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ABSTRACT

Recent research has shown that the climatic impact from El Nifio-Southern Oscillation (ENSO) on middle
latitudes west of the western Pacific (e.g., southeast Australia) during austral spring (September—November)
is conducted via the tropical Indian Ocean (TIO). However, it is not clear whether this impact pathway is
symmetric about the positive and negative phases of ENSO and the Indian Ocean dipole (IOD). It is shown
that a strong asymmetry does exist. For ENSO, only the impact from El Nifio is conducted through the TIO
pathway; the impact from La Nifa is delivered through the Pacific-South America pattern. For the IOD,
a greater convection anomaly and wave train response occurs during positive IOD (pIOD) events than during
negative IOD (nIOD) events. This “impact asymmetry” is consistent with the positive skewness of the IOD,
principally due to a negative skewness of sea surface temperature (SST) anomalies in the east IOD (IODE)
pole. In the IODE region, convection anomalies are more sensitive to a per unit change of cold SST anomalies
than to the same unit change of warm SST anomalies. This study shows that the IOD skewness occurs despite
the greater damping, rather than due to a breakdown of this damping as suggested by previous studies. This
10D impact asymmetry provides an explanation for much of the reduction in spring rainfall over southeast
Australia during the 2000s. Key to this rainfall reduction is the increased occurrences of plOD events, more so
than the lack of nIOD events.

1. Introduction similar pathways to ENSO during austral winter and
spring (Cai et al. 2011). Diabatic heating anomalies
from the west and east poles of the IOD generate
Rossby wave trains, referred to as the western and
eastern Indian Ocean Rossby wave trains, respectively.
The two wave trains appear to share a pressure
anomaly center south of Australia, which strongly in-
fluences the climate in the surrounding regions (e.g.,
southeast Australia). The finding reinforces earlier
results of an IOD impact on remote regions through
such equivalent barotropic Rossby wave trains (Saji
and Yamagata 2003b; Ashok et al. 2007; Chan et al.
2008; Cai et al. 2009b).

During the austral spring season [September-November
(SON)], the teleconnection from ENSO to regions such
as southeast Australia stems primarily from these wave
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Tropical sea surface temperature (SST) variations
associated with El Nifio—Southern Oscillation (ENSO)
drive both tropical and extratropical responses. The
baroclinic response to the diabatic (convective) heat-
ing anomalies induced by the tropical SSTs leads to a
hemispheric-wide, tropically trapped pattern resembling
the Southern Oscillation (SO) (e.g., Gill 1980). The same
diabatic heating also excites equivalent barotropic Rossby
wave trains, such as the Pacific-South America (PSA)
pattern that emanates from the tropics to the extra-
tropics (e.g., Hoskins and Karoly 1981). A recent study
highlighted the extratropical impacts of the Indian
Ocean dipole (IOD) that are conducted through
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ENSO-SST anomaly in the equatorial Pacific is confined
to tropical regions such as northeastern Australia, and it
does not extend to southern Australia. Additionally, the
anomalies of the PSA, which result from the Rossby
waves forced by the SST anomalies in the central Pacific,
are located too far east from Australia with no pathway to
influence southern Australia. In other words, the impact
of ENSO on southern Australia in SON tends to be con-
ducted through the TIO via Rossby wave trains. This
means that the teleconnective impact of the IOD domi-
nates that of the ENSO in terms of the climate over
southern Australia, because the impact from El Nifio re-
lies on covarying conditions in the TIO to convey its signal.

Cai et al. (2011) assumed a linear relationship when
examining the teleconnections, with symmetrical con-
tributions from El Nifio and La Nifa events. However, it
remains unclear if the extratropical teleconnection of
ENSO via the TIO is symmetric. Adding to this is the
question of the IOD’s impact—is it symmetric with re-
spect to its positive IOD (pIOD) and negative IOD
(nIOD) phases? These issues require clarification, which
will help in understanding some of the dynamics behind
the 2002-09 austral spring rainfall reduction over south-
east Australia. For example, is the rainfall reduction due
to a lack of nIOD events (Ummenhofer et al. 2009) or
does it stem from an increase in pIOD events (Cai et al.
2009b)? If the impact is asymmetric, then these two in-
terpretations would be rather different.

