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ABSTRACT: We assess seasonally varying impacts of the Madden–Julian oscillation (MJO) on Australian maximum and
minimum temperature anomalies and extremes, and their modulation by El Niño–Southern Oscillation (ENSO), for the
period June 1974–May 2022. Our composite-based approach uses observed temperatures from the Australian Gridded
Climate Data, and 850-hPa wind data from the NCEP–NCAR reanalysis, to show how relationships to temperature and
circulation evolve over the eight-phase life cycle of the MJO, which we derive from the real-time multivariate MJO index.
The MJO has significant impacts on Australian temperatures and winds in all parts of the country at various times
throughout the year, and to varying degrees. Two of the most pronounced impacts are 1) daytime warming across
southeastern Australia in MJO phase 3 during spring associated with a strong anomalous anticyclone and 2) nighttime
cooling over Queensland in MJO phase 7 during winter associated with anomalous advection of cool dry continental
air. La Niña acts to significantly lessen both of these impacts, while El Niño enhances both the phase 3 warming over
southern Australia in spring and the phase 7 overnight cooling over southern Queensland in winter. We show how the
MJO can combine with El Niño and La Niña to have strong compounding influences, thus highlighting the importance
of understanding interactions between multiple modes of climate variability and how they relate to Australian temper-
atures and extremes.
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1. Introduction

There is a growing understanding of the importance of the
Madden–Julian oscillation (MJO) (Madden and Julian 1971,
1972) for Australian agriculture (e.g., Donald et al. 2006;
Wheeler et al. 2009; Marshall et al. 2014; Wang and Hendon
2020; Marshall et al. 2021; Cowan et al. 2022a). This under-
standing has been bolstered by recent examples of the MJO
playing a key role in extreme weather and climate events in
parts of northern and eastern Australia. For example, in late
January and early February of 2019, the stalled convective
component of an MJO event over the tropical western Pacific
Ocean contributed to a devastating heavy rainfall, flooding,
and an extreme cold episode over northeastern Australia that
killed around 475 000 head of cattle and inundated over 3000
homes in the coastal Queensland city of Townsville (Cowan
et al. 2019; Cowan et al. 2022a). Then in November of 2020,
the suppressed phase of the MJO over the Maritime Conti-
nent played a key role in Australia’s record heat1 and severe
lack of rainfall for the month despite an active La Niña
event in the tropical Pacific Ocean (Lim et al. 2021). This
had mixed impacts on cropping zones in New South Wales,
with the dry November conditions helping the winter crop

harvest in some areas but hindering the summer crop po-
tential in others.2

The MJO is also a major driver of tropical cyclone (TC)
variability on subseasonal time scales (e.g., Liebmann et al.
1994; Leroy and Wheeler 2008; Klotzbach 2014; Camp et al.
2018), having been shown to play an important role in TC
genesis (e.g., Camargo et al. 2009) and track behavior (e.g.,
Ramsay et al. 2012). A recent example for Australia was TC
Seroja, which formed in the Timor Sea during a strong MJO
event in early April of 2021, resembling the Gill (1980) Rossby
wave response to MJO convective heating on the equator
(e.g., Yamagata and Hayashi 1984; Lau et al. 1989; Matthews
2000). As TC Seroja tracked southwest over the Indian Ocean,
its chance interaction with another tropical system caused it to
deviate toward the southwest Australian coast where it made
landfall on 11 April.3 The resulting damage to agricultural
businesses and communities across the Western Australian
Goldfields-Midlands and Midwest Gascoyne regions4 showed
how the MJO can remotely impact Australia’s primary indus-
tries by influencing severe weather events downstream.

The MJO is known to affect subseasonal variations in
Australia’s climate via two distinct mechanisms: 1) as a direct
response to its convective anomalies in the tropical north in all
seasons except winter, and 2) indirectly resulting from re-
motely forced teleconnections that modulate the equatorial
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1 http://www.bom.gov.au/climate/current/month/aus/archive/
202011.summary.shtml.

2 https://www.dpi.nsw.gov.au/climate-landing/ssu/november-2020.
3 http://www.bom.gov.au/cyclone/history/seroja.shtml.
4 https://www.agric.wa.gov.au/news/announcements/tropical-cyclone-
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trade winds in winter (when the MJO’s convective component
is shifted into the Northern Hemisphere) and the extratropical
circulation year-round (e.g., Wheeler et al. 2009). While the fo-
cus of previous work has largely been on the MJO’s modula-
tion of Australian rainfall and circulation (e.g., Wheeler and
Hendon 2004; Wheeler and McBride 2012; Donald et al. 2006;
Wheeler et al. 2009), there is an emerging interest in the
MJO’s relationship to Australian temperature and extremes.
Recent studies have demonstrated the role of the MJO on ex-
treme heat across Australia during select phases of its life cycle
in all seasons (Marshall et al. 2014), on overnight temperatures
and extremes during the wintertime (Wang and Hendon
2020), on daytime temperatures and extremes during the
spring (Marshall et al. 2022), and on both daytime and over-
night temperatures during the northern Queensland floods of
February 2019 (Cowan et al. 2022a). In this paper we provide
the first comprehensive assessment for impacts of the MJO on
Australian maximum and minimum temperatures and extremes
in all seasons: austral summer [December–February (DJF)],
autumn [March–May (MAM)], winter [June–August (JJA)],
and spring [September–November (SON)]. We also explore
the influence of El Niño–Southern Oscillation (ENSO), which
is known to modulate MJO teleconnections to global climate
(e.g., Hendon et al. 1999; Roundy et al. 2010; Moon et al. 2011;
Ghelani et al. 2017; Son et al. 2017; Lee et al. 2019). Addition-
ally, we assess wind anomalies at the 850-hPa level to provide a
dynamical framework for understanding these teleconnections.

Descriptions of the analysis data and MJO index are provided
in section 2. We assess the MJO’s relationship to Australian
maximum and minimum temperatures in section 3 and to
temperature extremes in section 4. The modulation of these
relationships by ENSO is presented in section 5, and we
conclude with a summary of the key results in section 6.

