
Seasonal and inter-annual variability of western subtropical mode
water in the South Pacific Ocean

Xiao Hua Wang & Vihang Bhatt & Youn-Jong Sun

Received: 9 September 2014 /Accepted: 10 November 2014 /Published online: 28 November 2014
# Springer-Verlag Berlin Heidelberg 2014

Abstract The seasonal and inter-annual variability of the
western subtropical mode water (hereafter STMW) in the
South Pacific Ocean was examined using the Bluelink Re-
ANalysis 2.1 (BRAN2.1) in terms of heat budget. The analy-
sis of heat content change suggested that the seasonal cycle of
surface heat flux played a dominant role in the formation of
the STMW in the South Pacific Ocean. However, the surface
heat flux and the East Australian Current (EAC) heat transport
tended to compensate one another during STMW production.
Out of phase or different amplitude of the components led to
warming or cooling of the mixed layer, and the heat transport
by the EAC in the formation of the STMW cannot be ignored.
The correlation between volume anomalies of the STMWand
net surface heat flux was insignificant, indicating that the
inter-annual variability of the STMW was equally influenced
by surface thermal forcing and ocean dynamic processes, such
as horizontal advection. This study revealed the important role
played by the EAC in the inter-annual variability of the
STMW, i.e., a weakened heat transport by the EAC led to an
increased volume anomaly of the STMW in the South Pacific

Ocean. The STMW production can be further enhanced by La
Nina, which drives positive anomaly in sea surface salinity in
the western South Pacific and creates a favourable precondi-
tioning for surface cooling in austral winter.
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1 Introduction

Subtropical mode water (STMW) is the name given to a
particular type of water mass feature observed in the subtrop-
ical oceans. It is described as a water mass with vertical
homogeneity between the seasonal thermocline near the sur-
face and the deeper main thermocline, and is of key impor-
tance in elucidating gyre circulation and climatic stability
(Roemmich and Cornuelle 1992). It can also be viewed as
the accumulation of a bulk of water nearest to the western
boundary current (WBC) extension region, which is mainly
generated by mixing and cooling during the winter season
(Hanawa 1987; Roemmich and Cornuelle 1992). The name
STMW is being used more extensively to describe various
types of water mass found within subtropical gyre in the
world’s oceans (Talley 1999; Hanawa and Talley 2001; Joyce
et al. 2009; Oka and Qiu 2012).

As a global feature, STMW is represented by different
identities. It is described in the North Atlantic Ocean as the
18-degree water or as the North Atlantic STMW (NASTMW)
(Worthington 1959). The temperature of the NASTMW de-
creases eastward to 17.5 degrees (Warran 1972). The STMW
in the North Pacific Ocean has been described as a pycnostad
between the seasonal and main pycnoclines in the subtropical
gyre (Masuzawa 1969). It is formed on the warm side of the
oceanic front in the Kuroshio and Kuroshio Extension (KE)
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region during the winter period and is named the North Pacific
STMW (NPSTMW). In this region, an intense winter cooling
at the surface creates a thick mixed-layer depth (MLD). The
deepening of MLD continues during the winter period and
becomes the deepest at the end of the season (Bingham 1992).
The distribution of mixed layer temperature shows a warming
trend from west to east along the Kuroshio path (Suga and
Hanawa 1990; Oka and Suga 2003).

Numerous observational and modelling studies for the
North Pacific and North Atlantic STMWs have been conduct-
ed (Bingham 1992; Hautala and Roemmich 1998; Bates et al.
2002; Ladd and Thompson 2002; Krémeur et al. 2009;
Nishikawa et al. 2010; Oka et al. 2011; Joyce 2012). On the
other hand, the South Pacific Ocean is the widest body be-
tween the Australia (west) and the South American (east) land
masses. The STMW in the eastern South Pacific (called
SPESTMW) has been hypothesised to be a pycnostad remnant
of the winter mixed layer in the eastern South Pacific, equa-
torward of the subtropical front where high salinity is expected
to be the cause of deepened winter mixed layer (Tsuchiya and
Talley 1996, 1998; Wong and Johnson 2003). The western
South Pacific features the East Australian Current (EAC). The
EAC is at its maximum during the summer period with an
average southward geostrophic transport of 40 Sv, whereas its
minimum average transport of 24 Sv appears during the
austral winter (Ridgway and Godfrey 1997). Hence, the flow
of the EAC is weaker than other western boundary currents,
such as the Kuroshio and the Gulf Stream, and may lead to the
weakness of the South Pacific Western STMW (hereafter
SPWSTMW) thermostad, since its main thermocline has a
shallower depth (Roemmich and Cornuelle 1992), and the
Tasman front, which extends into the Southern Ocean sub-
tropical gyre, similar to the extension of the thermal front
along the KE into the North Pacific. The surface salinity south
of the Tasman front decreases rapidly to 34.5 psu (Tomczak
and Godfrey 1994).