The possibility of an asymmetrical IOD impact is
raised through the fact that an amplitude asymmetry
already exists between the positive and negative phases
of the IOD and ENSO. Studies have noted that the SST
variance in the east pole of the IOD (IODE) is far
greater than that in the west pole (IODW) (Saji and
Yamagata 2003b; Hong et al. 2008), and that maximum
negative [IODE SST anomalies can grow far greater than
the positive anomalies; this is manifested as a negative
skewness in IODE SST anomalies, thereby resulting in
producing a positive skewness in the IOD, as the dipole
is defined as the difference between the western and
eastern poles (Saji et al. 1999). However, the relative
contribution from various processes to the production of
the positive skewness of the IOD is not clear. Possible
processes include nonlinear temperature advection,
a SST—cloud-radiation feedback, and feedbacks be-
tween the thermocline, SST, and wind. Likewise, the
amplitude of El Nifo is significantly larger than the
amplitude of La Nina (Hoerling et al. 1997; Burgers and
Stephenson 1999; Jin et al. 2003; An and Jin 2004). As
with the IOD, the cause of this ENSO positive skewness
is still an open question. The positive skewness of ENSO
SST anomalies may partly contribute to the positive
skewness of the IOD because El Nifio and pIOD often
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develop concurrently. Linearly removing ENSO from
the IOD reduces the IOD skewness to below significant
values, but this does not confirm that ENSO is the sole
cause of the IOD skewness, due to the high ENSO-10D
coherence. Using another method Hong et al. (2008)
suggest that the IOD skewness in the dominant eastern
pole still exists after the ENSO skewness is removed.

Regardless of how the positive skewness of the IOD
and ENSO comes about, it is an open question as to
whether this positive skewness in the IOD and ENSO
generates an asymmetric response in circulation anom-
alies. What are the implications for rainfall telecon-
nections across tropical and extratropical regions (such
as southern Australia in SON)? We examine these is-
sues, the associated mechanisms, and the implications
on regional rainfall variability and changes.

2. Data and method

We focus on data from 1950 to 2009 rather than from
during the post-1979 satellite era to allow for more
samples of positive and negative phases of ENSO and
the IOD. We also restrict our analysis to SON, as this is
when ENSO and the IOD strongly covary and have
a significant influence on Australia’s climate. The anal-
ysis utilizes Met Office Hadley Centre Global Sea Ice
and SST (HadISST) reanalyses (Rayner et al. 2003) to
monitor tropical SST variability. ENSO is described
using the Nino-3.4 SST index (average SST anomalies
over 5°S-5°N, 170°~120°W), while the IOD is described
through a dipole mode index (DMI; Saji et al. 1999),
defined as the difference of the area mean SST anoma-
lies in the IODW region (10°S-10°N, 50°~70°E) and the
IODE region (10°S-equator, 90°~110°E). Associated
variations in deep tropical convection and circula-
tion anomalies are diagnosed using the mean outgoing
longwave radiation (OLR), geopotential height at the
200-hPa level (Z200), and upper-level divergence, from
the National Centers for Environmental Prediction—
National Center for Atmospheric Research (NCEP-
NCAR) reanalyses (Kalnay et al. 1996). Deficiencies
have been observed when comparing these fields be-
tween various reanalysis products, with no single re-
analysis product proving more reliable (Newman et al.
2000). However, there is a general agreement between
the fields within individual reanalysis products, which
should prove useful, at least for understanding the dy-
namics contained within a single reanalysis product. A
gridded (0.25° grid) analysis of Australian rainfall based
on available station data, subjected to extensive quality
control from the Australian Bureau of Meteorology
(Jones et al. 2009), is employed to examine the relative
impact of IOD and ENSO phases on Australian rainfall.
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An important issue is whether the relationship be-
tween SST and rainfall anomalies over the IODE region
is linear. The rainfall-IODE SST asymmetry was ini-
tially examined by Hong and Li (2010) using outputs
from version 2.0.2 (v2.02) of the Simple Ocean Data
Assimilation (SODA) project, forced by 40-yr Euro-
pean Centre for Medium-Range Weather Forecasts Re-
Analysis (ERA-40) wind and heat fluxes (Carton and Giese
2008). To test and verify their results, we also use SST from
SODA v2.0.2, along with rainfall from ERA-40, NCEP-
NCAR reanalyses, and version 2 of the Global Precip-
itation Climatology Project (GPCP) monthly precipitation
analysis (Adler et al. 2003). The use of multiple SST and
rainfall products reduces the biases and uncertainty in our
results.

