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ABSTRACT

This  study  uses  linear  regression  and  composite  analyses  to  identify  a  pronounced  asymmetric  connection  of  sea
surface temperature (SST) in the Tasman Sea with the two opposite phases of El Niño-Southern Oscillation (ENSO) during
austral  summer.  In  El  Niño  years,  the  SST  anomalies  (SSTAs)  in  the  Tasman  Sea  exhibit  a  dipolar  pattern  with  weak
warmth in the northwest and modest cooling in the southeast, while during La Niña years the SSTAs exhibit a basin-scale
warmth  with  greater  amplitude.  Investigations  into  the  underlying  mechanism suggest  that  this  asymmetry  arises  from a
mechanism related to oceanic heat  transport,  specifically the anomalous Ekman meridional  heat  transport  induced by the
zonal  wind stress  anomalies,  rather  than the  surface  heat  fluxes  on the  air-sea  interface.  Further  analysis  reveals  that  the
asymmetry  of  oceanic  heat  transport  between  El  Niño  and  La  Niña  years  is  driven  by  the  asymmetric  atmospheric
circulation  over  the  Tasman  Sea  stimulated  by  the  asymmetric  diabatic  heating  in  the  tropical  Pacific  between  the  two
opposite ENSO phases.
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Article Highlights:

•  There  is  a  pronounced  asymmetric  connection  of  SST  in  the  Tasman  Sea  during  austral  summer  to  the  two  opposite
phases of ENSO.

•  This asymmetry arises from oceanic heat transport rather than the surface heat fluxes on the air-sea interface.
•  The  asymmetric  atmospheric  circulation  stimulated  by  the  asymmetric  diabatic  heating  in  tropical  Pacific  causes  the

asymmetry in Tasman Sea SST.
 

 
 

 1.    Introduction

The Tasman Sea is a boundary sea off the southeastern
coast  of  Australia,  surrounded  by  Tasmania  Island  in  the
west,  New  Zealand  in  the  east,  and  the  Coral  Sea  in  the
north.  From  an  oceanic  perspective,  the  Tasman  Sea  is
affected by a strong western boundary current, the East Aus-
tralian Current (EAC), which parallels the east coast of Aus-

tralia  and  flows  southward.  Its  main  mass  meanders  away
from Australia around 32ºS and flows eastward into the Tas-
man Sea, giving rise to intensified oceanic eddy activity and
air-sea  exchanges  (Sprintall  et  al.,  1995).  Meanwhile,  the
warm water brought poleward by EAC is in strong contrast
with the cold water in the south, resulting in an oceanic tem-
perature  front  called  Tasman  Front  (Andrews  et  al.,  1980;
Sloyan  and  O’Kane,  2015).  From an  atmospheric  perspec-
tive,  the  Tasman  Sea  is  situated  in  the  exit  region  of  the
upper atmospheric subtropical westerly jet during austral sum-
mer (DJF) (Fig. 1a) and is also closely connected with the cli-
matological  storm track  of  the  Southern  Hemisphere  (SH),
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although  the  SH  upper  westerly  jet  and  the  storm  track
exhibit  evident  seasonal  variations  over  a  year  (Fig.  1).  In
terms  of  its  atmospheric  and  oceanic  features,  the  Tasman
Sea  region  bears  a  resemblance  to  the  extension  region  of
the Kuroshio in the Northwest Pacific or to the Gulf Stream
in the North Atlantic, where active air-sea interaction can be
found and where sea surface temperature (SST), as well as
the SST front, may exert a substantial influence on the overly-
ing atmosphere (Nakamura et al., 2004; Kwon et al., 2010).
In  other  words,  the  SST  in  the  Tasman  Sea  may  provide
some potential predictability for the climate system.

Previous studies suggest that, on interannual timescales,
the  Tasman  Sea  SST  is  an  important  factor  for  local  and
remote climates. First, it influences the weather and climate
of Australia and New Zealand (Hopkins and Holland, 1997;
Pook et al., 2006, 2013; Risbey et al., 2009) through impacting

the formation and maintenance of the atmospheric blocking
high  over  the  Tasman  Sea  (Simpson  and  Downey,  1975;
Baines,  1983)  and  the  activity  of  Australian  east  coastal
cyclones (Browning and Goodwin, 2013). Second, it affects
the  occurrence  of  extreme marine  heatwaves  (MHWs),  the
synoptic-scale anomalous warm water events with durations
of  five  days  or  longer  (Hobday  et  al.,  2016),  which  may
cause devastation of the marine ecosystems and even severe
economic tensions (Garrabou et al., 2009; Mills et al., 2013;
Wernberg  et  al.,  2013; Oliver  et  al.,  2017).  During  those
years with higher SST, the occurrence of MHWs in the Tas-
man  Sea  generally  increases  (Oliver  et  al.,  2018).  Finally,
the SST in the Tasman Sea may be a potential precursor for
the remote Asian climate by influencing the cross-equatorial
atmospheric teleconnection or the lower-tropospheric cross-
equatorial  flows  (Liess  et  al.,  2014; Zhao  et  al.,  2019).  A

 

 

Fig. 1. The 200-hPa climatological zonal wind (contour, units: m s–1) contoured every 5 m s–1 above 25 m s–1 and the
upper-tropospheric storm track (shaded, units: m s–1) based on the standard deviation of the band-pass filtered (2.5–6-
day  periods)  300-hPa  meridional  wind  for  (a)  DJF,  (b)  MAM,  (c)  JJA,  and  (d)  SON.  Shaded  areas  denote  values
greater than 7 m s–1. The box in each panel represents the Tasman Sea region (26°−46°S, 150°−174°E).
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recent study suggests that warming in the Tasman Sea pro-
motes increases in air temperature over the Antarctic Penin-
sula  through  a  poleward  shift  of  Southern  Ocean  storm
tracks (Sato et al., 2021). Therefore, understanding the vari-
ability of SST in the Tasman Sea is of great social and climatic
significance.

