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Abstract

We examine impacts of the Madden-Julian Oscillation (MJO) on Australian
springtime temperatures and extremes, explore the mechanisms behind the
teleconnections, and assess their prediction in retrospective forecasts using the Bureau
of Meteorology’s ACCESS-S1 dynamical forecast system. The MJO incites strong
and significant warming across southern Australia in phases 2, 3 and 4 when its active
convection propagates over the Indian Ocean and Maritime Continent. The heat signal
appears strongest in south-eastern Australia during MJO phases 2 and 3 in the vicinity
of a deep anticyclonic anomaly which brings warmer airflow to south-western
Australia while promoting shortwave radiative heating in the southeast. This occurs as
part of a Rossby wave train that emanates from the Indian Ocean and disperses across
the Southern Hemisphere along a great circle route towards South America, in
response to MJO convective heating on the equator. Importantly, we show the wave
train emerges from the divergent outflow from anomalous MJO convection, rather
than from the Rossby waves that exist within the MJO's baroclinic structure.
Feedbacks between transient eddies and the low frequency flow to the south of
Australia and southeast of South America reinforce the wave train in phases 1-3 but
act against it during its demise in phase 4. The MJO is a source of subseasonal
predictability of springtime heat and cold events over southern Australia in ACCESS-
S1 at lead times of 2-4 weeks, yet there remains room for improvement in the model's

depiction of the MJO and its teleconnection to the Southern Hemisphere.
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1 Introduction

The Madden-Julian Oscillation (MJO; Madden and Julian 1971, 1972) is a
well-recognised driver of subseasonal global climate variability. Locally in the tropics,
the MJO has been shown to modulate monsoonal activity (e.g., Hendon and Liebmann
1990; Janicot et al. 2011; Lau et al. 2012; Marshall and Hendon 2015; Grimm 2019;
Sasikumar et al. 2022), tropical cyclone variability including genesis and track
behaviour (e.g., Liebmann et al. 1994; Leroy and Wheeler 2008; Camargo et al. 2009;
Ramsay et al. 2012; Klotzbach 2014; Camp et al. 2018), and the development of the
El Nifio — Southern Oscillation (e.g., McPhaden 1999; Kessler and Kleeman 2000;
Bergman et al. 2001; Hendon et al. 2007; Marshall et al. 2009; Marshall et al. 2016).
These direct impacts occur via the MJO's circulation anomalies, which resemble the
Gill (1980) response to anomalous heating on the equator (e.g., Hendon and Salby
1994; Adames and Wallace 2014). Numerous studies have also demonstrated a
remote MJO influence on extratropical weather, climate, and ocean variability and
extremes, including rainfall (e.g., Bond and Vecchi 2003; Wheeler et al. 2009; Becker
et al. 2011), temperature (e.g., Lin and Brunet 2009; Marshall et al., 2014), fire
weather (e.g., Reid et al. 2012; Marshall et al. 2022a), and global ocean surface waves
(Marshall et al. 2015). These remote influences occur through atmospheric
teleconnections, primarily via excitation of Rossby wave trains (e.g., Hoskins and
Karoly 1981; MclIntosh and Hendon 2018) that emanate from the tropical Indo-Pacific
warm pool region into higher latitudes (e.g., Matthews et al. 2004; Alvarez et al.,
2016, Wang and Hendon 2020). Some studies attribute the forcing of wave trains to
the advection of planetary vorticity by the divergent outflow from the MJO’s

equatorial convection (e.g., Mori and Watanabe 2008; Frederiksen and Lin 2013),
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while others argue that they rather emanate from the Rossby waves that exist within
the MJO's deep baroclinic vertical structure (Adames and Wallace 2014). The
discrepancy between these two schools of thought may partly stem from the fact that
the former analysis was conducted for austral summer months only, whereas for the
latter there was no seasonal separation. Advancing our understanding of these MJO
teleconnection pathways is important for their representation in climate prediction
systems and, ultimately, for improving subseasonal to seasonal predictions of surface
weather and climate (e.g., Lin et al. 2019, 2022).