The basic analysis technique used in this study is linear
regression (or equivalently, correlation). Unless other-
wise stated, all data are linearly detrended to ensure that
any relationship that is produced is not a result of long-
term trends in the respective time series. Regression
coefficients (and the corresponding correlations) are first
calculated by regressing anomalous circulation fields
onto Nifio-3.4 and the DMI using all samples (assuming
a symmetric response with respect to positive and nega-
tive phases). Regression coefficients are then calculated
using samples containing only positive (El Nifo or pIOD)
and negative index (La Nifa and nlOD) values. The
corresponding correlations are also calculated and, where
possible, indicate the statistical significance at the 95%
confidence level. A comparison of the regression coeffi-
cient patterns, in terms of a per unit change of the posi-
tive and negative index values, is then made, so as not
to be influenced by the amplitude skewness of each
index. Sensitivity tests were also performed to de-
termine the strength of using this regression method,
particularly the sensitivity when samples with values
close to zero are excluded. Results show that the
asymmetry remains.

3. Evidence of an asymmetry in ENSO impacts

We first focus on the extratropical impact of ENSO
conducted through the TIO using all samples. If we as-
sume a symmetric circulation response to positive and
negative phases of ENSO (Cai et al. 2011), then the
ENSO-IOD relationship is indeed strong with a corre-
lation coefficient of 0.62 for the period 1950-2009 (black
line, Fig. 1a). The issue regarding the relationship be-
tween the IOD and ENSO has been vigorously debated.
The consensus is that while both ENSO and the IOD can
force each other, the IOD can also operate independent
of ENSO (Saji and Yamagata 2003a; Li et al. 2003;
Kug and Kang 2006; Behera et al. 2006; Cai et al.
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2009a; Luo et al. 2010). The present study will not add
to this debate.

The Cai et al. (2011) study restricted its analysis to
all samples, and it did not focus on any asymmetry in
the impact from ENSO. Figure 1a shows the coherence
between the pIOD and El Nifio is much higher than
that between nIOD and La Nifa, indicating a potentially
greater impact from El Nifio compared to La Nina.
La Nina events tend to occur with nIODs; however,
a stronger La Nifa is not strongly associated with
a stronger nlOD, as shown using samples with negative
Nifo-3.4 values. This is true with respect to the eastern
and western poles of the IOD (Figs. 1b and 1c). By
contrast, El Nifio events are closely linked to pIODs,
with a correlation statistically significant above the 99%
confidence level. This ENSO-IOD ‘“‘coherence asym-
metry” is also observed in each of the IOD poles (Figs.
1b and 1c), both significantly correlated with El Nino
above the 99% confidence level. However, exceptions
do exist, such as during years 2007 and 2008 when
a pIOD occurred in conjunction with a La Nifia (Cai
et al. 2009c). Nevertheless, over the 60-yr time frame,
El Nifio and pIOD events tend to be coherent from
a statistical viewpoint. It is not clear to what extent the
high coherence is contributed to by the positive skew-
ness of ENSO, or the positive skewness of the IOD.

Based on the regression using all samples (Fig. 2a), the
tropically trapped baroclinic response to diabatic heat-
ing (convective) anomalies is manifested as positive
height anomalies over the tropics. First, this is associated
with anomalously low rainfall over northern Australia,
as this region directly experiences anomalous sinking
motion as a result of the negative SST anomalies over
the western Pacific (Cai et al. 2011): this forms part of
the well-known SO pattern. Second, an eastern Indian
Ocean (EIO) and a western Indian Ocean (WIO) Rossby
wave train, in response to convection (OLR) anomalies
over the IOD poles, share a high pressure/height
anomaly center south of Australia. This high pressure
center reduces the intensity and frequency of the west-
erly rainfall bearing weather fronts, and as such is as-
sociated with anomalously low rainfall over southern
Australia in SON. In the south Pacific, Rossby wave
trains generated by tropical Pacific SST anomalies (re-
ferred to as the PSA) are evident, but they exist too far
eastward of Australia to impact its southern regions. Cai
et al. (2011) showed that some of the wave train signals
south of Australia are forced by a component of the
IOD that is independent from ENSO.