2. Data and method

a. Madden–Julian oscillation index

The state of the MJO is depicted using the real-time multi-
variate MJO index pair, RMM1 and RMM2, from Wheeler
and Hendon (2004). Calculated for each calendar day from
1 June 1974 to the present,5 these indices capture the eastward-
propagating large-scale structure of the MJO in zonal wind
and convection along the equator, providing a measure of
the strength and phase of the MJO. The RMM indices are
the principal components of the leading pair of eigenvectors
derived from a combined empirical orthogonal function analysis
of equatorially averaged outgoing longwave radiation (OLR)
and zonal wind at 200 and 850 hPa. Importantly, they are
derived from data without the need for bandpass filtering
and so can be used to assess the real time evolution of the
MJO. RMM2 typically lags RMM1 by a quarter of a cycle,
or about 10–15 days, and together they depict the eastward
evolution of the MJO when plotted against one another in
x and y coordinate space (Wheeler and Hendon 2004; Marshall

et al. 2016). RMM1 and RMM2 may equivalently be ex-

pressed as a daily amplitude (
��������������������������

RMM12 1RMM22
√

) and phase
[tan21(RMM2/RMM1)], which facilitates the construction of
MJO composites in this study. We use the same eight phases
as defined by Wheeler and Hendon (2004), with the MJO
deemed to be in its active cycle when the RMM index ampli-
tude is equal to or greater than one, and in a weak or inactive
state when the RMM index amplitude is less than one. The
MJO life cycle is depicted by active convection moving over
the Indian Ocean in phases 2 and 3, over the Maritime Conti-
nent (directly north of Australia) in phases 4 and 5, and over
the western and central Pacific Ocean in phases 6 and 7, with
suppressed convection occurring a half cycle out of phase (e.g.,
over the Maritime Continent in phases 8 and 1). We use data
spanning from 1 June 1974 to 31 May 2022 in this work to as-
sess the MJO’s impacts over a complete 48-yr dataset.

Another MJO index that has gained attention is recent
years is the OLRMJO index (OMI; Kiladis et al. 2014), which
was devised as an OLR-based univariate index for depicting
the MJO when the convective signal is of primary interest.
The OMI provides a useful assessment of composite MJO
events (Kiladis et al. 2014) and can better discriminate the
eastward and northward components of the MJO’s propaga-
tion in austral winter compared to using the RMM indices
(Kiladis et al. 2014; Wang et al. 2018). However, a disadvan-
tage of using the OMI is its reliance on bandpass filtering,
which cannot be done in real time, and thus its use for real
time tracking is not straightforward (Kiladis et al. 2014; Wang
et al. 2018). Our use of the RMM indices here is motivated by
the application of this work to the Australian Bureau of
Meteorology’s operational real time MJO monitoring web
pages at http://www.bom.gov.au/climate/mjo, which have
recently been updated to feature the MJO teleconnection
“averages” maps produced in this study and in our compan-
ion paper, Cowan et al. (2022b). The Wheeler and Hendon
(2004) RMM indices are thus used consistently in all ele-
ments of this work.

b. El Niño–Southern Oscillation index

The state of ENSO is depicted using the Troup (1965)
Southern Oscillation index (SOI) (e.g., McBride and Nicholls
1983), which is the standardized anomaly of the monthly
mean sea level pressure (MSLP) difference between Tahiti
(17833′S, 149837′E) and Darwin (12826′S, 130852′E).6 Our
choice of the SOI for this work over the ocean-based Niño
indices follows Ghelani et al. (2017) and Cowan et al. (2022b),
both of which use the SOI for assessing the combined impact
of the MJO and ENSO on Australian rainfall given the reli-
ability, and thus wide utility, of the SOI for supporting agricul-
tural decision making in recent decades (Stone and Auliciems
1992; Stone et al. 1996). We source MSLP data from the
Bureau of Meteorology, calculate a 3-month running mean
SOI dataset for our seasonal analyses using the base period
June 1974–May 2022, and define the phases of ENSO based

5 http://www.bom.gov.au/climate/mjo/graphics/rmm.74toRealtime.
txt. 6 http://www.bom.gov.au/climate/enso/soi/about-soi.html.

J OURNAL OF CL IMATE VOLUME 36336

Unauthenticated | Downloaded 12/21/22 10:19 PM UTC

http://www.bom.gov.au/climate/mjo
http://www.bom.gov.au/climate/mjo/graphics/rmm.74toRealtime.txt
http://www.bom.gov.au/climate/mjo/graphics/rmm.74toRealtime.txt
http://www.bom.gov.au/climate/enso/soi/about-soi.html


on threshold SOI values of 64. That is, values of the SOI
lower than 24 are defined as El Niño, values greater than
14 are defined as La Niña, and values ranging between 24
and 14 are defined as ENSO neutral. Using a similar ap-
proach, Cowan et al. (2022b) tested the sensitivity of applying
more restrictive threshold SOI values of 68 (e.g., Ghelani
et al. 2017) but found no deleterious effects on the com-
bined ENSO–MJO signals.

c. Temperature and wind anomaly data

We explore the MJO’s impact on maximum and minimum
temperature across Australia using the Bureau of Meteorology’s
daily gridded AGCD (Australian Gridded Climate Data)
version 1 (Evans et al. 2020). The AGCD combines available
station observations for temperature with state-of-the-art sta-
tistical interpolation (e.g., Daley 1993; Glowacki et al. 2012) to
provide high-resolution information on a 5-km horizontal grid.
Brought into operation in September 2020, the AGCD repla-
ces the Bureau of Meteorology’s previous gridded tempera-
ture analysis, produced as part of the Australian Water
Availability Project (Jones et al. 2009).

Zonal and meridional wind data at 850 hPa are from the daily
National Centers for Environmental Prediction–National
Center for Atmospheric Research (NCEP–NCAR) global
reanalysis version 1 (Kalnay et al. 1996), available from
1948 to the present. We calculate anomalies relative to a daily
climatology (using the full period to define the climatology)
for both temperature and wind, and we assess significance at
the 5% and 20% levels using Student’s (1908) t test.

d. Temperature extremes

To assess the MJO’s impact on Australian temperature
extremes, we calculate the probability (frequency) of oc-
currence of daily maximum temperature anomalies above
the 90th percentile (top decile) and daily minimum tempera-
ture anomalies below the 10th percentile (bottom decile) for
each of the eight phases of the MJO when the MJO amplitude
is greater than one. We define the percentiles for each season
using the June 1974–May 2022 base period (not shown). Prob-
ability composites are computed by counting the number of
instances at each grid location for which the maximum tem-
perature anomalies fall within the top decile range, and for
which the minimum temperature anomalies fall within the
bottom decile range, and then dividing by the total number
of samples in each composite. We display these as probabil-
ity ratios calculated relative to the mean decile probability
of occurrence (nominally 0.1; i.e., 1 in 10 defines the clima-
tological occurrence of a decile event). Probability ratios
greater than one indicate that an extreme event is more
likely to occur than usual, and probability ratios less than
one indicate a decreased likelihood of occurrence. For ex-
ample, a probability ratio of 2 means the event is twice as
likely to occur compared to normal, whereas a probability
ratio of 0.5 means the event is half as likely to occur.