Roemmich and Cornuelle (1992) was the first study that
described both spatial distribution and temporal variability of
the SPSTMW. They suggested that the weakness of the
SPSTMW thermostad led to a shorter lifetime compared with
the NPSTMW. Many studies followed, including Sprintall
and Roemmich (1995), Roemmich et al. (2005), Hu et al.
(2007), Tsubouchi et al. (2007) and Holbrook and Maharaj
(2008). Roemmich et al. (2005) investigated the role of oce-
anic advection on mass and heat of the Tasman box based on
eddy-resolving expendable bathythermograph (XBT) data
during the period 1991–2002. They revealed that the STMW
variability was influenced by the residual of oceanic heat
advection in the study domain. Tsubouchi et al. (2007) illus-
trated that the SPSTMW was characterised by three types,
with different spatial distributions and core layer
temperatures, namely, the West, North and South types.
Using synoptic CTD sections from the World Ocean

Circulation Experiment PR11 cruise data, Hu et al. (2007)
investigated the existence of the STMW in the Tasman Front
Extension around 29°S. It was observed in the depth range of
150–250 m with a temperature range of 16.5–19.5 °C. The
vertical temperature gradient in the region was observed to be
less than 1.6 °C per 100 m, and the potential vorticity was less
than 2×10−10 m−1 s−1. With the Digital Atlas of the South-
western Pacific upper Ocean Temperatures (DASPOT) dataset
for the period 1973–1988, Holbrook and Maharaj (2008)
showed maps of the STMW thickness distribution. They used
the criteria of a vertical temperature gradient of 2 °C per 100m
to identify the STMW in the region and found that the STMW
extended across the entire width of the southwestern Pacific
with a very broad swath ranging from the southeastern Aus-
tralian coast to New Caledonia in the north. They also eluci-
dated that the STMW volume varied seasonally, from 6.6×
1014 m3 in October (maximum) to 1.9×1014 m3 in May
(minimum). These observational studies provided vital infor-
mation about the STMW in the region. However, they did not
attempt to investigate the dynamic aspect of its seasonal and
inter-annual variability that links to the local oceanographic
processes, such as the EAC and its eddy activities, as the
DASPOT dataset does not contain data such as current veloc-
ity measurements required to conduct such analysis. There-
fore, dataset from an eddy-resolving ocean model would be
advantageous to overcome deficient dynamic view on tempo-
ral–spatial variability of the SPWSTMW in previous papers.

A recent achievement of the Commonwealth Scientific and
Industrial Research Organization, in collaboration with the
Royal Australian Navy and the Bureau of Meteorology, is
the Bluelink ReANalysis 2.1 (hereafter, BRAN2.1). It is as-
similation modelling using an eddy-resolving ocean circula-
tion model for the Australian region, which has provided a
new and valuable synoptic dataset for this sparsely observed
region. BRAN2.1 plays a key role in making a more sophis-
ticated analysis of the relationship between oceanic circulation
and of heat budget in the complex air–sea climate system.
Furthermore, the better performance of BRAN2.1 was veri-
fied by analysing and comparing to other eddy-resolving
ocean circulation models without data assimilation (Wang
et al. 2013). The eddy-resolving model with data assimilation
can realistically reproduce the structures of currents and
fronts, and the mode water can therefore be understood dy-
namically with mesoscale features that are not fully covered
bymost observations (Oka and Qiu 2012). The purpose of this
study is to comprehensively study the seasonal and inter-
annual variability of the SPWSTMW off the east coast of
Australia using BRAN2.1 dataset. The data and method used
in this study are described in “Section 2”. The seasonal vari-
ability and inter-annual variability of the mode water in the
east Australian region are discussed in “Sections 3 and 4”,
respectively. Finally, main results are summarised in
“Section 5”.
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2 Data and methods

The BRAN2.1 is the third version of BRAN, which depends on
criteria of analysis periods and datasets used for assimilation in
the global Ocean Forecasting Australian Model (OFAM; Schil-
ler and Smith 2006; Schiller et al. 2008). The OFAM is based
on the Modular Ocean Model (version 4; MOM4) (Griffies
et al. 2004), which uses z-coordinate, hydrostatic assumption
and primitive equations. The variable horizontal model grid
(1,191×968 grid cells) is finer in the Asian–Australian region
of 90°E–180°E 75°S–16°N, with a spatial resolution of 0.1°
around Australia and gradually degrading to 2° in the North
Atlantic Ocean. It has 47 levels in the vertical, which are
equally spaced at 10-m interval above 250 m and subsequently
increase exponentially with depth.