The stronger El Nilo—pIOD coherence suggests that
the extratropical impact of El Nifio via the TIO is likely
to be greater and more systematic than that of La Nifia.
This is indeed the case as shown in the regression patterns
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associated with positive (Fig. 2b) and negative (Fig. 2c)
Nifo-3.4 values. A comparison of the OLR patterns as-
sociated with El Nifio and La Nina confirms the high
coherence of an El Nifio with a pIOD with strong sub-
sidence over the IODE region. It is the high El Nino—
pIOD coherence that is mainly responsible for the EIO
and WIO wave trains seen in the middle panel of Fig. 2a.
The absence of a La Nifa—-induced OLR signal in the
TIO is consistent with the lack of a significant wave
train response emanating from the TIO, although
a PSA pattern is evident in the South Pacific sector
(middle panel, Fig. 2c). As such, the La Nifa’s impact
does not go through the TIO, consistent with a lack of
coherent OLR anomalies in the east TIO (left panel,
Fig. 2c). Instead, the impact is delivered through
a tropically trapped response and a La Nifa-induced
PSA pattern, which is rather different from that asso-
ciated with EI Nifio: maximum negative OLR anoma-
lies associated with La Nina are situated farther
westward (170°E-160°W) (Figs. 2b and 2c, left panels),
closer to the west Pacific and hence closer to eastern
Australia, than those associated with the El Nifio—in-
duced PSA (Figs. 2b and 2c, middle panels). Because
northern Australia (north of 22°S) is directly under the
influence of western Pacific convection anomalies, the La
Nina-induced convection anomalies enhance rainfall
over much of the region. Farther south, the low pres-
sure anomaly of the PSA enhances the rain-bearing
easterly weather systems, leading to increased rainfall
over eastern Australia (south of 27°S). However, the
region between 22° and 27°S experiences offshore flows,
with little rainfall teleconnection, marking the separation
of the tropical and extratropical rainfall response. Thus,
any El Nifio—induced rainfall reduction across southeast
Australia is conducted through the TIO, but the La
Nina-induced rainfall increase comes straight from
the extratropical PSA response, not through the TIO
(Figs. 2b and 2c, right panels). This regional and asym-
metric impact has not been brought out in the conven-
tional linear ENSO-rainfall teleconnection analysis (e.g.,
Ropelewski and Halpert 1987; Cai et al. 2011).

«—

FIG. 1. Scatterplot of linearly detrended (a) DMI, (b) SST
anomalies over the IODE, and (c¢) SST anomalies over the IODW
vs linearly detrended Nifio-3.4 for austral spring (SON). Three sets
of linear regressions are carried out: using all samples, implying
a linear relationship (black); samples with positive Nifio-3.4 values
(red); and samples with negative Nifio-3.4 values (blue). The slope,
correlation, and p-value are shown. Linear regression coefficients
with values of p less than 0.05 indicate statistical significance at the
95% confidence level.
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FIG. 2. Circulation anomaly patterns obtained by regressing detrended circulation anomalies onto a detrended Nifio-3.4 index using
(a) all samples, which implies a linear relationship; (b) samples with positive Nifio-3.4 values (El Nifio); and (c) samples with negative
Nifio-3.4 values (La Nifa). The regression coefficients (color) and correlation coefficient (green contours, greater than that required for
the 95% confidence level) are plotted. Shown are the coefficients associated with OLR (left, W m 2 °C™ 1), 200-hPa geopotential height

(middle, m °C™"), and Australian rainfall (mm SON~! °C™").

4. Evidence of an asymmetry in the IOD impact

In a linear framework many of the features associated
with the IOD are similar to those associated with ENSO,
as expected from the high ENSO-IOD coherence
(Fig. 3a, compared to Fig. 2a, left to right). While the
OLR patterns associated with the IOD are quite similar
to those associated with ENSO, notable differences ex-
ist, including weaker height anomalies over the tropics,
and stronger EIO and WIO wave trains. The high pressure
anomaly south of Australia is stronger with a more pro-
nounced response in southeastern Australia rainfall. This
rainfall signal stretches across much of southern Australia,
with a considerably stronger impact over southwest
Western Australia than that seen in the ENSO-induced
pattern (Fig. 2a). The larger rainfall response over
southern Australian regions occurs as a result of the
stronger high pressure (height) anomaly to the south of
Australia because of the inclusion of IOD events in-
dependent from ENSO.

We now focus on asymmetry with respect to pIOD
and nIOD events. Circulation anomalies associated with
plODs (Fig. 3b) are better defined than those associated
with nIODs (Fig. 3¢). This is evident by the presence of
stronger OLR anomalies over the tropics, with corre-
sponding well-defined extratropical wave train patterns
associated with pIOD events. In fact, much of the wave
train pattern obtained using all samples (Fig. 3a) is
contributed by pIOD events (Fig. 3b). There is virtually
no such signal in anomaly patterns associated with nIOD
events (Fig. 3c). This asymmetry translates into a direct
influence on southern Australian rainfall: a reduction in
rainfall over southwest Western Australia and southeast
Australia systematically increases with a greater pIOD
amplitude (Fig. 3b). By contrast, rainfall across the same
regions, by and large, does not increase with a stronger
nlOD (Fig. 3c).