The processes responsible for the interannual variability
of SST in the Tasman Sea are complicated. Frankignoul and
Hasselmann  (1977)  suggested  that  a  large  fraction  of  the
SST  variability  could  be  explained  as  a  red-noise  oceanic
response  to  shorter  time  scale  atmospheric  random forcing
such as  surface  heat  flux.  Consistent  with  this,  Fauchereau
et al. (2003) demonstrated that the SST anomalies (SSTAs)
in  the  Tasman  Sea  seemed  to  be  a  response  to  anomalous
latent heat release related to anomalous near-surface winds.
More  recently,  by  using  the  ECCOv4  ocean  reanalysis,
Bowen et al. (2017) found that the air-sea heat flux contributes
to the SSTAs around New Zealand. In addition to these atmo-
spheric  flux  forcings,  the  SST  is  concurrently  affected  by
the heat transport of the ocean current like the EAC, whose
strength  and  extension  respond  to  changes  in  the  South
Pacific wind field (Hill  et  al.,  2008; Holbrook et  al.,  2011;
Wu et  al.,  2012; Chung et  al.,  2017; Li  et  al.,  2020).  Both
Ridgway (2007) and Roemmich et al. (2007) suggested that
SST warmth in the Tasman Sea was related to the enhanced
southward transport of EAC. In agreement with this, Hill et
al.  (2008)  found  the  variations  in  temperature  at  Tasmania
can be explained by the heat transport of EAC, and a recent
study by Li et al. (2020) showed that a total of 51% of the his-
torical MHWs in the Tasman Sea was primarily due to the
increased  poleward  transports  of  EAC.  Mechanically,  the
southward extension of EAC, particularly the portion south
of 33°S, often causes an unsteady train of mesoscale eddies,
increasing eddy mixing (Stammer et al., 2006).

Aside from local and adjacent atmospheric and oceanic
factors,  SSTAs  in  the  Tasman  Sea  are  also  influenced  by
remote forcings like El Niño–Southern Oscillation (ENSO),
the most prominent mode of interannual climate variability
(Philander et al., 1984; McPhaden et al., 2006; Deser et al.,
2010). ENSO excites a Pacific-South America (PSA) telecon-
nection to influence the southern extratropics (Hoskins and
Karoly, 1981). The surface atmospheric feedback processes
linked  to  ENSO may alter  the  extratropical  SST through  a
so-called  atmospheric  bridge  (Alexander  et  al.,  2002).
Verdy et al. (2006) illustrated that ENSO drives a low-level
anomalous circulation pattern over the South Pacific, which
causes  surface  heat  flux  anomalies  and  subsequently  the
SSTAs in the regions of the Antarctic Circumpolar Current.
Similarly, Ciasto and England (2011) demonstrated that the
ENSO-related  atmospheric  circulation  coincides  well  with
the turbulent heat flux and contributes to the SST variability
in the Southern Ocean. Guan et al. (2014) suggested that the
ENSO-related  PSA  pattern  generates  persistent  anomalies
in sea level pressure and surface winds around New Zealand
and  the  mid-latitudinal  South  Pacific.  These  anomalies
cause  surface  air-sea  heat  flux  anomalies  through  the  eva-
poration-wind  feedback  or  Ekman  drift,  and  the  arched

SSTA  pattern,  which  consists  of  the  two  major  centers  of
the South Pacific Ocean Dipole (SPOD) pattern during austral
summer. In addition, the ENSO-associated oceanic flow and
oceanic  waves  may  also  affect  the  extratropical  SST
through an oceanic tunnel (oceanic bridge) (Liu and Alexan-
der, 2007). Holbrook et al. (2005) suggested that the 3–3.5-
yr oscillation of oceanic temperature variability in the upper
Southwest Pacific was connected to the EAC and its exten-
sion, which might be explained as the forced result of west-
ward  propagating  oceanic  Rossby  waves.  Also,  studies
demonstrated the ENSO-related SSTAs in the Southern Hemi-
sphere projects strongly onto the ENSO-related Ekman heat
transport  due  to  ocean  dynamics  (Ciasto  and  Thompson,
2008; Ciasto  and  England,  2011).  Cetina-Heredia  et  al.
(2014)  identified  a  lagged  increase/decrease  of  southward
EAC heat transport approximately 6–9 months after the end
of an El Niño/La Niña event. The increased/decreased south-
ward  heat  transport  might  alter  the  SST  nearby  (Ridgway,
2007; Roemmich et al., 2007; Li et al., 2020). These studies
suggest a substantial remote influence of ENSO on southern
mid-latitudinal  SSTAs,  including those in  the Tasman Sea,
where the strongest SST variability occurs in the peak phase
of  ENSO,  December-January-February  (DJF)  (Fig.  2).

However, from several randomly selected cases as dis-
played in Table 1, the connection of SST in the Tasman Sea
to  ENSO  seems  asymmetric  with  respect  to  the  opposite
phases of ENSO (Fig. 3). In La Niña years, the SSTAs gener-
ally  increase  over  the  whole  basin  (Figs.  3b, d, f).  In  con-
trast, in El Niño years there is no general basin cooling, but
a dipolar pattern with warmth in the northwest and cooling
in the southeast (Figs. 3a, c, e).  In our understanding, such
an asymmetric relationship has not been sufficiently investi-
gated. Research on this issue will contribute to a better under-
standing of the interannual variability of SST in the Tasman
Sea,  also  yielding  insight  into  the  non-linear  relationship
between  East  Australian  rainfall  and  ENSO  (Power  et  al.,
2006; Cai et al., 2010; King et al., 2015; Chung and Power,
2017),  since  the  moisture  availability  in  the  southwest
Pacific has been proposed as a possible mechanism explaining
such a relationship (King et al., 2015).