For reference, BRAN2.1 assimilates observations from sat-
ellite altimeters (ERS, GFO, TOPEX/Poseidon, Envisat and
Jason-1) and 57 coastal tide gauges around Australia as well
as sea surface temperature (SST) from Pathfinder for the period
1992–2002 and fromAMSR-E for the period 2002–2006 along
with in situ temperature data, e.g. Argo, Tropical Atmosphere–
ocean (TAO), CTD and XBT. The daily BRAN2.1 reanalysis
dataset for the period 1993–2006was used for the current study.
Monthly and annual averages for the region of 45°S–15°S,
150°E–180°E were extracted from the global dataset, which
covers the SPWSTMW, and used for validation by the high-
resolution expendable bathythermograph (HRX) data (Fig. 1).

The initial conditions for the OFAM were obtained by
blending Levitus climatology (Levitus 2001) with the CSIRO
Atlas of Regional Seas (CARS2000; Ridgway et al. 2002). The
reanalysis was carried out using surface wind stress and surface
heat flux from the European Center for Medium Range Weath-
er Forecast (ECMWF) 40-Year Re-analysis (ERA-40; Uppala
et al. 2005) data and from the operational forecasts of the
ECMWF (Schiller et al. 2008); the latter was used as forcing
in the OFAM every 6 h for the period of September 2002
onwards because the ERA-40 reanalysis was available only
up to August 2002. The ERA-40 wind stress and flux data are
available at 2.5°×2.5° spatial resolution, whereas the ECMWF
operational forecast is available at much higher resolution
(0.5°). To validate BRAN2.1, we used the Scripps Institution
of Oceanography (SIO) HRX (http://www-hrx.ucsd.edu/index.
html) transects along PX06 (Auckland–Suva), PX30
(Brisbane–Suva) and PX34 (Wellington–Sydney) as shown in
the Fig. 1 (Roemmich et al. 2005).

Figure 1 shows the 14-year (1993–2006) mean tempera-
tures from HRX transects (Fig. 1b) and BRAN2.1 (Fig. 1c).
The isotherms of 14 and 20 °C are highlighted, as one of the
criteria used to determine SPWSTMW thickness. The
BRAN2.1 has steeper isotherms in the East Auckland Current
region (Auckland–Suva section) but weaker and smoother
EAC in the Sydney–Wellington section. A full evaluation of
BRAN2.1 is beyond the scope of this article and has been

done by Oke and others (Oke et al. 2005; Schiller and Smith
2006; Oke and Schiller 2007; Oke et al. 2008; Schiller et al.
2008). The BRAN2.1 will be used to investigate oceano-
graphic processes, such as heat budget and mode water thick-
ness. In the later sections, we will also evaluate the quality of
BRAN2.1 by comparing it to the results of Roemmich et al.
(2005).

Fig. 1 aMap of the study area (20°S–40°S, 150°E–180°E), with bottom
topography and the track lines (PX30, PX34 and PX06; black lines) of
high-resolution expendable bathythermograph (HRX) transects. Vectors
show monthly averaged surface velocities (in meters per second) in July
from the BRAN2.1. The dashed gray linemarks 155°E, and the box is the
domain of the study. Vertical 14-year mean temperature sections from b
HRX transects and c BRAN2.1. The bold lines show isotherms of 14 and
20 °C for the mode water in the present study
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2.1 Definition of subtropical mode water in the South Pacific

A great advantage of BRAN2.1 is its uniform grid of 10-km
resolution in the study region. However, such an advantage is
missing for the vertical grid below 250 m. Therefore, the
temperature and salinity data were interpolated linearly at
10-m intervals up to 1,000-m depth for the purpose of deter-
mining the SPWSTMW (hereafter STMW) thickness. It is
important to note that the mode water is present between
150 and 250 m based on observational studies (Hu et al.
2007; Holbrook and Maharaj 2008).

Different studies use various criteria for identifying the
STMW (Table 1) and apply different characteristic limits to
define it. In the present study, the criteria used for determining
mode water are a vertical gradient of 2 °C/100 m and a
temperature range of 14 to 20 °C. In order to analyse the
formation of the mode water, we will examine heat budget
terms (heat advection, net surface heat flux and heat content
change) in the STMW and then use these in finding any
influence of ocean dynamics on the variability of the STMW.
The STMW is generally defined as the water below the mixed
layer, which is the water that has subducted and moved
northward in the South Pacific. However, the mode water is
connected to the mixed layer, and its heat content must be
related to its formation in winter. Therefore, heat budget terms
in the mixed layer will also be examined.