Despite the high El Nifio-pIOD coherence, differ-
ences exist between anomaly patterns associated with
El Nino and pIOD conditions. First, wave train patterns
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FIG. 3. As in Fig. 2, but using DMI instead of Nifio-3.4.

associated with a pIOD are far broader in size and
stronger in magnitude, extending the impact to regions
such as southwest Western Australia and southern
Tasmania, where an impact of El Nifio on these regions
is not evident (cf. Figs. 2b and 3b, middle panels). Sec-
ond, a pIOD impact on northern Australia is seen in
the convection and rainfall patterns, suggesting that a
pIOD exerts an influence on the western pole of the SO
as suggested in previous studies (Behera et al. 2006; Luo
et al. 2010).

5. Dynamics of the IOD and ENSO impact
asymmetry

The amplitude asymmetry of ENSO and the IOD is
an important factor underpinning the asymmetry in
rainfall impacts. It is well known that there is a positive
skewness of ENSO, such that the amplitude of El Nifio is
greater than that of La Nifia. The associated dynamics
are still inconclusive, but several mechanisms have been
suggested, including oceanic nonlinear dynamical heat-
ing (Jin et al. 2003; An and Jin 2004), a nonlinear de-
pendence of tropical deep atmospheric convection to

underlying SSTs (Hoerling et al. 1997) (see also Figs. 2b
and 2c¢), and a nonlinear response of zonal wind to equal
strength but opposing SST anomalies (Kang and Kug
2002). The positive skewness of ENSO will lead to a
greater impact from El Nifios because of their larger
amplitude compared to La Nifias. This means the impact
of El Nifio events are better able to emerge from sto-
chastic noise when compared to the impact of La Nifia
events.

Switching to the TIO, one possible reason for the
IODs’ asymmetric impacts could be the asymmetric
response of Rossby wave trains to their source, that is,
anomalous divergence induced by tropical convection
anomalies in the TIO. To explore this possibility, we
examine the response of extratropical 200-hPa heights
(e.g., over south of Australia, 45°-36°S, 116°~138°E) to
anomalous divergence over the IODE region. We find
that no such asymmetry exists: a statistical relationship is
present only when all samples are used (Fig. 4).

It follows that the skewness in the IOD presents
a main cause for its asymmetric impacts. What then
causes the IOD skewness? Given the strong El Nifio—
pIOD coherence, the positive skewness of ENSO may
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FI1G. 4. Scatterplot of the 200-hPa geopotential height anomalies
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over 1958-2001 (a period during which data are available). Three
sets of linear regressions are shown, using samples showing
anomalous divergence (black), divergent (red), and convergent
(blue) flow over the IODE region. The slope, correlation, and p
value are also shown. Note the divergence has been scaled.

contribute to the positive skewness of the IOD. Line-
arly removing Nifio-3.4 (ENSO) from the DMI (10D)
during SON reduces the DMI skewness from 0.75 to
0.41, falling below significant levels. However, Fig. 1a
shows a distinct nonlinear relationship between the
IOD and ENSO, which must be taken into account
when removing one from the other. Removing ENSO
from the IOD in a quadratic manner increases the IOD
skewness to 0.81, mainly due to one event in 1961.
Another study, Hong et al. (2008), suggests that the
IOD skewness is not solely induced by the positive
ENSO skewness, because removal of concurrent ENSO
events only marginally reduces the IOD eastern pole
skewness value. Several possible mechanisms have been
proposed to explain the IOD skewness through its in-
ternal properties, including a nonlinear dynamic heating
for the IODE SST, an asymmetry of the SST—cloud—
radiation feedback (Hong et al. 2008), and an asym-
metric thermocline-SST feedback (Zheng et al. 2010).
During pIOD events, nonlinear zonal and vertical ad-
vection reinforce the development of negative IODE
SST anomalies, but they act to damp positive IODE
SST anomalies, similar to the nonlinear dynamical heat-
ing in the Pacific that contributes to a positive skew-
ness of ENSO. Despite the strong consensus on the
importance of this feedback, the role of the other two
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nonlinear processes in the skewness remains contro-
versial.