This  paper  is  structured  as  follows.  Section  2  outlines
the data and methods adopted in this study. Section 3 exam-
ines the connection of SSTAs in the Tasman Sea with those
in the tropical central-eastern Pacific and identifies the asym-
metric connection with respect to the phase of ENSO. Section
4  analyzes  the  possible  mechanisms  for  the  asymmetry  of
SST in terms of local air-sea heat fluxes and heat advection
by oceanic currents. The roles of the above two factors are fur-
ther diagnosed by examining a heat budge in the local ocean
mixed layer in section 5. Finally, a summary is presented in
section 6.

 2.    Data and Methods

 2.1.    Data

The National Oceanic and Atmospheric Administration
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(NOAA) Extended Reconstructed SST monthly data (version
5, ERSSTv5) (Huang et al., 2017), with a resolution of 2.5° ×
2.5° from 1950 to 2019, is used in this study. Reanalysis of
monthly sea level pressure (SLP) and multi-level geopotential
height spanning 1950–2019 with a resolution of 2.5° × 2.5°
are obtained from the National Centers for Environmental Pre-
diction–National Center for Atmospheric Research (NCEP/
NCAR) (Kalnay et al., 1996). Monthly zonal and meridional
wind  stress  data  from  1950  to  2019  also  comes  from  the

NCEP/NCAR, but with a resolution of 1.9° × 1.9°. One previ-
ous  study (Kumar  and  Hu,  2012)  suggests  that  the  ENSO-
related wind stress anomalies from this dataset exhibit a quali-
tative  consistency  with  several  other  reanalyses,  although
the  ENSO-related  air-sea  coupled  variabilities  inherent  to
this  dataset  have  the  largest  biases  compared  with  other
reanalyses. Thus, it seems plausible to use wind stress from
the NCEP/NCAR dataset.

The surface heat fluxes, including net surface shortwave

 

 

Fig. 2. Spatial distribution of seasonal mean climatological SST (contour, units: °C) and the standard deviation (shaded, units:
°C) of  detrended SSTAs for  (a)  DJF,  (b)  MAM, (c)  JJA, and (d)  SON. The box in each panel  represents  the Tasman Sea
region as in Fig.1.

 

 

Fig. 3. The DJF-mean global SST anomaly patterns (units: °C) in (a) 1957, (b) 1970, (c)
1972, (d) 1973, (e) 2009, and (f) 1998. The left and right columns show SSTAs in El Niño
years and La Niña years, respectively. The year in the top left of each panel is the year of
December. The box in each panel represents the Tasman Sea region as in Fig. 1.
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and longwave fluxes and sensible heat and latent heat fluxes,
come from the ERA-Interim (Dee et al., 2011), which has a
resolution of 1° × 1° and spans 1979–2019. One should note
that the ERA-Interim cannot precisely reflect the observations
due  to  its  lack  of  observation  constraint  in  the  uncoupled
data  assimilation  systems,  although  the  ERA-Interim  heat
fluxes  are  widely  used  to  explore  the  reasons  behind  the
SST  anomalies  (Montoya-Sánchez  et  al.,  2018; Hu  et  al.,
2019; Jo et al., 2019) and there were substantial improvements
regarding  the  handling  of  data  biases  (Berrisford  et  al.,
2011; Dee et al., 2011). The monthly precipitation data, on
a 2.5° × 2.5° grid, is obtained from the precipitation recon-
struction  (PREC)  (Chen  et  al.,  2002).  In  addition,  the
monthly  oceanic  temperature,  total  sea-surface  downward
heat  flux,  and  the  ocean  current  velocity  from  the  global
ocean  data  assimilation  system  (GODAS)  (Behringer  and
Xue, 2004) are also employed. The GODAS is developed at
the  NCEP  and  spans  the  period  from  1980  to  the  present
with a resolution of 0.333° × 1.0°.

This study focuses on the austral summer (DJF), when
the SST variability in the Tasman Sea (Fig. 2),  the ENSO-
related anomalies (Wei et al.,  2020; Ham et al.,  2021), and
the  ENSO-associated  SH  teleconnections  (Yuan,  2004;
Ciasto  and  England,  2011)  are  seasonally  strongest.
Because  it  crosses  a  calendar  year,  for  a  specific  case,  the
year  corresponding  to  the  season  is  marked  as  the  year  of
December  (the  earlier  year).  As  in  Cai  et  al.  (2012),  all
datasets are linearly detrended to ensure that any generated
relationship is not a result of long-term trends in the respective
time  series.  The  climatological  norm  is  calculated  as  the
mean throughout the period 1981–2010.

 2.2.     Methods

 2.2.1.    Analysis technique

The main statistical tools used include linear regression
and composite analysis. Linear regression analysis is utilized
to preliminarily estimate the asymmetry in ENSO teleconnec-
tion  with  the  Tasman  Sea  SSTAs.  Composite  analysis
allows  for  comparison  between  the  SSTAs in  El  Niño  and
La  Niña  events  to  further  isolate  the  asymmetric  relation-
ship. Halves of the differences (sums) between the composite
La  Niña  and  El  Niño  events  are  defined  as  the  symmetric
(asymmetric) components associated with ENSO (Li et  al.,
2007; Wang et al., 2010). In other words, the symmetric com-
ponents are approximated by (La Niña – El Niño)/2, and the
asymmetric  components  are  estimated  by  (La  Niña  +  El
Niño)/2.