2.2 Mixed layer depth

Based on the extreme curvature of a temperature or density
profile (Lorbacher et al. 2006), an empirical method has been
devised to determine theMLD. In this approach, an emphasis is
given to the second derivative (curvature) of the temperature or
density profile. The MLD is determined in two steps. Firstly,
the depth interval at which the MLD may be found is specified
by two boundary conditions, which correspond to a significant
gradient (>0.25 °C) and standard deviation (>0.02 °C) over
30 m below this level. Secondly, the MLD is determined based
on the shallowest extreme curvature within the depth interval
by finding the local extreme curvature and interpolating it to
levels in the interval with either an exponential fit or a linear fit
(Lorbacher et al. 2006). The empirical method has been shown
to overcome the limitations of the gradient method, which is
sensitive to the vertical resolution and vertical gradient of the
profile at the base of the mixed layer and, therefore, was used to
compute the MLD in this study.

3 Seasonal cycle of the mode water

As the STMW is a common feature observed in the oceans,
similar mechanisms can be assumed for its formation,

spreading and dissipation. It has been shown that winter
cooling is important for the formation of the STMW in the
North Atlantic Ocean, South Pacific Ocean and North Pacific
Ocean (Bingham 1992; Holbrook andMaharaj 2008; Oka and
Qiu 2012). Thus, the seasonal cycle of the STMW should be
directly correlated with that of atmospheric forcing.

The STMW was calculated based on the criterion (2 °C/
100 m and 14–20 °C) as mentioned previously. Figure 2
shows the seasonal variability of the STMW along 155°E
using the monthly averages from 1993 to 2006. This meridian
is preferred because it is in the segment of the West type
classified by Tsubouchi et al. (2007) and also in the middle
of the EAC extension region at 32°S. The cross-sections of the
reanalysis temperature show that the MLD began to increase
as early as April (upper 50–100 m) in the central Tasman Sea
(along 155°E). The deepening of the mixed layer intensified
during the austral winter (June to August); the onset of the
STMW subduction after winter-time convective mixing could
be visualised from July, and the subduction continued until
November when the STMW had penetrated into the interme-
diate depth (at around 200 m). It can also been seen that the
STMW was detached from the surface mixed layer after
November.

The reanalysis also shows that the region within the iso-
therms of 14 and 20 °C along the eastern Australian coast
shifted southward due to the seasonal heating (Fig. 2). The
region of the STMW temperature range could be found near
40°S during this period (austral summer). During winter (June
to August), reduced surface heating as well as weakening of
the EAC shifted the STMW formation region northward, up to
32°S, in the surface, and the STMWwas spread out northward
along the 20 °C isotherm up to 28°S at 200 m depth (Fig. 2). It
is interesting to note a 300-m water column of STMW be-
tween 100 and 400 m was present in November and Decem-
ber, and was separated from the STMW south of ~35°S. The
STMW formation region was further elaborated using a spa-
tial distribution of the STMW thickness for the southwestern
Pacific in Fig. 3. The reanalysis revealed that the STMW
thicknesses averaged in this region ranged between ~57 m in
March (austral autumn) and ~182 m in September (austral
spring). The growth of STMW thickness began as early as
July near 30°S around Auckland and near 40°S around the
southern coast of Australia; this can be visualised as a wide
zonal band. As a distinct feature, the mode water, which was
strongly subducted due to surface cooling in winter, could be
found with an east-northward migration (Holbrook and
Maharaj 2008). The formation of the STMW was intensified
between 30°S and 35°S in October (Fig. 3). The intensified
subduction in the formation region was observed to reach up
as far east as 180°.

As an impact on the seasonal cycle of the STMW, the
monthly averaged net surface heat flux (Qsurf) is shown in
Fig. 4. The month of January exhibits extensive summer
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heating in the ocean (~100 W m−2), which can be seen south
of 35°S in the Tasman Sea. Note that the Coral Sea in the north
experienced relatively less warming (~50 W m−2) during the
same period. The Tasman Sea cooling began as soon as the
austral autumn started. The panel for the month of April
suggests that surface heat loss of more than 140 W m−2 ap-
peared near 28°S and 35°S. The surface heat loss further
intensified during winter. The surface heat flux for the peak
winter month of June shows a large region of heat loss
(>200 W m−2) between 25°S and 40°S. The net surface heat
flux in October (austral spring) suggests marginal cooling in
the central Tasman Sea (~20Wm−2). As the heat transport (by
the EAC) into the Tasman Sea occurred, heat loss from ocean

to atmosphere and the timing of the transition from net cooling
to net heating were not spatially uniform in October. In that
month, the ocean was still being cooled due to latent heat loss
in the western Tasman Sea while it received heat elsewhere.
Therefore, the heat loss also increased with the strengthening
of the EAC, which maintained a large air–sea temperature
difference. The time series of the area averaged net surface
heat flux suggests marginal heat gain (66 W m−2) during the
austral summer in comparison with the substantial heat loss
(132 W m−2) during the austral winter.