Significance is assessed using a z-score test for event proba-
bilities (Spiegel 1961). The probabilities of occurrence of ex-
tremes in maximum and minimum temperature are assumed

to be significantly different than the mean probability when
the absolute value of z is greater than 1.96 (two-tailed dis-
tribution), and we account for the nonindependence of daily
data samples N by computing the effective sample size
Neff [ffiN(12 r)/(11 r)], using the lag-1 autocorrelation r at
each grid location.

3. MJO impact on maximum and minimum
temperature anomalies

a. Maximum temperature

We begin by showing anomaly composites of daily maxi-
mum temperature and 850-hPa vector wind for each of the
eight active MJO phases in DJF, MAM, JJA, and SON (Fig. 1).
Composites are computed for each anomaly field by averaging
over all days for which the MJO occurs in each phase. The
number of days pertaining to each MJO phase composite is
indicated at the bottom left of each figure panel. We note
that the composite anomalies for the weak MJO phase are
near zero across Australia, so we do not show these here;
however, they may be viewed at http://www.bom.gov.au/
climate/mjo. We also show the climatological seasonal means
for maximum temperature and 850-hPa vector wind (Fig. 2,
top row) and the standard deviation of daily maximum tem-
perature anomalies (Fig. 2, bottom row).

The direct influence of the MJO’s convective anomalies
over northern Australia is strongly evident during summer
(DJF; far left column of Fig. 1), with maximum temperature
anomalies greater than 0.58C occurring across broad northern
areas in MJO phases 8, 1, 2, and 3 in concert with suppressed
MJO convection and reduced rainfall (Wheeler et al. 2009;
Cowan et al. 2022b). Conversely, significant daytime cooling
occurs over parts of northern Australia in MJO phases 5, 6,
and 7, with maximum temperature anomalies of less than
20.58C (Fig. 1) corresponding to enhanced MJO convection
and rainfall during those phases (Wheeler et al. 2009; Cowan
et al. 2022b). Anomalous 850-hPa easterlies lag the warm sig-
nal, and anomalous 850-hPa westerlies lag the cool signal, by
about one MJO phase (;1 week), consistent with the slight
lag between the MJO’s tropical zonal wind and rainfall anom-
alies (e.g., Hendon and Liebmann 1990; Wheeler et al. 2009).
The direct influence of the MJO over northern Australia also
extends into autumn (MAM; second column of Fig. 1), but
the signal is noticeably weaker.

The MJO’s remotely forced teleconnections to Australian
climate are evident in all seasons. For summer, the strongest
extratropical signals in maximum temperature occur in con-
junction with meridional anomalies in the 850-hPa wind flow;
in phase 4, northerly anomalies over southeastern Australia
appear to drive a significant warming of up to 1.58C in Tasmania
and near the coasts of Victoria and southeast South Australia.
Conversely, southerly anomalies occur in concert with cooler
conditions over parts of southeastern Australia in phase 8. Since
the mean 850-hPa winds in summer have a near-zero meridional
component (Fig. 2), these meridional anomalies correspond to
actual northerly and southerly flow. These signals are reflected
in the very high daily standard deviation (more than 68C) along
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FIG. 1. Anomaly composites of daily maximum temperature (8C; contours and shading) and 850-hPa winds (m s21; vectors)
in (first column) DJF, (second column) MAM, (third column) JJA, and (fourth column) SON, for each active MJO
phase from 1 through 8 (shown from top to bottom). Shading is provided where the signal is statistically significant at
the 5% level. For the winds, black vectors indicate significance at the 5% level, and gray vectors at the 20% level. The
vector length for a wind speed of 3 m s21 is indicated above the color bar for reference, and the number of days in
each MJO phase is shown in the bottom left corner of each figure panel.
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the South Australian and Victorian coastlines (Fig. 2). This
points to a location that can be very hot in summer when a
northerly wind blows from Australia’s hot interior, and rel-
atively cool when the wind blows from the south.

For autumn (MAM; second column of Fig. 1), the extra-
tropical signals in maximum temperature are relatively weak
but again indicate an association with meridional anomalies in
the 850-hPa wind flow. Notably in phase 2, anticyclonic flow
over the southern half of Australia appears to transport warmer
air from central Australia to southern Western Australia where
the mean maximum temperature increases by up to 18C. This
coincides with the location of the highest daily standard devia-
tion (more than 48C; Fig. 2). Conversely, southerly anomalies
over the central (phase 6), western (phase 7), and eastern
(phase 7) parts of extratropical Australia are seen in con-
junction with a temperature reduction of comparable mag-
nitude (most pronounced in phase 7 in southern central
Queensland). We note that the autumn temperature anoma-
lies in MJO phases 4 and 8 are near zero over northeastern

Australia, despite the presence of northerly (phase 4) and
southerly (phase 8) anomalous airflow. The expected warm-
ing influence of these northerly anomalies in phase 4 is
likely to be offset by the influence of increased MJO rainfall
at this time, which has a daytime radiative cooling effect
(Wheeler et al. 2009; Cowan et al. 2022b). Conversely, the
daytime radiative warming effect of drier conditions in MJO
phase 8 would act to offset the cooling influence of southerly
anomalies in this region.