ENSO is defined with the Niño-3.4 index (the area-aver-
aged SSTAs over 5°S–5°N, 170°–120°W), and a total of 11

El Niño years and 10 La Niña years during 1950–2018 are
selected  following  the  threshold  of  one  standard  deviation
of DJF mean Niño-3.4 index (Table 1). Given the lengths of
different datasets and our purpose of discussing air-sea inter-
actions, only 7 El Niño and 6 La Niña cases since 1980 are
used for composite analysis to ensure a relative consistency
in  the  atmospheric  and  oceanic  anomalies  during  the  same
periods.  The  Tasman  Sea  is  bounded  by  26°–46°S,  150°
–174°E  (boxed  in Fig.  1),  as  in  Perkins-Kirkpatrick  et  al.
(2019).

 2.2.2.    Ekman heat transport

Following  Alexander  and  Scott  (2008),  the  heat  flux
due to Ekman drift current is computed using 

Hek = cp/ f
(
−τy
∂SST
∂x
+τx
∂SST
∂y

)
, (1)

cp

f τx τy

∂SST/∂x
∂SST/∂y

(cpτx∂SST/ f /∂y) Hek

where  is  the  specific  heat  capacity  of  seawater,  4100  J
(Kg  °C)−1,  is  the  Coriolis  parameter,  and  are  the
zonal  and  meridional  wind  stress,  and  and

 are the zonal and meridional SST gradients. Consid-
ering  the  greater  importance  of  the  poleward  heat  flux
linked to EAC, we only analyze the meridional component

 of .

 2.2.3.    Ocean mixed layer heat budget

To compare the relative roles of air-sea heat fluxes and
oceanic dynamics in driving ENSO-related SSTAs in the Tas-
man  Sea  and  isolate  the  relative  contributions  of  different
physical processes, we perform the ocean mixed layer heat
budget  analysis  as  in  previous  studies  (Zhang  et  al.,  2007;
Ren  and  Jin,  2013).  Ignoring  the  second-order  non-linear
terms (Ren and Jin, 2013), the mixed layer averaged tempera-
ture tendency equation can be expressed as 

∂T ′

∂t
=−

(u∂T ′
∂x
+v
∂T ′

∂y

)
+u′
∂T
∂x
+ v′
∂T
∂y
+w′
∂T
∂z
+w
∂T ′

∂z

+
Q′net

ρcpH
+R , (2)

T u v w

Q
′
net ρ cp H

ρ
,

where  an  overbar  denotes  a  climatological  mean  and  a
prime  represents  anomalies  relative  to  the  climatological
mean; , , ,  are the oceanic temperature, zonal current,
meridional  current,  and  vertical  current  velocity,  respec-
tively. Parameters , ,  and  stand for the net surface
heat  flux  anomaly,  the  density  of  seawater  ( =  1024  kg
m–3), the  specific  heat  of  seawater and  the  climatological
monthly  depth  of  mixed  layer  in  the  Tasman Sea  obtained
from the World Ocean Atlas (Monterey and Levitus, 1997),

Table 1.   Years of El Niño and La Niña during the period of 1950–2018 following the threshold of one standard deviation of DJF mean
Niño-3.4 index.

Years

El Niño 1957, 1965, 1968, 1972, 1982, 1986, 1991, 1994, 1997, 2009, 2015

La Niña 1955, 1970, 1973, 1975, 1988, 1998, 1999, 2007, 2010, 2017
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Rindividually. The last term,  is the residual term, which is
not considered in this study.

The  mean  vertical  advection  in  Eq.  (2)  can  be  further
decomposed  into  two  terms  in  an  approximation  (Jin  and
Neelin, 1993; An et al., 1999; Zhang et al., 2007) as follows 

−w
∂T ′

∂z
= w

T ′sub

H
−w

T ′

H
, (3)

T ′sub is the subsurface-layer oceanic temperature anomaly.
Following Ren and Jin (2013), we regroup Eq. (2) into

seven feedback terms as follows 

∂T ′

∂t
=MC+EK+ZA+MA+TH+TD+R , (4)

where 

MC = −u
∂T ′

∂x
− v
∂T ′

∂y
−w

T ′

H
, (5)

 

EK = −w′
∂T
∂z
, (6)

 

ZA = −u′
∂T
∂x
, (7)

 

MA = −v′
∂T
∂y
, (8)

 

TD =
Q′net

ρcpH
, (9)

 

TH = w
T ′sub

H
. (10)

Here, MC, EK, ZA, MA, TD, and TH represent mean circula-
tion  feedback,  Ekman  pumping  feedback,  zonal  advection
feedback,  meridional  advection  feedback,  thermodynamic
feedback, and thermocline feedback, respectively.

 2.2.4.    An anomaly AGCM

To isolate the direct effect of the ENSO-related asymmet-
ric heating, a diagnostic experiment with an anomaly atmo-
spheric general circulation model (AGCM) (Li, 2006) is con-
ducted.  This  anomaly  AGCM is  a  modified  dry  version  of
the  Princeton  AGCM  (Held  and  Suarez,  1994)  with  five
evenly  distributed  sigma  levels  (σ =  0.1,  0.3,  0.5,  0.7,  0.9
from top to bottom level) and a horizontal resolution of T42.
It  is  linearized  by  the  specified  three-dimensional  seasonal
mean basic state so that the model response to a specific heat-
ing  anomaly  can  be  examined.  In  our  experiment,  the  3D
DJF-mean state,  which  comes  from the  long-term mean of
the  NCEP–NCAR  reanalysis,  is  prescribed  as  the  model
basic state. Rayleigh friction with a strong momentum damp-

ing  rate  of  1  d–1 is  applied  in  the  lowest  model  level  (σ =
0.9). Newtonian cooling with an e-folding time scale of 10
days  is  applied  to  all  model  levels  in  both  momentum and
heat  equations.  It  takes  about  25  days  for  the  AGCM
response to reach an equilibrium state under these damping
terms, and we choose the last 20 days of a 60-day integration
to estimate the atmospheric responses to the tropical forcing.
More details about this model can be found in Li (2006) and
Li et al. (2014).