A breakdown of a SST-cloud-radiation feedback is
thought to play a dominant role (Hong et al. 2008). In
this negative feedback process, a cold SST anomaly
leads to a reduction in cloud amount that causes an in-
crease in net downward shortwave radiation, which in
turn suppresses the development of the cold SST anom-
aly (Ramanathan and Collins 1991; Li et al. 2000). Hong
and Li (2010) suggest that for warm IODE SST anom-
alies, this feedback (damping) can continue in an un-
hindered manner, with the increase of warm SST
anomalies leading to an increase in convection and
cloud amount, causing a decrease in the shortwave ra-
diation reaching the surface. However, the same nega-
tive feedback works only when the amplitude of cold
IODE SST anomalies is small; upon reaching a thresh-
old value, the SST anomalies may completely suppress
the mean convection, resulting in cloud-free conditions,
upon which point, further cooling is not subject to any
damping (Hong et al. 2008). Thereafter, cool SST
anomalies are able to grow “freely”” due to the lack of
a thermal damping, a process by which the IOD asym-
metry can be generated.

The other mechanism is an asymmetric thermocline—
SST feedback: as the mean thermocline in the IODE
region is deep, a shoaling thermocline is more effective
in inducing a surface cooling than a deepening thermo-
cline that causes a surface warming. For the same one
unit of change of the thermocline, the size of a surface
cooling is far greater when the thermocline is shoaling
than the size of warming when the thermocline is
deepening. Zheng et al. (2010) suggest that the asym-
metric thermocline-SST feedback is a key process re-
sponsible for the negative SST skewness in the IODE.
However, Hong and Li (2010) argue that the asymmetric
thermocline-SST feedback can be accounted for by the
breakdown of the SST-cloud-radiation feedback by
showing that there is little asymmetry in the thermocline—
subsurface temperature feedback or in the response of
equatorial easterly winds to the thermocline.

The asymmetry in the OLR regression coefficients
(Figs. 3b and 3c) suggests a completely different mech-
anism to the breakdown of the SST-cloud-radiation
feedback. Our result suggests that the SST—cloud-radiation
feedback strengthens in response to increasing cold
IODE SST anomalies, with a greater response of the
positive OLR. In other words, strong cold SST anoma-
lies develop despite a stronger damping. This is com-
pletely opposite to the result of Hong and Li (2010) and
deserves a detailed examination.

Figure 5 plots the relationship between SST (from
HadISST) and rainfall from NCEP, ERA-40, and GPCP
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averaged over the IODE region. There is a consistent
asymmetry in OLR and shortwave radiation in this re-
gion as expected (figures not shown). This is already
implied in the OLR patterns using NCEP data (Figs. 3b
and 3c). In all three rainfall datasets, an opposite
asymmetry is produced to that shown in Fig. 3a of Hong
and Li (2010), although the magnitude of the asymmetry
is smallest in ERA-40, the dataset used by Hong and Li
(2010). It should be noted that Hong and Li (2010) did
not detrend their rainfall and temperature samples
(from ERA-40 and SODA v2.0.2) before undertaking
their analysis. Further discrepancies lie in their SST:
they take the SODA temperature at the middepth of
model level 1 (5 m) as representing SST and using three
pairs of monthly values per season to increase their
sample size (increasing the degrees of freedom). In ad-
dition to this, Hong and Li (2010) only show samples
from the positive and negative quadrants of both rainfall
and SST anomalies. An analysis using all monthly raw
(undetrended) samples of seasonal SODA SST and
ERA-40 rainfall anomalies, divided into positive and
negative SST phases does produce a similar asymmetry
(Fig. 6a) to that in Hong and Li (2010), with a slope ratio
for the positive to negative phases of 2.26:1.

However, when we replace the SODA SST anoma-
lies with HadISST anomalies, the asymmetry shown in
Fig. 6a is not evident (Fig. 6b), suggesting that the re-
sult of Hong and Li (2010) may be a consequence of
the SODA SST biases. A further examination reveals
that although warm anomalies from SODA SST and
HadISST are comparable (Fig. 6¢), negative SST
anomalies from SODA are systematically cooler than
HadISST negative anomalies. For a 0.6°C cooling in
HadISST, there is a 1°C cooling in SODA surface tem-
perature, and so given the large biases in SODA tem-
peratures, the validity of its use in assessing the
thermocline-SST feedback is questionable.