The MJO affects subseasonal variations in Australia's climate in direct
response to its convective anomalies in the tropical north in all seasons except austral
winter, and indirectly via tropical-extratropical wave train propagation primarily in
winter, spring, and summer (Wheeler et al. 2009; Marshall et al. 2014; Alvarez et al.
2016; Wang and Hendon 2020; Cowan et al. 2022). The wave train in autumn
propagates poleward farther to the west than in summer (Alvarez et al. 2016) and
influences extratropical Australia to a lesser degree (e.g., Wheeler et al. 2009). A
recent study by Marshall et al. (2022b) on the MJO's modulation of Australian
temperatures and extremes has shown two of the most pronounced impacts to be (i)
daytime warming across the southeast in MJO phases 2 and 3 during spring, and (ii)
overnight cooling in the northeast in MJO phases 6 and 7 during winter. Wang and
Hendon (2020) recently identified MJO-forced Rossby wave trains as key for driving
the latter signal, which results from anomalous equatorward advection of cool and dry
continental air and enhanced night-time radiative cooling due to the drier conditions.
Here we perform a similar analysis to Wang and Hendon (2020), but for the MJO-
induced springtime warming in southeast Australia, to better understand the role of

Rossby wave trains in driving the strong extratropical anticyclone in the southeast



107  Australia — Tasman Sea region that induces this warm signal (Wheeler et al. 2009;

108  Cowan et al. 2022; Marshall et al. 2022b). We also introduce a modelling component
109 to the work by assessing the depiction and prediction of this MJO teleconnection

110  using the Bureau of Meteorology's subseasonal-seasonal prediction system, with a key
111 focus on any enhanced subseasonal predictability of southern Australian springtime
112  heat events afforded by the MJO. Our interest in this teleconnection and its prediction
113  arises from its potential impacts on agriculture, health and emergency services, energy,
114  and fire management, including its possible role in the extreme springtime fire

115  weather conditions in southeast Australia during the devastating and unprecedented
116  Australian bushfire season of 2019-2020 (e.g., Marshall et al. 2022a).

117 We provide descriptions of the analysis data and methods in Section 2 and

118 introduce the MJO's impact on Australian springtime temperature and extremes in

119  Section 3. Section 4 describes the MJO-forced Rossby wave teleconnection

120  mechanism and the role of mid-Ilatitude eddies in contributing to the signal. In Section
121 5 we explore subseasonal prediction of the MJO's teleconnection into the Southern
122 Hemisphere, including its role in the prediction of southeast Australian temperature
123 extremes, and we conclude with a summary of key results in Section 6.

124

125 2 Data and methods

126

127 a) Observed data

128

129 We explore the MJO's teleconnections to maximum and minimum temperature
130  extremes across Australia using the Bureau of Meteorology's daily gridded Australian

131  Water Availability Project (AWAP; Jones et al. 2009) data, which are an optimum
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interpolation of all available daily station observations (600-800 stations daily) on a
0.25 by 0.25 degree grid. We use the daily gridded European Centre for Medium-
Range Weather Forecasts (ECMWF)-Interim reanalysis (ERA-I; Dee et al. 2011) to
explore MJO-related variations in horizontal winds, geopotential height, humidity and
temperature on standard pressure levels, and downward solar radiation flux at the
surface. Streamfunction and the linear S1 Rossby Wave Source (RWS) term (Qin and
Robinson 1993) are calculated using the horizontal winds, with the linear S1 RWS
depicting the excitation of extratropical Rossby Waves by MJO tropical convective

anomalies:

SLRWS = —V' -V (I +1)