Figure 5 shows monthly averaged distributions of MLD.
The MLD clearly began to deepen as early as April. In July,
MLD of more than 100-m-thick broadly covered the Tasman

Table 1 The criteria used to
characterise the mode water Source Criterion for mode water

ΔT/ΔZ, (°C/100 m) Temperature (T), (°C) Planetary potential
vorticity (PPV), (m−1 s−1)

Wong and Johnson 2003 None None <3×10−10
Hu et al. 2007 1.6 16.5 °C<T <19.5 °C <2×10−10
Holbrook and Maharaj 2008 2 14 °C<T <20 °C None

Present study 2 14 °C<T <20 °C None

Fig. 2 Seasonal variability of the
mode water along 155°E (see the
dashed line in Fig.1a) based on
the BRAN2.1. The contours show
temperatures (units: degrees
Celsius). The vertical temperature
gradient is shaded to show the
extent of the mode water (2 °C/
100 m), and the red curve shows
the mixed layer depth (units:
meters). The bold contours show
isotherms of 14 and 20 °C for the
mode water in the present study
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Sea. The formation of the STMW continued during the austral
winter months (July to September) with the maximum MLD
observed in August. The end of the formation and the begin-
ning of the dissipation started in November as the mixed layer
started to shoal. This continued during the austral summer
months (January to March). It is important to note that the
mode water formed during the austral winter persisted until
the end of the austral summer.

The seasonal cycle of the total STMW integrated over the
region (20°S–40°S and 150°E–180°E) suggests the mode
water volume varied from 1.6 (±0.5)×1014 m3 in March to
7.8 (±0.5)×1014 m3 in September (Fig. 6). The total STMW
volume obtained in the present study has a relatively larger
range than that observed by Holbrook and Maharaj (2008),
which was from 1.9×1014 m3 in May to 6.6×1014 m3 in
October. It should be noted that the STMW definition
used by Holbrook and Maharaj (2008) did not consider
the mode water volume within the mixed layer that is
applied in this study. However, the area of integration
(20°S–40°S and 150°E–180°E) used here is smaller than
that used by Holbrook and Maharaj (2008); also, the
time periods used to prepare the STMW climatological
cycle differ. Despite all these differences, the seasonal
cycles shown by Holbrook and Maharaj (2008) and in
this study are in good agreement.

Fig. 3 Monthly averaged mode water thickness (units: meters) in the
southwestern Pacific. The gray lines, black thin lines and black bold lines
show 10-, 200- and 250-m thicknesses of the mode water, respectively.
The black dashed line marks 155°E

Fig. 4 Spatial distribution of monthly net surface heat flux (units: watts
per square meter) from the ERA-40. The positive sign indicates that the
ocean gains heat from the atmosphere. The black dashed line marks
155°E

Fig. 5 Monthly averaged mixed layer depth. The contour interval is
50 m. The black bold lines and gray bold lines denote 100- and 150-m
contours, respectively. The black dashed line marks 155°E
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The seasonal variability of air–sea interaction and heat
budget plays a significant role in the total STMW volume as
shown in Figs. 3 and 4. Therefore, we calculated the heat
budget (heat transport and heat content change) above 14 °C
isotherm. The heat transport by the EAC across the northern
open boundary also plays a key role in controlling the total
heat transport. The heat transport (Qadv) is computed using
Eq. 1,

Qadv ¼
Z

l

Z
Z14

ρcpvTdzdl þ
Z

A
ρcpwT 14dA; ð1Þ

where ρ is the density of sea water, cp is specific heat of sea
water at constant pressure (joules per kilogram per degree
Celsius), T is ocean temperature, Z14 is the depth of the
14 °C isotherm and v is the current velocity across the all
open boundaries (denoted by l) of the study area (denoted by
A). In the right-hand side of Eq. 1, the second term indicates
the vertical heat transport across the surface of 14 °C isotherm
(T14). w is the vertical velocity at Z14. The positive sign
indicates that the heat is transported into the study area. The
amount of the heat transport is averaged over the study area.
As shown in Fig. 7, the heat transport became larger in the
summer season when the EAC was the strongest. This heat
transport variability is more remarkable between 150°E and
180°E E in the northern boundary (20°S) (not shown).