Another factor is a strong increasing trend in ERA-40
rainfall over the IODE region, which is virtually absent
in the GPCP and NCEP rainfall (Fig. 7). The positive
rainfall trend from ERA-40 skews the samples toward
large positive rainfall anomalies that boost the slope to

«—

FIG. 5. Scatterplot of linearly detrended SON rainfall anomalies
averaged over the IODE region from (a) NCEP (1948-2009), (b)
ERA-40 (1958-2001), and (c) GPCP (1979-2008) vs detrended
SST anomalies averaged over the IODE region. Two sets of linear
regressions are shown, using samples with a positive IODE SST
(red) and a negative IODE SST (blue). The slope, correlation, and
p value are also shown.
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FIG. 6. Scatterplot of (a) monthly raw rainfall anomalies averaged over the IODE region from ER A-40 vs monthly
raw IODE SST anomalies from SODA [three pairs per each SON, as from Hong and Li (2010)]. (b) As in (a), but
replacing SODA IODE SST anomalies with raw HadISST IODE SST anomalies. (c) Monthly raw HadISST IODE
SST anomalies vs monthly SODA IODE SST anomalies. (d) Asin (b), but using linearly detrended data. Two sets of
linear regression are shown, including samples with a positive IODE SST (red) and a negative IODE SST (blue). The

slope, correlation, and p value are also shown.

the warm IODE SST domain (Fig. 6a). Once the rainfall
time series is detrended, the asymmetry becomes op-
posite to that shown by Hong and Li (2010) (Fig. 6d),
consistent with the results using different rainfall and
SST datasets (Figs. Sa—c). Thus, the bias in SODA SST
combined with an unrealistic trend in ERA-40 rainfall
leads to the false impression of a breakdown in the SST-
cloud-radiation negative feedback.

In fact, a possibility exists that a breakdown in SST-
cloud-radiation feedback may contribute to a negative
10D skewness (or positive skewness in the IODE SST).
That is, upon reaching a threshold value, warm SST
anomalies may not increase cloud, upon which point

further warming is not subject to any damping, leading
to a large amplitude of positive SST anomalies over the
eastern pole. However, an examination of daily clouds
from NCEP shows no occurrences of days with a 100%
cloud cover. Likewise, there are no occurrences of days
with clear sky, indicating a breakdown of this feedback
process in either positive or negative SST rarely occurs.

6. Discussion and conclusions

Using a typical linear regression/correlation frame-
work, the impact pathway of ENSO and the IOD has
previously been assumed to be symmetric with respect
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to the combined positive and negative phases of these
modes. Using such an approach, Cai et al. (2011) show
that in austral spring the impact of ENSO on extra-
tropical regions such as southern Australia is conducted
via the TIO, through its strong coherence with the IOD.
The associated convection anomalies in the TIO act as
a source of EIO and WIO equivalent barotropic station-
ary Rossby wave trains. The wave trains share a pressure/
height anomaly south of Australia, whereby, weather
systems that deliver rain to southern and southeastern
Australia are reduced. The analysis, however, assumes
linearity. The present study shows that a strong asymme-
try does in fact exist in the impact of ENSO and the IOD.

A major contribution of the present study is the
identification of an asymmetry in the impact of El Nifio
and La Nifna events, and in the impact of pIOD and
nlOD events in terms of an extratropical response. We
find that the extratropical circulation response delivered
via TIO Rossby wave trains occurs primarily during
El Nifio and pIOD events. A schematic is presented in
Fig. 8, which is a modification of Fig. 9¢c in Cai et al.
(2011) for SON. A pIOD impact on extratropical cir-
culation via excitation of Indian Ocean wave trains op-
erates regardless of whether there is a coherent El Nifo,
but an impact of El Nifio is conducted through a co-
herent pIOD via these wave trains because the PSA is
too far east of Australia (Fig. 8a). During nIOD events,
the Indian Ocean wave train response is far weaker, and
less well defined (Fig. 8b, indicated by a dashed arrow).