Here, v is the irrotational wind vector, £ is the relative vorticity, f is the Coriolis

parameter, and the prime and overbar represent the anomaly and mean respectively
(see Qin and Robinson 1993, and Wang and Hendon 2020, for more details). We also
use ERA-I data for calculating the MJO-forced wave activity flux (WAF; Takaya and
Nakamura 2001), which describes the evolution and propagation of quasi-geostrophic
stationary Rossby waves on a zonally varying basic flow. We note the caveat that
WAF does poorly in the context of breaking Rossby waves, for which quasi-
geostrophic theory does not well apply. WAF is shown to be suitable for illustrating
Rossby wave train propagation from the tropics to the extratropics on the timescale of
the MJO (Wang and Hendon 2020). WAF relates to the RWS in that the divergence of
WAF indicates a wave-source region. Finally, we assess MJO-related variations in

tropical convection using daily mean interpolated outgoing longwave radiation (OLR)
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gridded data from the National Oceanic and Atmospheric Administration (NOAA)
(Liebmann and Smith 1996).

We calculate anomalies relative to climatology for all data analysed in this study.
Our analysis spans the period 1990-2012 and we compute non-overlapping weekly
means for each spring season (September—November) to coincide with our
subseasonal forecast model framework (described below). Thirteen samples of weekly
means were calculated between 27 August and 19 November each year. The
averaging over 1990-2012 for each of the thirteen weeks defines the weekly

climatology from which the weekly anomalies were derived.

b) Rotated Madden-Julian Oscillation Indices

We monitor the MJO using the Real-time Multivariate MJO index pair,
RMM1 and RMM2, from Wheeler and Hendon (2004). Derived from a combined
Empirical Orthogonal Function (EOF) analysis of equatorially averaged outgoing
longwave radiation (OLR) and zonal wind at 200 and 850 hPa, these indices capture
the eastward-propagating large-scale structure of the MJO in zonal wind and

convection along the equator and provide a measure of the amplitude

(= VRMM1? + RMM 22 ) and phase (= tan™(RMM %MM 1 of the MJO. A positive

RMM1 corresponds to enhanced convection centred over the Maritime Continent
(represented by MJO phases 4 and 5; Wheeler and Hendon 2004), and a positive
RMM2 represents a convection dipole with an enhanced centre over the western
Pacific Ocean and a suppressed centre over the central Indian Ocean (MJO phases 6

and 7). As such, RMM2 lags RMM1 by a quarter of a cycle, or about 10 to 15 days.
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We regress the anomaly fields onto the RMM indices to derive composites
associated with distinct phases of the MJO (Virts and Wallace 2014). Since the MJO
phases that are depicted by RMM1 and RMMZ2 straddle the original phases defined by
Wheeler and Hendon (2004), we adopt the method of Wang and Hendon (2020) and
first rotate the axes of RMM1 and RMM2 by &= 7/8 to produce better alignment with

the original phases:

RMM1* = cos())RMM1 + sin()RMM2

RMM2* = -sin()RMML + cos(6)RMM2

Then, following Virts and Wallace (2014), we can depict anomalies that
represent MJO phases 5, 6, 7 and 8 by regressing onto the time series of RMM1*,
RMM1*+RMM2*, RMM2*, and RMM2*-RMM1*, respectively. The anomalies
associated with phases 1, 2, 3 and 4, which are the key focus of this study, are
obtained by simply changing the sign. Statistical significance of the regression
coefficients is based on Student's (1908) t-test with the effective sample size estimated

following Bretherton et al. (1999).

Other MJO indices that could be used for this study are the OLR-based
univariate MJO indices (Straub 2013; Kiladis et al. 2014), which also provide useful
assessments of MJO variability particularly when the convective signal is of primary
interest (Kiladis et al. 2014; Wolding and Maloney 2015, Wang et al. 2018). Although
the gross features of MJO convective and circulation anomalies are similar for the
RMM and OLR-based indices, there can be differences in the amplitude and phase of

individual MJO events from one index to the next (e.g., Kiladis et al. 2014). Thus, we
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recognise that the MJO phases presented in this work are specific to our use of the

RMM indices.