In addition, we calculated the heat content change (Qhc) in
the study area, which accounts for the heat gain or loss in the
vertically integrated column during the period of ΔT, using
Eq. 2,

Qhc ¼
Z

Z14

0

ρcpΔT=Δtdz; ð2Þ

where ΔT is the temperature change over a given time Δt
(1 month) and Z14 is the depth of the 14 °C isotherm. The heat
content change averaged over the study area is shown in
Fig. 7. The annual mean area averaged heat budget terms,
such as net surface heat flux (−27.9 vs. −28.7 W m−2 for
BRAN2.1 vs. Roemmich et al. (2005)), heat transport (49.7
vs. 42.3Wm−2) compared fairly well, but heat content change
(25.4 vs. 1.3 W m−2) differs due to the fact that the latter used
the observation data. Table 2 shows the relative roles of the
heat budget terms averaged over the study area. It shows that
the net surface heat flux is compensated by the heat transport
by advection into the domain, resulting in a positive heat
content change. It should be noted that the heat budget for
BRAN2.1 is approximately closed. Although the heat content
change was dominantly determined by the net surface heat
flux (Fig. 7), the heat transport provided a balance in the heat
budget closure in the STMW region. The relation between net

surface heat flux (Qsurf) and ocean heat transport (Qadv) tended
to compensate one another (Fig. 7). Therefore, out of phase or
different amplitude of the components led to the warming or
cooling of the mixed layer. Time–integral storage is the cu-
mulative sum of heat transport (Qadv) and net surface heat flux
(Qsurf). The time–integral storage was positive from Decem-
ber toMay (austral summer and autumn), while that from June
to November (austral winter and spring) was negative. The
cooling that affected the formation of the mode water had a
peak in August and September, corresponding to the maxi-
mum volume of the mode water (Fig. 7).

The formation of the STMW in the North Pacific was
studied in detail by Bingham (1992). The author argued that
the advection of warm water by the WBC extension plays a
pivotal role in the STMW formation in the region. In the South
Pacific, the warm water carried by the EAC during winter was
cooled by the intense surface heat flux with a net loss. Under
the influence of this intense heat exchange, the surface water
became colder due to a shallow thermocline and weak con-
vection. As the water left the EACmainstream (see Fig. 1a for
the path of the EAC), the mixed-layer thickness increased
during the period from April to October (Fig. 5), and

Fig. 6 Seasonal variability of the mode water volume (cubic meters).
The error bars denote monthly mean standard deviations

Fig. 7 Monthly-averaged heat budget into/out of the domain (20°S–
40°S, 150°E–180°E). The black line with solid circles is heat transport,
the blue line with open diamonds is net surface heat flux, the red line with
open circles is heat content and the black line with pluses is time–integral
storage that indicates the cumulative sum of heat transport (Qadv) and net
surface heat flux (Qsurf)
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formation of the STMW took place. Thus, it can be argued
that the seasonal cycle of the EAC played a role in the STMW
formation in the South Pacific (more discussion on this in
“Section 4”).

4 Inter-annual variability of the mode water

The vertical cross-section along 155°E is shown in Fig. 8 for
the month of September, the end of winter period. It is the
period when the mode water production reached its peak in a
year. The figure shows a strong inter-annual variability in the

STMW. The formation area was located mainly between 40°S
and 30°S where the maximum cooling was experienced dur-
ing the winter period. The large volume of mode water at the
cross-section appeared in the years 1994 and 2000–2002. In
2001 and 2002, the mode water was subducted up to 450 m
and was advected equatorward along the 20 °C isotherm.
Spatial distributions of the modewater thickness (Fig. 9) show
that the mode water extended over a larger area during these
3 years compared with the other years. The mode water
thickness was more extensive and deeper for the years of
1994 and 2000–2003 in the West type (150°E–160°E) and
for the years of 1993–1997 in the East type (160°E–180°E).
Holbrook and Maharaj (2008) analysed the observations of
large volumes of the STMW in relation to the El Nino-
Southern Oscillation (ENSO). They showed excessive thick-
ening of the STMWin the western Tasman Sea during El Nino
years. Thus, it can be argued that the anomalous cooling of the
upper ocean during El Nino years increased the STMW for-
mation across the region.

Table 2 Annual mean heat budget averaged over the study area
(150°E–180°E; 20°S–40°S). The positive (negative) sign represents that
the heat is transported into (out of) the area.Qhc denotes that heat content
change in a given time (1 month), andQsurf is net surface heat flux.Qadv is
heat transport across the study area. Units are in watts per square meter

Qhc Qsurf Qadv

BRAN2.1 25.4 −27.9 49.7

Roemmich et al. (2005) 1.3 −28.7 42.3

Fig. 8 Inter-annual variability in the mode water along 155°E during
1993–2006 for the month of September. The contours show isotherms
(units: degrees Celsius). The vertical temperature gradient is shaded to
show the extent of the mode water (2 °C/100 m), and the red lines/dots
showmixed layer depth (units: meters). The bold lines show isotherms of
14 and 20 °C for the mode water in the present study