A further contribution is the characterization of the
asymmetrical ENSO impact in regions such as southern
Australia. In terms of the tropical response, during La
Nifia, northern Australia (north of 22°S) experiences
increased rainfall associated with enhanced convection

CAI ET AL.
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(a) EI Nifio & plOD_

FIG. 8. Schematic of the teleconnective pathways of (a) El Nifio
and pIOD, and (b) La Nifia and nIOD. The dashed arrows indicate
a teleconnection pathway that is not significant. The impact from
the pIOD is greater than that from nIOD, and is delivered through
the WIO and EIO wave trains. The impact of El Nifio on some
extratropical regions (including southern Australia) is conducted
through coherence with a plOD. However, the impact of La Nina
on southern Australia is not delivered through TIO but through the
PSA pattern, which is located closer to Australia than during
El Nifio.

over the west Pacific; however, during El Nifo little in-
fluence on rainfall is seen because the maximum con-
vection anomalies occur in the central Pacific. In terms of
the extratropical response, although El Nifio conducts its
teleconnective impact on southern Australia through the
TIO, La Nifa is able to conduct its impact on parts of
eastern Australia (between 27° and 35°S) via the PSA
pattern (illustrated by comparing Figs. 8a and 8b).
Tropical convection anomalies associated with La Nifia

Unauthenticated | Downloaded 12/20/23 12:40 AM UTC



6328

are located in the west Pacific, leading to a PSA-induced
low pressure anomaly situated closer to Australia, en-
hancing the rain-bearing easterly weather systems. These
asymmetries in the regional impact help explain the
ENSO-Australian rainfall teleconnection pattern (right
panel, Fig. 2a); in particular, they provide an explanation
for the lack of an ENSO-induced rainfall signal over the
22°-27°S latitude band of eastern Australia, as this region
marks the separation of the tropical from the extra-
tropical response.

Contributing to this asymmetry is a strong positive
skewness in ENSO and the IOD. Although the dynamics
for the skewness are not well understood, the presence
has been well documented. The greater amplitude of
pIOD and EI Nino events means that the response in
atmospheric circulation anomalies is better manifested
out of stochastic noise, giving a more well-defined
stronger response and impact.

Another contribution of the present study is the debate
concerning the dynamics of the IOD skewness. Proposed
mechanisms for this skewness range from nonlinear pro-
cesses such as dynamical heating, a SST—cloud-radiation
feedback (Hong et al. 2008), and a thermocline-SST
feedback (Zheng et al. 2010) in the IODE region. We
demonstrate that the IOD skewness occurs not because
of a breakdown in the SST-cloud-radiation feedback,
but despite the damping effect from this feedback. In fact,
the presence of a stronger pIOD impact with a better-
defined wave train pattern constitutes direct evidence
that the breakdown of SST-cloud-radiation feedback
is not a contributing factor to the IOD skewness. It in-
fers that the IOD amplitude asymmetry is caused by
other feedbacks, such as the nonlinear thermocline—
SST feedback and the nonlinear dynamical heating. A
reassessment of their relative importance is therefore
needed.

The presence of the IOD impact asymmetry on the
extratropical climate implies that the impact of ENSO
via the TIO wave trains is asymmetric, even if ENSO
properties and the IOD-ENSO coherence are sym-
metric. The asymmetry in ENSO’s impact is enhanced
by a stronger pIOD-El Nifio coherence than that of
nlOD-La Nifia, and a positive skewness of ENSO. It is
not clear to what extent the stronger EIl Nifio-pIOD
coherence is a consequence of a positive skewness in
both ENSO and the IOD, as they are able to force each
other. What is clear is that the dynamics reside at least in
part in their respective ocean basins.

Finally, our results indicate that pIOD events have
a stronger impact on southern Australia than nlOD
events. This provides a framework for interpreting the
recent spring drying trend over southeast Australia,
a region strongly affected by the IOD (Figs. 2b and 3b)
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(Cai et al. 2009a,b). Since the 1950s, spring rainfall
across southeast Australia has experienced a reduction
of around 30 mm (Cai et al. 2009b). Leading into the dry
summer season (December—February), a spring rain-
fall reduction has a widespread impact on catchment
inflows across the Murray—Darling basin, and increases
the likelihood of severe bushfire occurrences. For ex-
ample, more than half of major summer bushfires over
southeast Australia are preceded by a pIlOD event in
the prior spring season (Cai et al. 2009a). Over the past
decades, the frequency of pIODs has been unprec-
edentedly high, whereas the frequency of nIOD oc-
currences is at a historically low level (Cai et al. 2009b).
These studies suggest that it is the high frequency of
pIOD events, heightened by three consecutive events
from 2006 to 2008 (Cai et al. 2009d) that contributes to the
recent spring rainfall decline across southeast Australia.
An alternative explanation for the recent decline is a lack
of nIOD events (Ummenhofer et al. 2009). While either
an increase in pIOD events or a reduction in nIOD
occurrences will contribute to a spring rainfall reduction,
our result suggests that an increased pIlOD frequency
is far more effective in generating a spring rainfall re-
duction over southeast Australia.
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