¢) ACCESS-S1 retrospective forecast data

We assess predictability of Australian temperature extremes and the role of the

MJO using version 1 of the Australian Community Climate and Earth System
Simulator-Seasonal forecast system (ACCESS-S1; Hudson et al. 2017), which
replaced the low resolution-low top model POAMA (Alves et al. 2003) to become the
Bureau of Meteorology's operational coupled model subseasonal to seasonal
prediction system in August 2018. Based on the UK Met Office GC2 coupled model
GloSea5 system (MacLachlan et al. 2015), ACCESS-S1 has high spatial resolution
with 25 km in the ocean, ~60 km in the atmosphere, and 85 vertical levels in the
atmosphere. Retrospective forecast (hindcast) and real time initial conditions for sea-
ice and the ocean are provided from the assimilation produced at the UK Met Office
(e.g. Mogensen et al. 2009, 2012; Maclachlan et al., 2015). The atmospheric initial
conditions for the hindcasts are provided by interpolating zonal wind (u), meridional
wind (v), temperature, humidity, and surface pressure from ERA-1 onto the ACCESS-
S1 atmospheric model grid. In real time, the atmospheric initial conditions are
provided by the Bureau of Meteorology Numerical Weather Prediction system. Soil
moisture is initialized with climatology (MacLachlan et al. 2015) and soil
temperatures are interpolated from ERA-I data.

The ACCESS-S1 subseasonal hindcasts consist of an 11-member ensemble

initialized on the 1%, 9" 17" and 25" of each month during 1990-2012. Ensemble

11
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initial conditions are produced by a simple scheme that adds randomly sampled 7-day
differences from ERA-I (rescaled to represent analysis uncertainty) into the
atmospheric initial state (Hudson et al. 2017), and model uncertainty is provided by
the stochastic backscatter scheme (MacLachlan et al. 2015). We analyse weekly-mean
output from the first month of each hindcast at lead times of two, three and four
weeks, for the data fields described in Section 2a. Week two is defined as the mean of
the second week of each hindcast, week three as the mean of the third week, and week
four as the mean of the fourth week. We aggregate the data for the spring season
based on the validity/target date, as opposed to the start date, for each week. Hindcast
anomalies are formed relative to the hindcast model climatology, which is a function
of both start date and lead time, and thus a first-order linear correction for model

mean bias is made in a similar fashion to that of Stockdale (1997).

For assessing the MJO in ACCESS-S1, we create predicted RMM1 and RMM2
indices by projecting the model's predicted anomalies of equatorially averaged
outgoing longwave radiation and zonal winds at 200 and 850 hPa onto the observed
EOF pair (Rashid et al. 2011). Prior to projecting the daily observed and predicted
anomalies onto the observed EOF pair, interannual variability is removed by
subtracting the previous 120-day mean. For the ACCESS-S1 hindcasts this involves
subtracting a 120-day mean that is created for a lead time of zdays as the mean of the
previous 120-7 days of observations up to the start of the forecast plus the r days of
the forecast. We use the common practice of removing the previous 120-day mean
(Wheeler et al. 2004), rather than a centred 120-day mean (e.g., Lyu et al. 2019), for
consistency with MJO monitoring in the ACCESS-S1 operational real-time system,
for which a centred running mean filter is not possible due to the lack of information

from the future. A comparison of these methods, including caveats concerning the use

12
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of the former, is provided by Lyu et al. (2019) and Dr Andrea Jenney’. We finally
rotate the RMM indices for ACCESS-S1 as we do for observations and regress the

hindcast anomalies onto the RMM* combinations described in Section 2b.

d) Temperature extremes

We define maximum temperature extremes across Australia using the upper
quintile (i.e., top 20 percent of climatology) of weekly-mean maximum temperature at
each grid point, using the Occurrence Frequency of Change (OFC) from Wang and

Hendon (2020):