Fig. 9 Inter-annual variability of mode water thickness (units: meters) in
the southwest Pacific Ocean for the period of 1993–2006. The mode
water thickness shown is from the month of September. The gray lines,
black thin lines and black thick lines show 10-, 200- and 250-m thick-
nesses of the mode water, respectively. The black dashed line marks
155°E
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The Southern Oscillation Index (SOI) is generally used for
determining the El Nino condition. The SOI for the period
from 1993 to 2006 suggests that El Nino like conditions (−ve
SOI) existed for the years 1993–1995 (moderate), 1997–1998
(strong), 2002–2003 (moderate) and 2004–2005 (weak) and
that La Nina like conditions (+ve SOI) were present for the
years 1995–1996 (weak), 1998–1999 (moderate), 1999–2000
(strong), 2000–2002 (weak) and 2005–2006 (weak) (bottom
panels in Fig. 10).

The large spatial extents of the STMW thickness and
volume can be explained using the argument of Holbrook
and Maharaj (2008) for the years 1993–1997 and 2002–
2003 in the East type (160°E–180°E). However, the STMW
thickness in the West type (150°E–160°E) was relatively low
even in the case of El Nino like conditions for the years 1993–
1997 (Figs. 9 and 10). In addition, substantially larger vol-
umes and more extensive spatial coverages in the West type
occurred during the weak La Nina episode of 2000–2002,
compared with those of moderate El Nino event in 2002–
2003, suggesting that more complex physical processes other
than El Nino events may drive the STMW variability in the
region (West type).

Furthermore, as noted earlier, the seasonal maximum of the
STMW volume occurred in September, with a value of 7.8×
1014 m3 (Fig. 6). The STMW volume anomalies were obtain-
ed by subtracting its seasonal cycle from the STMW volume.
The largest STMW volume anomaly of up to 1.3×1014 m3

was observed for the year 2002. It has already been argued
that winter cooling due to surface heat loss plays an important
role in the STMW formation. Although the inter-annual

contribution to the total surface heat flux signal cannot be
ignored (not shown), the correlation was insignificant between
the STMW volume anomaly and net surface heat flux anom-
aly (R~−0.2).

In order to identify the mechanisms driving the inter-annual
variability, we divided the mode water formation into two
regions (West and East types) along 155°E where the STMW
formation is susceptible to the strength of the EAC (Tsubouchi
et al. 2007). The time series from the seasonal cycle of
anomalous STMW volume, area averaged thickness, air–sea
heat flux, sea surface salinity (SSS), heat transport, and heat
content change are shown in Fig. 10. It is clear that the STMW
of theWest type (left panels) had larger inter-annual variability
than that of the East type (right panels). For the West type, the
maximum STMW anomaly occurred in 2001–2003 and
corresponded to a period with maximum SSS, minimum heat
transport and net heat loss to the atmosphere. In contrast, a
minimum STMWanomaly appeared from 1995 to 1998, with
a large heat transport, heat gain from the atmosphere and a
minimum SSS. The heat content change anomaly was negli-
gible, despite the fact that both were El Nino years.

The mixed layer temperature plays an important role in
determining STMW (e.g. Du et al. 2005). The temperature
tendency (Tt) within the mixed layer can be divided into three
terms: surface thermal forcing (Qt), horizontal advection (Av)
and vertical entrainment (Et). The governing equation may be
expressed as follows (Qu 2003; Du et al. 2005):

∂Tm

∂t
¼ Q0−qd

ρCphm
−U ∇Tm−

went Tm−Tdð Þ
hm

; ð3Þ

Fig. 10 Time series of
anomalous (first rows) mode
water volume, area averaged
(second rows) mode water
thickness, (third rows) air–sea
heat flux, (fourth rows) sea
surface salinity, (fifth rows) heat
transport and (sixth rows) heat
content change of the West (left
panels) and East (right panels)
types. The bottom panels are the
SOI. The shaded areas represent
the periods when the mode water
thickness had the largest
anomalies
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where Tm is mixed layer temperature, hm is MLD and Td is
the temperature of water mass entrained at one model level
below the mixed layer base.Q0 is the net air–sea heat flux and
qd is the downward heat flux across the mixed layer base. qd is
computed as follows (Paulson and Simpson 1977):

qd ¼ Qr Re−hm=ξ1 þ 1−Rð Þe−hm=ξ2
h i

; ð4Þ

where Qr is the shortwave radiation at the sea surface, and
the values R, ξ1 and ξ2 are 0.58, 0.35 and 23, respectively (Du
et al. 2005). The entrainment or detrainment rate in the heat
budget for the mixed layer is derived as follows (Qu 2003):