Interestingly for winter (JJA; third column of Fig. 1) when
the MJO’s convection shifts into the Northern Hemisphere
(e.g., Wang and Rui 1990), there appear strong influences
from anomalies in the wind flow across the entire continent.
These remote impacts can be understood as a combination of
the strengthening/weakening of trade winds in the tropics and
changes in the extratropical circulation (Wheeler et al. 2009).
Over most of Australia, phases 1–3 are dominated by easterly
anomalies and enhanced maximum temperature, while phases
5 and 6 are dominated by westerly anomalies and reduced

FIG. 2. (top) Climatological seasonal means for maximum temperature and 850-hPa vector wind and (bottom) standard deviation of
daily maximum temperature anomalies in (first column) DJF, (second column) MAM, (third column) JJA, and (fourth column) SON.
The vector length for the strongest mean wind speed, 13 m s21, is indicated below the top right panel for reference.
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maximum temperature. In phases 1–3, significant warming
of up to 18C occurs over parts of Western Australia where
the anomalous wind flows from Australia’s warm interior
(phases 1–3), and over parts of eastern Australia where the
wind anomalies have a northerly component (phases 2 and 3).
Conversely in phases 5 and 6, significant cooling of around 18C
occurs where the wind anomalies have a southerly component,
associated with a Rossby wave train that propagates from the
tropics into the Southern Hemisphere extratropics (Wang and
Hendon 2020). Excited by enhanced MJO convection to the
north of Australia in the Maritime Continent/western Pacific
sector, this Rossby wave train emerges over Australia and
propagates along a great circle route toward the south and
east, extending over the Southern Ocean and impinging on
South America (Wang and Hendon 2020). A pronounced
warm signal of up to 18C also occurs in phase 8 over south-
eastern Australia, in concert with a broad cyclonic (low
pressure) anomaly that sits to the south of the continent.
Anomalous westerlies extend over southern Australia in this
case, suggesting the transport of relatively warm air from
Australia’s interior into the southeast.

Finally for spring (SON; far right column of Fig. 1), the
maximum temperature composite signals again indicate pri-
marily warmer conditions in phases 1–3 and cooler conditions
in phases 5–7. However, unlike for the other seasons, the
strongest springtime response to the MJO is a broad pattern
of warming in phase 2 (up to 1.48C) and phase 3 (up to 1.88C)
associated with strong anticyclonic flow, and cooling in phase 6
(down to 21.58C) and phase 7 (down to 21.48C) associated
with strong cyclonic flow, over southern Australia. In phases
2 and 3, this occurs in conjunction with predominantly north-
easterly flow from the anticyclonic (high pressure) anomaly,
consistent with suppressed rainfall (Wheeler et al. 2009;
Marshall et al. 2021) and an increased frequency of extreme
heat (Marshall et al. 2014). Marshall et al. (2022) show that the
heat signal in southwestern Australia is primarily driven by ad-
vection of warm air, while the signal in southeastern Australia
is largely influenced by enhanced solar radiation at the surface.
This occurs as part of a Rossby wave train that emanates from
the Indian Ocean and disperses across the Southern Hemisphere
in response to MJO convective heating on the equator (Marshall
et al. 2022). The cooling in phases 6 and 7 occurs in conjunction
with predominantly southerly flow from the cyclonic (low
pressure) anomaly. (The latter signal is strongest in phase 6
when an associated increase in rainfall also occurs over parts
of coastal Victoria, and over northern and eastern Tasmania;
Wheeler et al. 2009; Cowan et al. 2022b.) The meridional com-
ponents of these circulation anomalies correspond to actual
northerly and southerly flow characteristics, which is again evi-
dent from the near-zero meridional component of the mean
850-hPa winds (Fig. 2). The strength and significance of the
MJO’s teleconnection to springtime temperature, circulation,
and rainfall anomalies over southeastern Australia highlights
the importance of the MJO for Australian agriculture at a
time of year when productivity, such as crop yield and grain
quality, can be highly sensitive to subseasonal variations in
weather and climate (e.g., Nix 1987; Pook et al. 2006, 2009).

b. Minimum temperature

The MJO’s impact on Australian minimum temperature
was explored for the wintertime only in Wang and Hendon
(2020). Here we expand on this previous work to provide a
detailed assessment of the minimum temperature impacts for
each MJO phase in DJF, MAM, JJA, and SON (Fig. 3). We
note the year-round importance to agricultural communities
of relationships to minimum temperature, considering the po-
tential for warm summer nights to affect the ability of humans
and livestock to cool themselves during a heatwave (e.g., Webb
2013), cold summer nights to produce devastating live-
stock chill conditions (e.g., Cowan et al. 2022a), and un-
seasonal temperatures during autumn and spring to affect
crop production (e.g., Pook et al. 2006). We again show
the climatological seasonal means for minimum tempera-
ture and 850-hPa vector wind (Fig. 4, top row), and the stan-
dard deviation of daily minimum temperature anomalies
(Fig. 4, bottom row).

While the MJO’s convective anomalies in austral summer
have a strong and direct impact over northern Australia for
maximum temperature (far left column of Fig. 1), they tend to
have a more muted influence on minimum temperature (far
left column of Fig. 3). A significant decrease (phase 1) and in-
crease (phase 5) in minimum temperature of around 0.58C oc-
cur over the Cape York Peninsula in concert with a decrease
(phase 1) and increase (phase 5) in rainfall (Wheeler et al.
2009; Cowan et al. 2022b). This points to the role of suppressed
MJO convection/increased OLR during phase 1, and increased
MJO convection/reduced OLR during phase 5, for modulating
the overnight longwave radiative heat loss in this region due
to the associated changes in cloud cover. This influence is
relatively weak, however, with the largest impacts on mini-
mum temperature in summer occurring over parts of southern
Australia in conjunction with the remotely forced anomalies
in low level flow. Most notably, the MJO-induced northerly
anomalies over Australia’s southeast in phase 4 and southerly
anomalies in phase 8 (see also Cowan et al. 2022b) appear to
influence increases and decreases, respectively, in minimum
temperature of up to 1.58C. These coincide with the location
of the highest daily standard deviation (Fig. 4). The fact that
these warm and cool signals extend across a much larger spa-
tial domain than those for maximum temperature (cf. Fig. 1)
also suggests a key role for the MJO-induced high-level
cloud/OLR anomalies that co-occur across much of this do-
main (Wheeler et al. 2009) in modulating overnight tem-
perature. Significant increases in minimum temperature of
up to 18C also occur over parts of Western Australia’s
southern (phase 3) and westernmost (phases 5 and 6) re-
gions, in conjunction with enhanced rainfall (Wheeler et al.
2009; Cowan et al. 2022b) and anomalous flow from the
warm interior (Fig. 3).