[M‘T‘;{lxyl
Ny
020

—n.:u]
OFC =

Here, Nk is the number of active MJO events in phase k, MTk(x,y) is the
number of occurrences when maximum temperature exceeds the upper weekly
quintile threshold at a grid point (x,y), and 0.20 is the mean quintile probability of
occurrence. For a given MJO phase k, an active MJO event is defined when the
weekly MJO index amplitude is greater than one (e.g., Wheeler et al. 2009). OFC
measures to what extent an active MJO event changes the occurrence of weekly
maximum temperature to be in the upper quintile. For instance, an OFC of 0.5
indicates a 50% increase in occurrence as compared to climatology. We conduct a

non-parametric resampling test to assess the significance of OFC. For this, Nk weekly

L https://sites.google.com/ucar.edu/jenney/research/running-mean-filtering
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values are randomly selected without replacement 2000 times to establish the 5% and
95% confidence intervals for the null hypothesis that there is no change in OFC for a
given MJO phase. Changes in OFC are thus deemed to be significant when the

composite OFC values fall outside this range.

3 MJO impact on springtime temperature and extremes over Australia

The typical springtime responses of weekly mean maximum and minimum
temperature associated with MJO phases 1, 2, 3 and 4 are displayed in Fig. 1. We
highlight these four phases due to their known impacts on extreme daytime heat
(Marshall et al. 2014; Marshall et al. 2022b) and fire weather (Marshall et al. 2022a)
over south-eastern Australia during spring. We also note that the responses for the
other four MJO phases are equal and opposite in sign. For display, the regression
coefficients are scaled for an MJO amplitude of 1.5 standardized units, which is
approximately the mean MJO amplitude for all times when the amplitude is greater
than one. Strong and significant increases occur in MJO phases 2, 3 and 4 over the
southeast for maximum temperature (Fig. 1a) and minimum temperature (Fig. 1b),
while moderate increases occur in MJO phase 1 over southern Australia for maximum
temperature and mostly the southwest for minimum temperature. The anomalous
warming is overall stronger during the day than during the night, especially in phases
2 and 3 when the regression coefficients for maximum temperature are around twice

those for minimum temperature.
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299  Fig. 1 Regression of Australian (a) maximum temperature and (b) minimum temperature

300  anomalies onto the MJO indices for phase 1 to 4 (left to right). Regression for the other four
301  MJO phases are identical but opposite in sign. The regression coefficients are scaled for an
302  MJO amplitude of 1.5. Shading interval is 0.2 °C. Dots indicate where regression coefficients
303 aresignificant at p < 0.05 based on Student's (1908) t-test. (c) Maximum temperature extreme
304  event Occurrence Frequency Change (OFC) as defined in Section 2. Shading interval is 0.2.
305 Dots indicate significant differences from zero at p < 0.05 based on a resampling test as

306  described in text.

307

308 The MJO's impact on weekly maximum temperature extremes is quantified by
309 the OFC in Fig. 1c. The likelihood of being in the highest quintile greatly increases
310  over southern Australia in MJO phases 2 and 3, with OFC values of 0.5t0 1.0

311 indicating an increase in occurrence of 50-100% as compared to climatology. Put

312  another way, the likelihood increases from 20% in the mean to 30-40% in these
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phases (i.e., 1.5 to 2 times more likely). These values peak over parts of the southeast
in phase 2, and coastal parts of the south in phase 3, coincident with the regions of
maximum warming in Fig. 1a. Interestingly, the MJO's impact on southwest Western
Australia in phase 2 appears more pronounced for OFC (Fig. 1c) than for anomalous
daytime temperature (Fig. 1a), suggesting a greater MJO influence on the upper tail of
the maximum temperature distribution than on the mean in this case. MJO phases 1
and 4 also show increases in the occurrence of extreme daytime heat, however the
impacts appear less concentrated in the south and more modest in magnitude overall,

with OFC values ranging 0.2 to 0.5 over large parts of the country.