went ¼ ∂hm
∂t

þ wmb þ U ∇hm ð5Þ

where ∂hm/∂t is the rate of mixed layer deepening, wmb is
the velocity of water at the base of the mixed layer andU ∇hm
is the horizontal advection of water parcel below the mixed
layer. The correlation between the temperature tendency (Tt)
and each of the three terms on the right-hand side is calculated
to evaluate which component in Eq. 3 controls the temperature
of the mixed layer. The entrainment rate indicates the volume
flux of the thermocline water cross the base of the MLD
entering the mixed layer, that is, the deepening rate of the
mixed layer, while the detrainment rate indicates the shrinking
rate of the mixed layer (Qu 2003; Du et al. 2005). Figure 11
shows linear correlations between the temperature tendency
(Tt) and surface thermal forcing (Qt), between Tt and the sum
of surface thermal forcing and horizontal advection (Qt+Av),
and between Tt and the sum of surface thermal forcing,
horizontal advection and vertical entrainment (Qt+Av+Et).

Although the surface thermal forcing mainly controlled the
temperature tendency (R>0.8 in Fig. 11a), the correlation was
low in the region along the east coast of Australia where the
EAC was dominant. Thus, the temperature tendency cannot
be fully accounted for in Eq. 3 without adding the horizontal
advection to the surface thermal forcing (Fig. 11b). These
results further show that the EAC transport in the West type
played an important role in the heat content change, thus the
STMW formation process (Fig. 10a).

It is important to note that the STMWanomaly at the end of
La Nina condition in 1998–2002 was the largest, larger than
that of the strongest El Nino year of 1997 (Fig. 10). TheWalin
(1982) formulation for computing mode water formation
showed a direct relationship between the STMW formation
rate and SSS. In addition, the salinity maximum associated
with evaporation led to buoyancy loss and retained the thick-
ness of STMW after subduction (Tsuchiya et al. 1994;
Hanawa and Talley 2001). Therefore, the role of SSS in the
formation rate could not be discounted. During La Nina
conditions, the SST around Australia was often warmer than
normal while, during El Nino events, the SSTwas cooler than
normal (Meyers et al. 2007). This warmer SSTwas associated
with a higher rate of evaporation, which led to higher SSS.
The SSS anomalies were noticed to be strongly negative
during 1994–1997 and positive during 1998–2002. The
negative anomaly during the El Nino years of 1994–1997
was, therefore, expected to provide less favourable con-
ditions for local STMW formation and, hence, an overall
low STMW volume. However, at the end of La Nina
condition of 1998–2002, a strong positive anomaly of the
SSS increased the formation rate, which may have re-
sulted in its larger positive anomaly in the STMW vol-
ume in 2002 as shown in Fig. 10.

Fig. 11 Linear correlation a
between temperature tendency
(Tt) and surface thermal forcing
(Qt), b between Tt and the sum of
surface thermal forcing (Qt) and
horizontal advection (Av), c
between Tt and the sum of surface
thermal forcing (Qt), horizontal
advection (Av) and vertical
entrainment (Et). In each panel,
the gray and black bold contour
lines denote the coefficient values
of 0.8 and 0.9, respectively. The
black dashed line marks 155°E
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5 Summary

The seasonal and inter-annual variability of the STMW was
investigated using the BRAN2.1 reanalysis and in relation to
El Nino/La Nina events, along with the heat budget analysis
(net surface heat flux, heat transport by the EAC and heat
content change) of the mixed layer and mode water. The
analysis of heat content change suggested that the seasonal
cycle of net surface heat flux played a dominant role in the
SPWSTMW formation. Meanwhile, the relation between sur-
face heat flux and the EAC heat transport tended to compen-
sate one another for the STMW production. Therefore, out of
phase or different amplitude of the components led to the
warming or cooling of the mixed layer, and the EAC heat
transport in STMW formation cannot be ignored, as it pro-
vides a balance to surface atmospheric heat loss in the mixed
layer heat content change.

Similarly, at the inter-annual scale, the STMW, in particu-
lar, the West type, was equally influenced by the surface heat
flux and the heat transport associated with the EAC, but they
did not act at the same time to compensate each other. Rather,
these two components acted on the formation at different
times, i.e. in different years, causing the inter-annual variabil-
ity of the STMW. For example, the present analysis period
covered several El Nino and La Nina events. The largest
volume anomaly was noticed at the end of the La Nina period
during 1998–2002. This was caused by a minimum heat
transport associated with a weak EAC. The STMW produc-
tion was further enhanced by positive anomaly in SSS that
created a favourable preconditioning for surface cooling in
winter. It should be noted that there were strong negative
anomalies during the El Nino episodes of 1994–1997, with
large heat transport (therefore stronger EAC). Therefore,
ENSO events cannot be the sole process for representing large
STMW volume anomalies.
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