fig. 9. Trends for Sea-surface Temperature for summer and spring, for the time series from the start year to 2007, with the 95% confidence intervals
shaded.

Hoppema et al., 2003) and this may occur between the Polar
Front and the Southern Boundary of the ACC. Here the fre-
quency 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 data sets,
here the SODA 5-d data sets (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
gridpoint. Values for UCDW top depth and MLD in summer
(Table 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 5◦ latitudinal
zones between 50 and 70◦S in Fig. 8, where the 73 pentads

in a year are recombined to form ‘seasons’, which consist of
18 pentads, except for December which contains an extra pen-
tad. Fig. 8 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 1) nor trends (Table 5) for UCDW top depth are given in
this zone. UCDW is entrained in the 60–70◦S zones predomi-
nantly in summer and autumn (Fig. 8), a situation that was also
noted in the previous 1958–2005 work (Johnston and Gabric,
2010). In contrast 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 au-
tumn, 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.
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Fig. 10. Trends for Sea-surface Salinity for summer and spring, for the time series from the start year to 2007, with the 95% confidence intervals
shaded.

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, we find a statistically significant de-
crease in summer in the 60–65◦S and 55–60◦S zones. This does
not seem to be the case, however, in spring. These results are
consistent with trends found for UCDW top depth in summer
in 60–65◦S in Table 5 which show that UCDW is found fur-
ther from the surface and the mixed layer is shallowing. Again,
when our results are compared with the analysis for 1958–2005
in Johnston and Gabric (2010), the trend of a decreasing num-
ber of intrusions of UCDW in summer into the mixed layer in
1997–2007 is opposite to the trend for the longer time period.

3.4.3. Trends in chlorophyll-a and primary productivity.
When the summer and spring time series for chlorophyll-a

are examined for trends, negative trends in chlorophyll-a are
found for both seasons in the 55–60◦S zone and positive trends
for both chlorophyll-a and primary productivity are found in
summer in the two most northerly zones (40–50◦S) (Table 5).
These results are presented with the caveat that there is some
uncertainty in primary productivity trends that are derived us-
ing 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
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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 our 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 sum-
mer trends dominate, due to the larger values for summer both in
chlorophyll-a and chlorophyll-a trends. Trends for primary pro-
ductivity 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.

Positive trends are found for chlorophyll-a and primary pro-
ductivity in the two most northerly zones 40–45◦S and 45–50◦S
in summer (Table 5). However, further study is needed into the
reasons for these trends, given that the only factors found here
that correlate positively with chlorophyll-a are PDO and stratifi-
cation in 40–45◦S (Table 3) and stratification with primary pro-
ductivity (Table 4). One factor that needs to be taken into account
in these northern latitudes 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 55–60◦S zone in both summer and spring (Table 5). In sum-
mer, these trends are consistent with the positive trends found
for SST (Table 5), in conjunction with the negative correlation
between SST and chlorophyll-a (Table 3) in that zone. The fact
that Ekman transport is also decreasing there, presumably with
a concomitant decrease in the supply of iron, is also consis-
tent with decreasing chlorophyll-a. However, SST cannot be the
key factor in spring since the positive correlation between SST
and chlorophyll-a (Table 5) then would suggest increasing not
decreasing chlorophyll-a. In this case, a decrease in the Ek-
man transport as discussed above and a decrease in stratification
(Table 5) may be relevant.