Previous work has shown MJO phases 2 and 3 in spring to be characterized by
a strong anticyclonic anomaly over southeast Australia and the Tasman Sea in
association with a mid-latitude wave train (Wheeler et al. 2009). This leads to
suppressed rainfall over much of southeast Australia, although the teleconnection has
weakened somewhat since 2009 particularly over Victoria and Tasmania in phase 3
(Cowan et al. 2022). We expand on the work of Wheeler et al. (2009) to elucidate the
MJO teleconnection to strong springtime warming over southern Australia (Fig. 1).
With a focus on MJO phase 2, for which the MJO-induced anticyclonic anomaly near
southeast Australia has strengthened and expanded over the Tasman Sea in the last 15
years (Cowan et al. 2022), we examine circulation anomalies at 200 hPa (Fig. 2a) and
850 hPa (Fig. 2b), surface shortwave radiation flux anomalies (Fig. 2c), and
temperature tendency at 850 hPa (Fig. 2d). The latter is the rate of change of
anomalous temperature JT'/& (in units of °C per day) due to horizontal advection,

derived from the temperature advection equation:
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The first term on the right-hand side represents anomalous advection of the

mean temperature gradient, the second term represents mean advection of the

anomalous temperature gradient, and the third term — the time mean of the anomalies

—is negligible.
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Fig. 2 MJO phase 2 regression for geopotential height and horizontal wind anomalies at (a)

200 hPa and (b) 850 hPa (vector scale m s in upper right; geopotential height shaded (m)

only shown where significant at p < 0.05); (c) downward solar radiation flux anomalies at the

surface (shading interval 0.8 W m, positive means a heating of the surface atmosphere) and

(d) temperature tendency anomalies at 850 hPa due to horizontal advection (shading interval

0.1 °C day™). In (c) and (d) dashed contours indicate significant anomalies at p < 0.05.
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The increases in maximum and minimum temperature over southern Australia
occur in the vicinity of an upper-level anticyclonic anomaly that is centred to the west
of Tasmania, and to the south of an upper-level cyclonic anomaly that is centred off
the central Western Australian coast, where the anomalous flow is easterly (Fig. 2a).
The increase in mid-tropospheric geopotential height and anticyclonic flow over
southeast Australia (Wheeler et al. 2009) extends across the continent in the lower
levels, bringing anomalous easterly and north-easterly wind flow to the south
(Fig. 2b). This circulation forms part of a tropical-extratropical wave train comprising
positive—negative geopotential height anomalies; these emanate towards the southeast
from the equatorial eastern Indian Ocean region, where the low-level flow resembles
the Gill (1980) response to a tropical heating anomaly centred near 70-80°E (see Fig.
4 for the location of the MJO convective anomalies in phase 2), to the high latitudes

near South America.

The easterly and northeasterly low-level anomalies over southern Australia
would act to advect warmer continental air, thus driving warmer daytime and
overnight conditions across the south. We particularly note the importance of
advection for building up heat in southwest Western Australia, which is reflected in
the strong positive temperature tendency at low levels (Fig. 2d). Meanwhile, the
anomalous anticyclonic high and associated lack of rainfall over south-eastern
Australia (Wheeler et al. 2009) gives rise to an increase in (downward) shortwave
radiation at the surface (Fig. 2c), which also promotes daytime warming in the
southeast. Together, this pattern of circulation and shortwave anomalies suggests that
increased temperatures in the southwest are primarily driven by advection of warm air

across southern Australia, while the local peak in daytime warming in the southeast
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(Fig. 1a) is largely influenced by enhanced solar radiation at the surface. Indeed, near-
zero anomalies can be seen in downward shortwave radiation over the southwest (Fig.

2¢) and in the advection-driven temperature tendency over the southeast (Fig. 2d).