 3.    Connection  of  SST  in  the  Tasman  Sea  to
ENSO

As illustrated in the introduction, ENSO affects the inter-
annual  variability  of  the  southern  extratropical  SST.  The
regression results show that SSTAs in much of the Tasman
Sea tend to be cooler when the Niño-3.4 values are positive
(Fig.  4a),  indicating  a  negative  relationship  between  them.
This  is  consistent  with  a  significant  correlation  coefficient
of –0.24  (p-value  =  0.043)  between  the  area-averaged
SSTAs in the Tasman Sea and the Niño-3.4 index. To examine
whether  the  connection  is  asymmetric  or  not,  we  calculate
the  regression  of  SSTAs  when  ENSO is  positive  (Fig.  4b)
and  when  ENSO  is  negative  (Fig.  4c),  respectively.  When
comparing Fig. 4b with Fig. 4c, a remarkable asymmetry is
seen regarding the distribution and the amplitude of SSTAs,
in that the El Niño-related SSTAs are manifested as a dipole
pattern with modest warming in the northwest and weak cool-
ing in the southeast of the Tasman Sea (Fig. 4b). In contrast,
the SSTAs associated with La Niña show significant basin-
wide warming (Fig. 4c).

To shed light on the asymmetry, a composite analysis is
performed for the El Niño and La Niña cases, respectively.
The  composite  SSTAs  for  the  El  Niño  and  La  Niña  cases
(Figs. 5a–b) bear a close resemblance to their corresponding
SST regressions (Figs. 4b–c), with spatial correlation coeffi-
cients of 0.86 and 0.64, respectively. There is weak warming
in the northwest Tasman Sea along with a modest cooling in
the southeast in the El Niño cases (Fig. 5a), but there is signif-
icant  warming  in  nearly  the  entire  Tasman  Sea  in  the  La
Niña  cases  (Fig.  5b).  This  indicates  greater  amplitudes  of
SSTAs corresponding to La Niña, in addition to the asymme-
try between their spatial patterns. The asymmetry of SSTAs
in the Tasman Sea between the La Niña and El Niño cases
is further seen from their symmetric and asymmetric compo-
nents (Figs. 5c–d). The symmetric component shows remark-
able  consistency  with  the  composite  in  the  La  Niña  cases.
The  asymmetric  component  exhibits  a  monopole  pattern
with  the  maximum  offshore  southeast  to  the  Australian
coast. One additional calculation is performed based on the
HadISST1 dataset (Rayner et al., 2003), and a similar compos-
ite pattern has been obtained (not shown), implying that the
asymmetry  is  robust  and  insensitive  to  the  datasets  used.
The possible  mechanisms responsible  for  the  asymmetrical
response to ENSO phase are explored in the next section.
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Fig. 4. The SSTAs (units: °C) regressed by the Niño-3.4 index using (a) all samples, (b) samples with positive Niño-3.4 values, and
(c)  samples  with  sign-reversed  negative  Niño-3.4  values.  Hatching  indicates  significance  at  the  90% confidence  level.  The  black
boxes represent the Tasman Sea region as in Fig. 1.

 

 

Fig.  5. Composite  DJF mean SSTAs (units:  °C) for  (a)  El  Niño years  and (b)  La Niña years.  Panel  (c)  are the symmetric
components estimated by half of the difference of (b) and (a). Panel (d) shows the asymmetric components estimated by half
of the sum of (b) and (a). Hatching indicates significance at the 90% confidence level.

NOVEMBER 2022 SUN ET AL. 1903

 

  



 4.    Processes  responsible  for  ENSO’s
asymmetric influence on the Tasman Sea

 4.1.    Surface air-sea heat flux

Alexander  et  al.  (2002)  suggest  that  the  surface  heat
fluxes are the key components of the atmospheric bridge driv-
ing extratropical SSTAs. In austral summer, the SST in the
Southwest Pacific is susceptible to air-sea exchanges due to
the shallow mixed layer depth (Guan et al., 2014; Bowen et
al.,  2017).  Thus,  the  surface  heat  fluxes  may  be  especially
important for the formation of SSTAs in the Tasman Sea.

Figure 6 depicts the composite surface heat flux anoma-
lies  of  El  Niño  and  La  Niña  and  their  asymmetric  compo-
nents.  Here,  a downward heat flux has a positive sign,  and
thus a positive (negative) anomaly indicates the forcing role
of  the  above  atmosphere  (ocean  beneath)  on  the  ocean
beneath  (above  atmosphere).  In  El  Niño  years,  the  surface
heat  flux  mainly  features  insignificant  positive  anomalies
over the Tasman Sea, along with scattered negative anomalies
in the center (Fig. 6a). The positive anomalies in the southeast
Tasman Sea suppress the cold SST anomalies therein (com-
pare Fig.  6a and Fig.  5a).  In  La  Niña  years,  the  heat  flux
anomalies  manifest  themselves  as  significant  negative  val-
ues,  which  inhibit  the  formation  of  warm  SST  anomalies
(compare Fig. 6b and Fig. 5b). The spatial correlation of the
heat flux composite with the corresponding SSTA composite
in  the  Tasman Sea  is –0.21 and –0.44 for  the  El  Niño and
La Niña years, respectively. Also, the asymmetric component
of  composite  surface  heat  fluxes  is  negatively  correlated
with that of composite SSTAs with a value of –0.48. These
indicate that the surface heat fluxes play a damping role in
shaping the ENSO-related SSTAs in the Tasman Sea.  This
result  is  consistent  with previous investigations on the role
of  surface  heat  fluxes  over  other  frontal  regions  like  the
Kuroshio  in  the  North  Pacific  and  the  Gulf  Stream  in  the
North  Atlantic,  where  heat  fluxes  damp the  low-frequency
SST anomalies (Kwon and Deser, 2007; Kwon et al., 2010)
along with a positive correlation of  local  SST with surface
heat flux (where a sign of positive indicates upward) (Tani-