For autumn (second column of Fig. 3), the influences on
minimum temperature occur over broad areas of the country,
particularly in MJO phases 4, 5, 7 and 8, in conjunction with
anomalies in 850-hPa wind and rainfall (Wheeler et al. 2009;
Cowan et al. 2022b). Large parts of Australia experience en-
hanced rainfall in phases 4 and 5, and phase 4 also produces
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FIG. 3. As in Fig. 1, but for daily minimum temperature.
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strong northerly anomalies over most of Queensland, both of
which support warmer nights during these phases (Fig. 3)
through reduced longwave radiative heat loss and an anoma-
lous flow of warm air from the tropics (Wheeler et al. 2009;
Cowan et al. 2022b). Warmer nights also occur over parts of
eastern Australia in phase 6, in contrast to cooler days (cf.
Fig. 1), but in the presence of weak wind anomalies. This
points to the opposing radiative impacts of cloud cover on
temperature during the day (reduced incoming solar radia-
tion) compared with at night (reduced outgoing longwave
radiation), associated with enhanced rainfall in phase 6
(Wheeler et al. 2009; Cowan et al. 2022b). Conversely, phases 7
and 8 are characterized by reduced rainfall (Wheeler et al. 2009;
Cowan et al. 2022b), southerly wind anomalies, and thus cooler
autumn nights over parts of the country (Fig. 3). These respec-
tive increases and decreases in minimum temperature are
on the order of 618C.

The MJO’s impacts on minimum temperature in winter
(third column of Fig. 3) appear most pronounced over north-
east Queensland in conjunction with strong rainfall and
850-hPa wind signals (Wheeler et al. 2009; Cowan et al. 2022b).
Specifically, phases 2, 3, and 4 produce warmer winter nights

when rainfall is enhanced in the presence of easterly/northeasterly
anomalies. These easterly anomalies represent a strengthening of
the trade winds in phases 2 and 3 and provide moist airflow from
offshore in phase 4 (Wheeler et al. 2009). Weaker trades in
phases 6 and 7 result from westerly/southwesterly anomalies
that transport cool/dry continental air (Wang and Hendon
2020) and suppress rainfall along the northeast coast (Wheeler
et al. 2009), leading to cooler winter nights. The respective in-
creases and decreases in minimum temperature, which are on
the order of 1.58–28C in some parts, influence the peak in
standard deviation over southern Queensland (Fig. 4). The
lack of any strong impact on maximum temperature over
Queensland in phase 7 (cf. Fig. 1) is presumably due to com-
pensating daytime warming from enhanced incoming short-
wave radiation (Wang and Hendon 2020). Away from the
northeast, increases in minimum temperature of up to 1.08C
complement the increases in maximum temperature (cf. Fig. 1)
over parts of the far west during phases 1 and 2, and over
southeastern Australia during phase 8, when the anomalous
wind flows from Australia’s warm interior.

Finally, for spring (far right column of Fig. 3), nighttime
temperature responses to the MJO appear to be predominantly

FIG. 4. As in Fig. 2, but for daily minimum temperature.
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influenced by the broad-scale circulation anomalies, particularly
in the extratropics. Over southeastern Australia, for example,
MJO-induced rainfall is suppressed in phases 2 and 3 and en-
hanced in phase 6, yet despite the implications on changes in
cloud cover and thus radiative heat loss/gain overnight, respec-
tive increases and decreases in minimum temperature of around
1.08C or more occur in conjunction with strong northeasterly
(anticyclonic; phases 2 and 3) and southwesterly (cyclonic;
phase 6) anomalies. These translate to actual northerly and
southerly flow characteristics, which respectively transport
warmer air from lower latitudes and cooler air from higher lati-
tudes. This influence is also apparent in the southeast during
phase 7 (southerly anomalies and cooler nights) and in the
southwest during phase 1 (northerlies and warmer nights). In
the tropics, and in extratropical regions where the wind anoma-
lies are relatively weak, the minimum temperature signal can be
understood with regards to swings in rainfall. For example,
cooler spring nights correspond to drier conditions (and thus
clearer nights) over northern Australia in phase 1 and parts of

central and eastern Australia in phase 8, while warmer nights cor-
respond to wetter conditions (and thus cloudier nights) over parts
of northern, central, and eastern Australia in phases 4 and 5
(Wheeler et al. 2009; Cowan et al. 2022b).

4. MJO impact on temperature extremes

a. Top decile maximum temperature

Marshall et al. (2014) introduced the role of the MJO in
modulating the frequency of Australian extreme heat events
for a small selection of cases. Here we update and expand
upon that analysis by providing a full picture of the impacts
for eachMJO phase and season, based on the occurrence of daily
maximum temperature anomalies exceeding the 90th percentile
(i.e., top decile extreme events) at each grid location. The
thresholds for exceedance are displayed in Fig. 5 (top row).
Generally, the temperature anomaly thresholds increase from
the tropics to the midlatitudes, except in winter when the high-
est threshold values occur inland over subtropical latitudes.

FIG. 5. Thresholds for (top) daily maximum temperature anomalies (Tmax; 8C) above the 90th percentile and (bottom) daily minimum
temperature anomalies (Tmin; 8C) below the 10th percentile in (first column) DJF, (second column) MAM, (third column) JJA, and
(fourth column) SON.
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Anomaly threshold values range from around 18–28C in the
northernmost regions year-round, to around 108–118C along
parts of South Australia’s coastline in spring and summer.
This reflects the strong contrast between relatively low vari-
ability in daytime temperatures over the tropics, compared to
high variability in the temperate midlatitudes during the
warmer months (cf. standard deviation plots in Fig. 2).

Probability ratios for top decile daytime heat events are
shown in Fig. 6 for each of the eight active MJO phases
(rows) in each season (columns). We use bold contouring to
indicate regions of statistical significance using a z-score test
with effective sample sizes (described in section 2). Shaded re-
gions indicate statistical significance using actual samples sizes
for comparison; yellow-red shading represents an increase in
the frequency of top decile events, and blue shading repre-
sents a decrease in frequency.