3.5. Comparison with other studies

3.5.1. Controls on chlorophyll-a and primary productivity. In
their study of primary production in the Southern Ocean in
1997–2006, Arrigo et al. (2008) found that interannual pro-
duction covaried with sea-ice cover, although changes in SST
played a role. Our study agrees with those results, finding an
inverse relationship between chlorophyll-a and sea-ice concen-
tration, 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
Southern Ocean (Smith and Comiso, 2008) and our work finds
strong correlations between PAR and both chlorophyll-a and
primary productivity in spring and in the 50–60◦S zones in sum-
mer. 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 lim-
itation does not significantly constrain chlorophyll-a in High-
Nutrient Low–Chlorophyll 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 stud-
ies (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
covary. 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 correla-
tion 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 relationship between chlorophyll-a and SST at interan-
nual timescales (Behrenfeld et al., 2006; Martinez et al., 2009).
In contrast, a recent study (Saba et al., 2010b) has found a pos-
itive relationship between the 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 pro-
duction and SST, with positive correlations 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 indirectly (through the effect of temperature on strati-
fication and sea-ice). Our study also found correlations between
the PDO and both chlorophyll-a and primary productivity in
summer: positive in 40–45◦S (chlorophyll-a only) and nega-
tive in both 60–65◦S and 65–70◦S. This is consistent with work
by Martinez et al. (2009) who looked at the covariability 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 cor-
relation between 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-d data from 1997 to 2004 and considered
zones based on climatological fronts and thus differed slightly
from this study. The Lovenduski and Gruber (2005) study linked
SAM to different 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 up-
welling, while the negative correlation north of the Polar Front
was because of stronger light limitation due to deeper mixed lay-
ers. However, the SAM-chlorophyll-a correlations in the study
by Lovenduski and Gruber (2005) were actually only significant
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in the Subantarctic zone south of Australia 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 statistically significant. The short data record and the sea-
sonal 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 correla-
tions (40–50◦S) between SAM and chlorophyll-a in summer,
in agreement 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 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 environmental
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.

3.5.2. Trends for 1997–2007. We have considered trends in
phytoplankton biomass, various climate indices and hydrody-
namic variables, over the period 1997–2007. Trends in hydro-
dynamic variables over the study period are much larger and
often of opposite sign to those previously calculated (Johnston
and Gabric, 2010) for 1958–2005 and this is illustrated in Figs.
9 and 10, which show stable long term trends in SST and SSS,
respectively, as well as what appear to be recent changes in the
trends.

Differences in SST trends, depending on the region and lat-
itudinal zone, have been reported previously (Trenberth et al.,
2007). Such differences have also been found in a recent study
(Roemmich and Gilson, 2009), which compared 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 re-
sults were given south of 60◦S). This is consistent with the plots
from Fig. 9, 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 (Fig. 10) 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 in-

creased precipitation, sea-ice and glacial melt near the Antarctic
continent (Jacobs, 2006).

4. Conclusions

Using a combination of satellite, model and model reanalysis
data, we have investigated the effect of interannual climate vari-
ability on phytoplankton biomass and primary productivity in
the Australian sector of the Southern Ocean during the period
1997–2007. In 5◦ latitudinal zones that approximate the frontal
zones of the ACC, factors that affect chlorophyll-a and primary
productivity have been identified and examined and have been
found to be very similar.

Apart from sea-ice concentration, which is negatively corre-
lated with both chlorophyll-a and primary productivity near the
Antarctic continent, very different factors are found to influence
both chlorophyll-a and primary productivity in spring compared
with summer. In spring, the important factors are PAR, SST,
MLD and stratification, bearing in mind that some of these fac-
tors covary. In the north in the 40–45◦S zone, PDO and strati-
fication 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 Polar Front (50–60◦S), PAR and SST
are the most important factors, with SST negatively correlated
with chlorophyll-a. We find a number of covarying factors that
influence chlorophyll-a in the zone (60–65◦S) south of the Polar
Front, 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.

Over the period 1997–2007, we find that chlorophyll-a is
decreasing in 55–60◦S in both spring and summer, while
both chlorophyll-a and primary productivity are increasing in
40–50◦S in summer. A decrease in the Ekman transport of nu-
trients (iron) and an increase in SST, which is negatively corre-
lated 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 magni-
tude larger those found previously (Johnston and Gabric, 2010)
for the 1958–2005 time period. For example, an increasingly
positive trend in SST is found in 50–60◦S in recent years, con-
sistent 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,
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again consistent with recent Argo float studies (Roemmich and
Gilson, 2009; Hosoda et al., 2009) and precipitation studies
(Bindoff et al., 2010; Helm et al., 2010). An investigation into
these and other similar trends finds a discernible change in re-
cent years in many cases, which is outside the bounds of earlier
variability. This may indicate that there has been a shift in the
last 10–15 yr in the ocean state of the Southern Ocean.
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