We elucidate the MJO's impact on upper- and lower-level circulation
anomalies with a simple linear model that responds to tropical heating anomalies
characteristic of MJO convection, under a SON basic state. The model used is the
simplified primitive-equation atmospheric general circulation model (SGCM) as
introduced in Hall (2000), which is run at triangular 31 horizontal resolution and 10
vertical levels. The linear integration of SGCM is performed with the approach as
described in Hall and Derome (2000) and Lin et al. (2010). This idealised forcing
experiment prescribes MJO-scale heating and cooling anomalies, centred on 70°E,
7.5°N and 140°E, 10°N respectively, to mimic the enhanced and suppressed
convective anomalies of the MJO in phase 2 during SON (e.g., Wheeler et al. 2009),
and runs for 20 days after the forcing is switched on. The thermal forcing has an
elliptical form in the horizontal and a vertical profile of (1 — o)sin[z(1 — ¢)], which
peaks at ¢ = 0.35 with a vertically averaged heating rate at the centre of 2.5 K day .
Fig. 3 shows the anomalous responses in geopotential height at 200 hPa and 850 hPa
at three-day intervals from day 3 to day 15. The overall response is very similar to that
observed with an upper-level cyclonic anomaly forming off the central Western
Australian coast by day 3 (Fig. 3a, c.f. Fig. 2a) and a lower-level anticyclonic
anomaly over southeast Australia by day 6 (Fig. 3b, c.f. Fig. 2b). A tropical-
extratropical wave train clearly emanates away from the Indo-Pacific source of
tropical heating towards the southeast as the model simulation progresses.
Impressively, the broad structure of the negative—positive—negative geopotential

height anomaly response over the high latitudes of the Southern Ocean and South
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America from day 9 also resembles that observed, with cyclonic centres seen near
170°W, 60°S and 40°W, 50°S, and an anticyclonic centre near 110°W, 60°S. This
result supports the proposed role of the MJO for driving Australian springtime
anomalies in circulation and surface climate via its influence on tropical-extratropical
wave activity (e.g., Wheeler et al. 2009, Cowan et al. 2022, Marshall et al. 2022b).
The simple linear model used here will be the subject of future work for further

exploring global teleconnection pathways to the MJO (e.g., Lin et al. 2019).
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Fig. 3 Simple linear model response to MJO phase 2 in SON for geopotential height
anomalies (m) at (a) 200 hPa and (b) 850 hPa, at three-day intervals from day 3 (top) to day

15 (bottom).

4  MJO teleconnection mechanism

a) Rossby Wave Propagation

In the previous section we identified local influences on the strong warming
across southern Australia during spring in MJO phases 2 and 3, associated with an
anticyclone (high pressure) anomaly over the Tasman Sea (Wheeler et al. 2009,
Cowan et al. 2022). The inference here is that the enhanced MJO convection (i.e.,
diabatic heating) over the Indian Ocean during these phases drives a Rossby wave
train response that, in turn, modifies the extratropical circulation and incites warm
(and dry) conditions over southern Australia. We quantify this Rossby wave
teleconnection pathway here, and demonstrate its evolution through MJO phases 1-4,
by presenting WAF and RWS calculations (described in Section 2a) along with 200

hPa streamfunction anomalies and tropical OLR anomalies in Fig. 4.
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Fig. 4 Regressions for MJO phases 1 to 4 (a-d) of 200 hPa wave activity flux (WAF, vector,
unit m? s2, scale shown in top-right; weaker vectors omitted for clarity), 200 hPa
streamfunction anomaly (shaded field south of 10°S, interval 1.2x10% m?s*, bar on right hand
side), OLR anomaly (shaded field north of 10°S, interval 6 W m, bar at bottom), and Rossby
wave source advection term S1 (contoured, negative values dashed, zero contour omitted,
interval 1.5x10'* m?s?). In the Southern Hemisphere, positive Rossby wave source means
anticyclonic tendency; an anticyclonic anomaly corresponds to negative streamfunction

anomaly. Corresponding figures for MJO phase 5 to 8 are identically opposite in sign.