The MJO’s relationship to extreme heat in Australia
broadly resembles its impact on maximum temperature
anomalies (cf. Fig. 1). The similarity between extreme and
mean temperature responses has also been noted in previ-
ous work on other key drivers of Australian heat events
(e.g., Alexander et al. 2009; Arblaster and Alexander 2012;
Min et al. 2013). Notably, the likelihood of Australia’s
northernmost regions to experience a top decile heat event
during summer increases in phases 8, 1, and 2, and decreases
in phases 4–7, in direct response to the MJO’s convective
anomalies. The relationship in phase 3 is dominated by a
strong signal over eastern Queensland that shows around half
the normal likelihood of an extreme heat event. The fact that
this signal appears significantly stronger than the phase 3 impact
on average daytime temperature over eastern Queensland
(cf. Fig. 1) suggests a greater MJO influence on the upper tail
of the maximum temperature distribution than on the mean
in this case. Southern Australia experiences up to twice the
likelihood of an extreme heat event in phases 4 and 5 (mostly
confined to Tasmania in phase 4), and around half the likeli-
hood in phase 8 (mostly in the southeast), again consistent
with the respective increases and decreases in mean maxi-
mum temperature, and associated northerly and southerly
winds, induced by the MJO in summer.

For autumn and winter, parts of Australia again experience
an increase in the likelihood of a top decile heat event (Fig. 6)
over regions where the MJO influences warmer daytime
conditions (cf. Fig. 1) in phases 8, 1, 2, and 3. Conversely,
phases 5–7 show the largest decreases in event probability,
particularly in winter when probability ratios of around 0.5
occur over parts of Australia’s western (phases 5 and 6),
southern (phase 6), northern (phase 7), and eastern (phases 6
and 7) regions. For southeastern Australia, the largest impacts
again occur in the spring when extreme heat events are around
twice as likely to occur than normal in phases 2 and 3, and half
as likely in phases 6 and 7. These signals are most pronounced
over southern Victoria and northwestern Tasmania in phase 3,
and over much of the southeastern mainland and northern
Tasmanian regions in phase 7, consistent with the Rossby wave
train–driven warm northerly/anticyclonic and cool southerly/
cyclonic influences at these times (Marshall et al. 2022).

b. Bottom decile minimum temperature

Here we compute the extremes analysis for bottom decile
minimum temperature anomalies to assess the MJO’s relation-
ship to extremely cool nights over Australia. Figure 5 (bottom
row) displays the 10th percentile thresholds of anomalous
daily minimum temperature in each season. Threshold values
range from around218C to around268C across the continent,
with the strongest anomalies again dominating the southern
Australian latitudes in all seasons except winter. We note that
the range in these threshold values (;58C) is considerably
lower than the range in top decile maximum temperature
values for spring and summer (;98C). Thus, while daytime
temperatures are highly variable over southern Australia
during the warmer months, cool overnight temperatures are
less variable and more spatially homogeneous (in an anoma-
lous sense) across Australia, consistent with the standard
deviation plots in Fig. 4.

Probability ratios for bottom decile minimum temperature
are shown in Fig. 7 for each of the eight active MJO phases
(rows) in each season (columns). For this analysis, blue shad-
ing represents an increase in event frequency and yellow-red
shading represents a decrease in event frequency (in contrast
to Fig. 6), such that an increased likelihood of extremely cool
nights shares the same blue palette as negative overnight tem-
perature anomalies in Fig. 3.

The MJO’s relationship to cool nighttime extremes (Fig. 7)
broadly resembles its impact on minimum temperature anom-
alies (Fig. 3). Large parts of the country experience a decrease
in the likelihood of extremely cool nights at times when the
MJO influences warmer nighttime conditions (mostly in
phases 2–5), and an increase in the likelihood of extremely
cool nights at times when the MJO influences cooler nighttime
conditions (mostly in phases 6–8). For example, cool extremes
are 2 or more times more likely to occur than normal over parts
of eastern Australia in phase 8 during summer, parts of north-
ern and western Australia in phases 7 and 8 during autumn,
parts of northeastern Australia in phases 6 and 7 during winter,
and parts of southern and eastern Australia in phases 6–8 dur-
ing spring. The strongest of these signals is in phases 6 and 7
during winter when the frequency of cool extremes is more
than doubled over northeast Queensland with the intrusion of
cool/dry continental air (section 3b). Conversely, the frequency
of wintertime cool extremes is reduced by more than two-
thirds over northeast Queensland in phases 3 and 4 (Fig. 7)
when the circulation anomalies are of opposite sign (i.e., influ-
enced by moist onshore flow; Fig. 3). This is the combined re-
sult of radiative and advective nighttime cooling/warming
from the MJO’s tropical convection anomalies and an MJO-
induced tropical–extratropical Rossby wave train over the
Australian region in winter (Wang and Hendon 2020).

5. Modulation of MJO–temperature relationships by ENSO

The final part of this work explores the influence of ENSO on
the MJO relationships to maximum and minimum temperature.
We show how these relationships are modulated by El Niño
in Fig. 8 (maximum temperature) and Fig. 9 (minimum
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FIG. 6. Ratio of probabilities of top decile daily maximum temperature anomaly (Tmax) events in (first column)
DJF, (second column) MAM, (third column) JJA, and (fourth column) SON, for each active MJO phase from
1 through 8 (shown from top to bottom). Ratios are calculated relative to the mean decile probability (nominally 0.1).
Shaded regions indicate where the ratio is significantly different from one at 95% confidence using a z-score test for
event probabilities with actual sample sizes. Bold contouring indicates a more stringent z-score test using effective sam-
ple sizes. Yellow-red shading represents an increase, and blue shading represents a decrease, in the frequency of top
decile events. The number of days in each MJO phase is shown in the bottom-left corner of each figure panel.

M AR SHA L L E T A L . 34515 JANUARY 2023

Unauthenticated | Downloaded 12/21/22 10:19 PM UTC



FIG. 7. As in Fig. 6, but for bottom decile daily minimum temperature anomalies (Tmin). Yellow–red shading represents
a decrease, and blue shading represents an increase, in the frequency of bottom decile events.
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FIG. 8. As in Fig. 1, but for daily maximum temperature during El Niño years.
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FIG. 9. As in Fig. 1, but for daily minimum temperature during El Niño years.
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temperature), and by La Niña in Fig. 10 (maximum tempera-
ture) and Fig. 11 (minimum temperature), compared to neutral
ENSO years in Fig. 12 (maximum temperature) and Fig. 13
(minimum temperature), in each season. In general, we see
changes to the MJO–temperature signals that are consistent
with the typical/average impacts of ENSO for Australia
(Bureau of Meteorology 2022). However, there are some nota-
ble features that suggest a more complex dynamic between
the MJO, ENSO, and Australian temperature, which we
highlight here.