moto et al., 2003; Park et al., 2005).
As  for  the  individual  roles  of  components  composing

the surface heat flux, area-averaged shortwave (SW) and long-
wave (LW) radiative flux, and sensible heat (SH) and latent
heat (LH) flux, as well as the total heat flux (Sum), are com-
pared in Fig. 7. In the El Niño years, the LW and SH are negli-
gible,  and  the  SW  and  LH  contributed  to  the  positive  net
heat  fluxes  that  warmed  the  SST  in  the  Tasman  Sea  (Fig.
7a). In comparison, in La Niña years, the SW and LW radia-
tive fluxes tend to offset each other. The negative net radiative
flux strengthens the negative SH and LH, leading to a negative
residual which tends to reduce the SST (Fig. 7b). When con-
sidering that the observed composite SSTAs in El Niño and
La Niña years are neutral and positive, different from the con-
tribution of net heat flux, then the surface fluxes are not the
dominant factor for the SSTAs in the Tasman Sea. This is ver-
ified  by  the  diagnosis  of  the  asymmetric  component  (Fig.
7c), in which the net effect of surface heat flux does not con-
tribute to the asymmetry of the SSTAs.

 4.2.    Oceanic dynamics

Previous  studies  revealed  a  time-lagged  relationship
between ENSO and the heat transport induced by the EAC
but  did  not  focus  on  the  differences  in  heat  transport
between the two phases of ENSO (Ridgway, 2007; Cetina-
Heredia et al., 2014; Pattiaratchi and Siji, 2020). In this sec-
tion,  the  oceanic  horizontal  heat  transport  induced  by
Ekman  drift  is  investigated  for  the  two  opposite  phases  of
ENSO.  In  El  Niño  years,  there  is  cold  oceanic  advection
related to a weakened EAC in the eastern Tasman Sea (Fig.
8a), which has contributed to the observed negative SSTAs
there (compare Fig. 8a and Fig. 5a). In contrast, in La Niña
years, almost the entire Tasman Sea is dominated by intensi-
fied southward currents, leading to enhanced warm advection
and positive SSTAs (compare Fig. 8b with Fig. 5b). An evi-
dent  difference  is  seen  in  the  amplitude  of  advection
between  two  opposite  ENSO phases  (compare Fig.  8a and
Fig. 8b), yielding an asymmetry in the heat advection (Fig.
8c) and then SSTAs (Fig. 5d). Therefore, the ENSO-related
horizontal  heat  advection  by  oceanic  currents  may  have

 

 

Fig. 6. Composite DJF mean surface heat flux anomalies (positive: downward; units: W m–2) for (a) El Niño events and (b)
La Niña events. Panel (c) shows the asymmetric components between (a) and (b). Hatching indicates significance at the 90%
confidence level.
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played a substantial role in the ENSO-related SSTAs in the
Tasman Sea as well as their asymmetry. Notably, the intensifi-
cation  of  the  EAC  in  the  western  Tasman  Sea  in  the  La
Niña years  is  even more evident  than in  the  El  Niño years
(Figs.  8a–b).  This  may  lead  to  less  predictability  in  the
SSTAs or Marine Heat Waves over the Tasman Sea region
for El Niño years compared to La Niña years.

Previous studies suggested that the Ekman heat transport
is  instrumental  in  creating  extratropical  SSTAs (Alexander
et al., 2002; Rintoul and England, 2002; Ciasto and England,
2011). Figure 9 shows the meridional Ekman heat transport
induced  by  zonal  wind  stress.  The  anomalous  easterlies  in
the  Tasman  Sea  drive  a  poleward  Ekman  transport  during
La Niña cases,  leading to positive heat transport anomalies
(Fig. 9b). The situation is opposite in El Niño events but fea-
tures weaker westerlies and smaller heat flux anomalies (Fig.
9a). Thus, the spatial pattern of the asymmetric components
is dominated by the anomalies in the La Niña events (compare
Figs. 9c and 9b). The overall similarity of the SSTAs to the
meridional  Ekman  heat  transport  anomalies  indicates  that
the anomalous Ekman heat transport dominates the ENSO-
related SSTAs in the Tasman Sea (compare Fig. 5 and Fig.
9).

Given that the upper atmospheric teleconnections origi-
nating  from the  tropics  can  propagate  into  the  extratropics
and influence the extratropical lower atmospheric circulation
through  baroclinic  adjustment,  eddy  momentum,  and  heat
flux adjustment, this will further affect the upper oceanic cur-
rents through Ekman drift or thermodynamic processes. The
ENSO-related  atmospheric  circulation  shows  a  baroclinic
Southern Oscillation (SO) pattern in the tropics and an equiva-
lent barotropic PSA pattern in the southern extratropics (Fig.
10). In El Niño years, the Australia-Tasman Sea sector is dom-
inated by positive SLP anomalies, which causes the anoma-
lous southwesterly current to prevail in the eastern Tasman
Sea (compare Fig.  10a and Fig.  8a). In  contrast,  during La
Niña years, the SLP anomalies are characterized by a dipole
pattern  in  the  Tasman Sea,  which results  in  the  prevalence
of anomalous northeasterly currents (compare Fig. 10b and
Fig.  8b).  Moreover,  the  anomalous  atmospheric  circulation
is nearly symmetric in the tropics but significantly asymmet-

 

Fig. 7. The region-averaged shortwave (SW), longwave (LW)
radiative heat flux, sensible heat (SH) and latent heat (LH) flux
anomalies and their  sum (units:  W m–2)  over the Tasman Sea
for  (a)  El  Niño  events,  (b)  La  Niña  events  and  (c)  the
asymmetric  components  between  (a)  and  (b).  Positive  heat
fluxes are directed into the ocean. The number in the top right
of each panel indicates the area-averaged SSTAs (units: °C).

 

 

Fig.  8. Composite  oceanic  current  anomalies  (vector,  units:  m s–1)  at  5-m depth  and  the  horizontal  temperature  advection
anomalies (shaded, units: 10–8 °C s–1) driven by the currents for (a) El Niño events and (b) La Niña events. Panel (c) shows
the asymmetric components between (a) and (b). Only the currents with speeds greater than 0.004 m s–1 are displayed in (a, b)
and those greater than 0.002 m s–1 are displayed in (c).
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ric in the Tasman Sea (Figs. 10c, f, i).

 5.    Discussion

 5.1.    The  relative  importance  of  meridional  heat
transport and surface heat flux

The above analyses illustrate the damping role of the sur-
face heat fluxes and the influential role of the oceanic heat
transport  in producing the ENSO-related SSTAs as well  as
their asymmetry with respect to the phase of ENSO. To verify
this, as in Chen and Li (2021) and Jo et al. (2019), we perform
a heat budget analysis of the oceanic mixed layer temperature
for the early phase of ENSO (October-November-December-
January,  ONDJ)  by  using  GODAS  data  based  on  Eq.  (4)
(see section 2). This approach is effective in understanding
and  monitoring  the  SST  variability  (Huang  et  al.,  2010).

The results suggest that the MA term related to the Ekman
meridional  heat  transport  and  the  TD term associated  with
the  surface  heat  flux  are  dominant  (Fig.  11).  In  El  Niño
years, the TD term contributes to the warming tendency and
damps the cool SST anomalies,  while the MA term offsets
the  warming  tendency  and  favors  cooling  anomalies  (Fig.
11a).  In  comparison,  in  La  Niña  cases,  the  MA  term  con-
tributes to both warm SST anomalies and positive SST ten-
dency  with  a  contribution  rate  of  0.10°C  month–1,  but  the
TD term damps the SSTAs and the SST tendency. The contri-
bution  of  the  MA  term  is  mostly  counteracted  by  the  TD
term,  leading  to  a  much  weaker  SST  tendency  of  0.016°C
month–1 (Fig. 11b). The asymmetric SSTAs and warming ten-
dency  are  explained  well  by  the  MA  term,  rather  than  the
TD term (Fig. 11c). Quantitatively, the MA term contributes
89.6% to the tendency of the asymmetric SST. This result ver-
ifies the critical role of the meridional heat transport in gener-

 

 

Fig.  10. Composite  DJF  mean  SLP  anomalies  (a–c,  units:  hPa),  500-hPa  (d–f)  and  200-hPa  (g–i)  geopotential  height
anomalies (units: m) for El Niño events (left column), La Niña events (middle column) and asymmetric components (right
column). Dotted areas are significant at the 90% confidence level.

 

 

Fig. 9. As Fig. 8, but for the meridional Ekman heat transport anomalies (shaded, units: W m–2) and wind stress anomalies
(vector, units: N m–2). Only the vectors with speeds greater than 0.005 N m–2 are displayed in (a, b) and those greater than
0.0025 N m–2 are displayed in (c).
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ating ENSO-related SSTAs. The damping role of the surface
heat  fluxes,  shown in Figs.  11b–c is  in agreement with the
above finding that ENSO’s connection with SST in the Tas-
man Sea cannot be attributed to the anomalous surface heat
flux.

 5.2.    Cause of the asymmetry

As mentioned above, the asymmetry in anomalous atmo-
spheric circulation between the El Niño and La Niña years
may  result  in  asymmetry  in  SSTAs  in  the  Tasman  Sea.
Figure 12 shows the composite precipitation anomalies and
SSTAs, along with their symmetric and asymmetric compo-
nents about the phase of ENSO. The positive SSTAs in the
tropical eastern Pacific during El Niño are stronger than the

negative  SSTAs  during  La  Niña,  whereas  the  negative
SSTAs  in  the  tropical  central  Pacific  during  La  Niña  are
stronger and extend farther westward (compare Fig. 12a and
12c), which leads to dipolar asymmetric SSTAs in the tropical
middle-eastern  Pacific  (Fig.  12g).  Corresponding  to  the
SSTAs, the asymmetric precipitation anomalies also show a
dipolar pattern with increased precipitation in the tropical east-
ern Pacific and decreased precipitation in the central Pacific
(Fig. 12h). These results are consistent with those of Wu et
al.  (2010),  although  the  ENSO  years  they  used  were
selected  from  1949–2002.  The  asymmetry  in  precipitation
anomalies may play an important role in shaping the asymme-
try in SSTAs through the direct induction of an asymmetry
in atmospheric circulation.

 

 

Fig. 11. Composite SSTAs (T′, units: °C) and mixed-layer heat budget for each term
(units:  °C  month–1)  during  ONDJ  of  (a)  El  Niño,  (b)  La  Niña,  and  (c)  their
asymmetric  components  averaged  in  the  Tasman  Sea.  The x-axis  label “sum”
represents the sum of terms on the right side of Eq. (4) except R term.
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To verify our conjecture and exclude other factors, a diag-
nostic  experiment  with  an  anomaly  AGCM  is  conducted
(see section 2.2.4). Previous studies have suggested that the
latent heat release by precipitation dominates the total diabatic
heating (e.g., Hagos et al., 2010). Thus, we use the asymmetric
components  of  precipitation  (Fig.  12h)  in  the  tropical
Pacific  (150ºE–90ºW,  10ºS–10ºN)  to  calculate  the  diabatic
heating (Fig. 13). The horizontal pattern of the heating rate
at 500 hPa is displayed in Fig. 13a, which shows an identical
distribution  to  that  of  asymmetric  precipitation  anomalies
(compare Fig. 13a and Fig. 12h). The vertical profile of the
diabatic heating prescribed over the dot in Fig. 14a has a max-
imum at about 500hPa (σ = 0.5) to mimic the tropical rain-
fall-induced  convective  heating  (Fig.  13b).  The  AGCM
response features a wave-train-like structure with alternative
positive  and  negative  centers  in  the  extratropical  South
Pacific  (Fig.  14).  It  bears  a  resemblance to the asymmetric
atmospheric  circulation  between  the  El  Niño  and  La  Niña