During an El Niño summer, daytime temperatures increase
over Western Australia, Cape York, and the far southeast,
and decrease elsewhere over the continent, in MJO phase 4
(far left column of Fig. 8). In the absence of strong wind forc-
ing, these regions of warming and cooling occur in conjunction
with respective decreases and increases in rainfall (Cowan et al.
2022b). Further, a concurrent increase in minimum tempera-
ture over eastern Australia (far left column of Fig. 9) suggests
a reduction in overnight radiative heat loss associated with the
rainfall increase (Cowan et al. 2022b).

During a La Niña summer, however, significant circulation
anomalies appear to be the key driver of strong warming over
southern Australia in MJO phase 4, for both maximum tem-
perature (far left column of Fig. 10) and minimum tempera-
ture (far left column of Fig. 11). (The cooling elsewhere over
Australia is consistent with the average temperature re-
sponses to La Niña; Bureau of Meteorology 2022.) Compared
to neutral ENSO years (Figs. 12 and 13), La Niña events in
MJO phase 4 during summer show an anomalous increase in
northeasterly flow that transports warm continental air onto
the southern coast, leading to an intensification and westward
expansion of the coastal warming into South Australia, de-
spite an increase in the probability of above median rainfall
(and thus reduced shortwave daytime warming) over this re-
gion (Cowan et al. 2022b).

In MJO phase 8 during summer, the southerly oriented
anomalies that flow across much of Australia in neutral ENSO
years (Figs. 12 and 13) are considerably weaker over northern
and western Australia during El Niño (Figs. 8 and 9) and ab-
sent over most of the continent during La Niña (Figs. 10 and 11).
This likely influences stronger warming over northern and west-
ern Australia and weaker cooling over the southeast during El
Niño, for both daytime (Fig. 8) and nighttime (Fig. 9) condi-
tions. Compared to neutral ENSO years (Figs. 12 and 13), the
southeastern cool signal in MJO phase 8 during summer is
also weaker in La Niña years (Figs. 10 and 11) while the rest of
Australia experiences cooler temperatures that are consistent
with the average responses to La Niña (Bureau of Meteorology
2022) and that presumably relate to both reduced advection of
warm continental air and enhanced rainfall at this time (Cowan
et al. 2022b).

The influence of ENSO on the MJO–temperature signals in
autumn varies considerably by MJO phase. In phase 1, cy-
clonic wind anomalies occur over southern Australia in con-
junction with cooler daytime (second column of Fig. 8) and
overnight (second column of Fig. 9) conditions during El Niño
years (although the temperature anomalies are not statistically
significant at the 5% level), whereas northerly anomalies over

parts of northern-central Australia and northeasterly anoma-
lies near the Great Australian Bight (significant at the 20%
level) suggest an influence of warm airflow on anomalous in-
creases in temperature over southern Australia during La
Niña years (Figs. 10 and 11). ENSO alone has a weak relation-
ship to autumn temperatures over most of Australia (Bureau
of Meteorology 2022); however, when combined with MJO
phase 5 we see a pronounced and widespread impact on maxi-
mum and minimum temperatures. During El Niño, daytime
(Fig. 8) and overnight (Fig. 9) conditions warm by around
18–28C over much of central-northern Australia in conjunction
with anomalous westerlies, while much of southern Australia
experiences cooler days and warmer nights. During La Niña,
most of Australia experiences strong and significant daytime
cooling of around 18–28C in phase 5 (Fig. 10), and to a lesser de-
gree overnight cooling (Fig. 11; significant only in Tasmania),
except over parts of southwestern and northeastern Australia
where overnight warming and modest daytime cooling occur in
conjunction with anomalous advection of continental air into
the southwest and tropical air into the northeast.

In winter, when the MJO tracks north of the equator, the
combined ENSO–MJO impact on maximum and minimum
temperature resembles the average impact of ENSO alone
(Bureau of Meteorology 2022) in many regions. These include
enhanced daytime warming in parts of southern Australia
(third column of Fig. 8), overnight warming in parts of the
southwest (third column of Fig. 9), and overnight cooling in
parts of northern and eastern Australia, in most MJO phases
during El Niño. Conversely, an average La Niña event in win-
ter produces daytime cooling in parts of southern Australia
(third column of Fig. 10), daytime warming in parts of the far
north, overnight cooling in parts of the southwest (third column
of Fig. 11), and overnight warming in parts of northern and
eastern Australia, in most MJO phases. Notably for La Niña, its
combined impact with the MJO is an anomalous reduction in
southwesterly wind flow over northeastern Australia in phase
7, and thus less intense overnight cooling for Queensland
(Fig. 11), compared to during El Niño (Fig. 9) and neutral
ENSO years (third column of Fig. 13). About half an MJO
cycle earlier (or later) in phase 2, the northeast experiences
an increase in daytime temperature (Fig. 10) and overnight
temperature (Fig. 11) of more than 1.58C, in the presence of
stronger anomalous wind flow from the north during La
Niña.

Finally, for spring, MJO phase 3 during El Niño is a stand-
out case that shows exacerbated daytime (far right column of
Fig. 8) and nighttime (far right column of Fig. 9) warming
associated with a strengthened anticyclone over southeastern
Australia, compared to when all years are included in the
analysis (Fig. 1). Comparison with the mean 850-hPa winds in
Fig. 2 also suggests that these strong low-level circulation
anomalies correspond to actual anticyclonic flow. The magni-
tude of peak daytime warming in phase 3 is 3.58C during El
Niño years (Fig. 8), which is at least two and a half times the
peak warming during La Niña years (1.48C; far right column
of Fig. 10) and neutral ENSO years (1.28C; far right column
of Fig. 12), and thus El Niño itself appears to contribute to
the strength of this teleconnection. Moreover, we saw earlier
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FIG. 10. As in Fig. 1, but for daily maximum temperature during La Niña years.
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FIG. 11. As in Fig. 1, but for daily minimum temperature during La Niña years.
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FIG. 12. As in Fig. 1, but for daily maximum temperature during neutral ENSO years.