years,  although  the  intensity  and  position  of  the  centers
exhibit certain differences (compare Fig. 14 and Figs. 10c, f,
i).  The  above  results  illustrate  that  the  diabatic  heating
derived  from the  asymmetric  precipitation  about  the  phase
of ENSO excites a propagating teleconnection wave train in
the southern extratropics.  Coupled with  transient  feedback,
an  anomalous  low-level  atmospheric  circulation  appears
and influences the Ekman drift as well as the SSTAs.

 6.    Summary

This study identifies an asymmetric connection of SST
in the Tasman Sea to the opposite phase of ENSO during aus-
tral summer. The major findings are summarized below.

Based on  the  linear  regression,  SSTAs in  much of  the
Tasman  Sea  tend  to  be  negatively  correlated  with  ENSO
(Fig.  4a).  But  this  connection  is  visually  asymmetric  in
terms of both distribution and amplitude of SSTAs between

 

 

Fig. 12. Composite DJF mean SSTAs (a, c, e, g; units: °C) and precipitation anomalies (b, d, f, h; units: mm d–1) for (a, b) El
Niño events and (c, d) La Niña events. Panels (e) and (f) are the symmetric components estimated by half of the difference
between (c) and (a), and (d) and (b), respectively. Panels (g) and (h) are the asymmetric components estimated by half of the
sum of (a) and (c), and (b) and (d), respectively. The areas dotted are significant at the 90% confidence level.

1908 ASYMMETRIC CONNECTION OF TASMAN SEA SST WITH ENSO VOLUME 39

 

  



two  opposite  ENSO  phases.  Specifically,  the  El  Niño-
related SSTAs are manifested as a dipole pattern with weak
warming in the northwest and modest cooling in the southeast
(Figs. 4b and 5a), while the La Niña-related SSTAs exhibit
much stronger warmth on a basin scale (Figs. 4c and 5b).

The physical mechanisms for ENSO’s asymmetric con-
nection with SST in the Tasman Sea were then investigated.
The results suggest a damping role of the local air-sea heat
fluxes  (Fig.  7)  and  a  contributive  role  of  the  oceanic  heat
transport especially the meridional Ekman heat transport by
the  zonal  wind  stress  (Figs.  8 and 9)  in  the  connection
between ENSO and SST in the Tasman Sea. This conclusion
is  confirmed  by  the  quantitative  diagnosis  based  on  the
mixed layer heat budget equation (Fig. 11). Further analysis
indicates  the  asymmetry  in  oceanic  heat  transport  derives
from the asymmetry in the atmospheric circulation over the
Tasman Sea (Fig. 10), which may be excited by the asymmet-
ric precipitation anomalies in the tropical Pacific (Fig. 14).

Finally, the preliminary points about the asymmetric con-
nection of SST in the Tasman Sea to the opposite phase of
ENSO are summarized in Fig. 15. In the El Niño years, the
anomalous  atmospheric  circulation  features  a  PSA pattern,
and the Australia-Tasman Sea sector is dominated by positive
SLP  anomalies.  The  prevailing  southwesterly  oceanic  cur-
rents and wind stress bring about cold advection and north-

ward Ekman heat  transport,  leading to the negative SSTAs
therein  (Fig.  15a).  In  the  La  Niña  years,  the  PSA  pattern
moves northwestward and the Tasman Sea is  characterized
by dipole SLP anomalies. The northeasterly oceanic currents
and  wind  stress  result  in  warm  advection  and  southward
Ekman  heat  transport  and  generate  positive  SSTAs  (Fig.
15b).  The  asymmetry  in  diabatic  heating  between  El  Niño
and  La  Niña  years  stimulates  the  asymmetry  in  the  low-
level atmospheric circulation, which further induces the asym-
metry  in  SSTAs  through  affecting  the  oceanic  advection
and Ekman heat transport (Fig. 15c).

It  should  be  noted  that  ENSO  varies  coherently  with
the Indian Ocean Basin Mode (IOBM), the dominant mode
of SST variability in the Indian Ocean (Du et al., 2009; Xie
et  al.,  2009),  and  with  the  southern  annular  mode  (SAM;
L’Heureux  and  Thompson,  2006)  in  austral  summer.  Cai
and Van Rensch (2013) show that the modulating effect of
the SAM is limited; in particular, the SAM does not modify
the  ENSO  teleconnection  pattern.  However,  the  IOBM-
induced  wave  train  appears  to  be  incorporated  onto  the
ENSO-induced PSA pattern, modifying the structure of the
PSA  with  a  rather  prominent  pressure  center  situated  over
the  Tasman  Sea  latitudes  during  the  negative  phase  of
IOBM. Thus, the connection between ENSO and SST in the
Tasman  Sea  may  be  indirectly  modulated  by  IOBM.  The

 

 

Fig.  13. (a)  The horizontal  distribution of  the initial  diabatic heating anomalies (units:  K d−1)  at  500 hPa.  (b)  The vertical
heating profile (units: K d−1) for the dot in (a). The vertical coordinate in (b) represents sigma levels in the model.

 

 

Fig.  14. (a)  500-hPa  and  (b)  200-hPa  geopotential  height  responses  (units:  m)  to  the  asymmetric  diabatic  heating
simulated by the linearized AGCM in the presence of the 3D DJF-mean flow.
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issue deserves a further study.
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