J OURNAL OF CL IMATE VOLUME 36352

Unauthenticated | Downloaded 12/21/22 10:19 PM UTC



FIG. 13. As in Fig. 1, but for daily minimum temperature during neutral ENSO years.
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that top decile daytime heat events are around twice as likely
to occur than normal over Victoria and Tasmania when the
MJO is in phase 3 in spring (far right column of Fig. 6). When
we repeat the analysis for El Niño years only, this increases to
more than 3 times the normal likelihood (not shown). These
findings are consistent with the typical impact of El Niño in
producing warmer than average days and nights in Australia’s
southeast during spring (Bureau of Meteorology 2022). Con-
versely, La Niña typically produces cooler than average days
in the southeast during spring (Bureau of Meteorology
2022)}this influence is apparent in the 28C cooling that oc-
curs over southeastern Australia (in conjunction with cyclonic
anomalies) when the MJO is in phase 6 during La Niña years
(Fig. 10), compared to the 18C cooling that occurs during neu-
tral ENSO years (Fig. 12). We also note the asymmetry in the
magnitude of the MJO’s springtime impacts on temperature
during El Niño compared to La Niña. For example, the signals
during El Niño in MJO phases 3 and 7 for maximum and min-
imum temperature (Figs. 8 and 9, respectively) are notably
stronger than those during La Niña (cf. Figs. 10 and 11, re-
spectively). This is consistent with the impact of asymmetry
on rainfall probabilities by El Niño compared to La Niña,
which is greatest in spring (Cowan et al. 2022b).

6. Summary and conclusions

In this study we have provided the first comprehensive
analysis of the MJO’s impact on maximum and minimum
temperature and extremes over Australia. We have shown
the MJO to have a significant influence on Australian tem-
peratures in all parts of the country at various times through-
out the year, and to varying degrees. These influences occur
directly in response to the MJO’s convective anomalies over
northern Australia, primarily during summer, and indirectly
in response to remotely forced anomalies in the low-level
wind flow over Australia, primarily associated with MJO-
induced tropical–extratropical Rossby wave train propaga-
tion (Wheeler et al. 2009).

We have also explored the role of ENSO in modulating the
MJO’s impacts on maximum and minimum temperature. In
general, we see changes to the MJO–temperature signals that
are consistent with the typical temperature responses to
ENSO itself. Daytime temperature anomalies tend to in-
crease during El Niño years and decrease during La Niña
years, except over parts of northern Australia in the latter
half of the year when these relationships reverse. ENSO’s
impact on minimum temperature shows a more complex
spatial and temporal variation throughout the year, which is
again reflected in the changes to the MJO–temperature sig-
nal during El Niño and La Niña years. These changes, which
are again well explained by anomalies in the circulation,
lead to some very strong ENSO-related warming and cool-
ing patterns over parts of the country that appear stronger
than the impacts of the MJO alone. This includes daytime
warming over central-northern Australia (El Niño) and
cooling over most of Australia (La Niña) of up to 28C in
phase 5 during autumn, and overnight cooling (El Niño) and

warming (La Niña) of more than 1.58C over parts of north-
ern Australia in phase 2 during winter.

One of the most pronounced impacts of the MJO on maxi-
mum temperature occurs across the southeastern quadrant of
Australia in phase 3 during spring, when we see an increase in
daytime temperature of up to 1.88C and a doubling of the nor-
mal likelihood of extreme heat, in association with a strong
anticyclonic anomaly. As a remote response to enhanced
MJO convection over the eastern Indian Ocean, this extra-
tropical anticyclone produces anomalously dry conditions in
Victoria, Tasmania, and southeastern South Australia due to
large-scale subsidence existing within the anticyclone (Wheeler
et al. 2009; Cowan et al. 2022b). While the dry signal is mostly
confined to the far southeast, the anomalous warming expands
across much of southern Australia under the influence of warm
continental northeasterly airflow from the extratropical anticy-
clone. During El Niño years, when the southern two-thirds of
Australia experience above average springtime temperatures
and southeastern Australia experiences temperatures in the
warmest 30% of climatology, the anticyclonic wind speeds in
phase 3 increase over the southeast, the daytime warming inten-
sifies across the south, and top decile heat events become more
than 3 times as likely to occur than normal in Victoria and
Tasmania.

For minimum temperature, the most prominent impact
from the MJO occurs over Queensland in phase 7 during win-
ter, when we see overnight temperature anomalies down to
228C in some places with more than twice the normal likeli-
hood of extremely cold nights. This results from westerly/
southwesterly anomalies that transport cool and dry continen-
tal air to northeastern Australia, as a remote response to
suppressed MJO convection over the eastern Indian Ocean
(Wang and Hendon 2020). During La Niña years, when much
of northern and eastern Australia experiences overnight win-
tertime warming, the southwesterly wind flow is reduced in
phase 7 and the cool anomalies weaken by about a factor of a
half over Queensland. However, during El Niño years, when
northern and eastern Australia experience moderate overnight
cooling, the MJO teleconnection to Queensland remains
strong. In fact, the cold signal in the southeast, including
over southern Queensland, strengthens in phase 7 during El
Niño, consistent with where the strongest overnight winter-
time cooling occurs for a typical El Niño event.

The results of this work demonstrate the importance of un-
derstanding the MJO’s impacts on temperature for some of
the most agriculturally critical regions in Australia, including
the southeast’s Murray Darling Basin (e.g., during phase 3 in
spring) and southeast Queensland on the western slopes of
the Great Dividing Range (e.g., during phase 7 in winter).
ENSO’s role in modulating these impacts also highlights the
importance of understanding multiple modes of variability and
their compounding influences on weather and climate (Ridder
et al. 2020), particularly considering the strong effect that high-
impact events such as heatwaves and flash droughts can have on
agricultural productivity across Australia (Nguyen et al. 2019).
Future research could thus expand on the work presented
here to assess the roles of other key drivers of Australian tem-
perature variability and extremes occurring in combination
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with the MJO, including the Indian Ocean dipole, the South-
ern Annular Mode, and atmospheric blocking (e.g., Marshall
et al. 2014). Follow-on work could also use the ocean-based
Niño indices to assess the comparative roles of western central
Pacific versus eastern Pacific El Niño events (e.g., Larkin and
Harrison 2005; Freund et al. 2021) and La Niña events (Marshall
et al. 2015; Feng et al. 2021) in modulating the MJO’s impacts
on temperature. Improved knowledge of these key modes,
their interactions, and impacts underpins our ability to im-
prove their depiction and prediction in dynamical forecast
systems (e.g., Marshall and Hendon 2019; Marshall et al.
2021), and their teleconnections to agriculture (Anderson
et al. 2020), on subseasonal time scales.
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