Concentrating first on the relationship of the streamfunction anomalies
(shaded field south of 10 °S) to the MJO's tropical convection anomalies, we see that
the anomalous cyclone (grey shaded streamfunction anomaly) centred on the Western
Australian coast during phase 1 (Fig. 4a) and phase 2 (Fig. 4b) is shifted by about 30
degrees longitude to the west of the suppressed tropical convection (red shaded OLR
anomaly). This phasing is typical for upper-level circulation anomalies that trail MJO
convective anomalies (e.g., Hendon and Salby 1994). As the MJO continues its

eastward propagation into phase 3, the cyclonic anomaly weakens over Australia (in
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concert with weaker suppression of convection) and rapidly extends eastward across
the Pacific Ocean to South America (e.g., Hendon and Salby 1994; Adames and
Wallace 2014). The following surge of enhanced convection (blue shading) intensifies
over the eastern Indian Ocean in phase 3 (Fig. 4c), and then moves over the Maritime
Continent in phase 4 (Fig. 4d), as an upper-level anticyclone appears to its southwest

over South Africa and the southern Indian Ocean.

The cyclonic anomaly over Australia in phases 1-3 is part of a tropical-
extratropical wave train that develops in phase 1, matures in phase 2, and continues
into phase 3 before dissipating in phase 4. (The wave train is only efficiently forced or
permitted during phases 1-3; see also Section 4b.) The WAF vectors confirm the
poleward and eastward dispersion of the wave activity along a great circle route from
the cyclonic centre over Western Australia towards South America, most pronounced
in phase 2. This wave train is very well defined and exhibits an equatorward arc at
around 110 °W over the Southern Ocean, along the eddy-driven jet wave guide,
towards the south-western Atlantic Ocean (e.g., Alvarez et al. 2016). The anomalous
S1 RWS (pink contouring in Fig. 4) confirms a cyclonic tendency (dashed) directly
south of the suppressed MJO convection, and an anticyclonic tendency (solid) directly
south of the enhanced MJO convection, along the axis of the subtropical jet (25°—
30°S). The resulting cyclonic/anticyclonic anomalies appear centred on the western
flank of the cyclonic/anticyclonic S1 RWS due to Sverdrup balance; the balance
between the RWS vorticity tendency and the meridional rotational flow that advects
planetary vorticity poleward (e.g., Hoskins and Karoly 1981; Qin and Robinson 1993;

Wang and Hendon 2020).

We also note the wave train that appears over the eastern Pacific Ocean in

association with the MJO's modulation of tropical cyclones there (e.g., Maloney and
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Hartmann 2001). These MJO-driven convection anomalies drive an anticyclonic
source (related to enhanced convection over tropical south America) mostly in phase
1, and a cyclonic source (related to suppressed convection) mostly in phase 4, thus
also acting as a S1 RWS for wave activity into the Southern Hemisphere. This appears
to contribute to the South American (downstream) component of the wave train that

emanates out of the Indian Ocean.

An important aspect of the Indian Ocean Rosshy wave teleconnection pathway
is its largely stationary characteristic, with little indication of west-east translation
through phases 1-3, before its dissipation in phase 4. This characteristic is likely to
benefit a dynamical model forecast as the MJO traverses the Indian Ocean, despite
any inaccuracies in the MJO's simulated propagation speed. This stationarity is
confirmed by computing the root mean square (RMS) amplitude of the MJO 200 hPa
streamfunction anomalies over all 8 phases (Fig. 5b). The wave train emanating from
the Indian Ocean survives this RMS calculation over all 8 MJO phases, indicating that
it re-emerges with opposite sign during MJO phases 5, 6 and 7. The wave train near
South America is also somewhat evident in Fig. 5b. These fixed-in-space
teleconnections appear partly due to the tropical RWS being fixed in longitude,
despite the continuous eastward propagation of the MJO convective anomalies, as is
indicated by the RMS of the divergent meridional wind (Fig. 5a). Two localised
regions of maximum divergent meridional wind RMS are apparent: a strong one
spanning the Indian Ocean — Maritime Continent sector (around 1 m s), and a
weaker one over the far eastern Pacific (around 0.6 m s). For the former, several
maxima in divergent meridional wind appear across the tropical Indian Ocean,
reflecting the behaviour of MJO convection during austral spring. Specifically, MJO

convection anomalies in spring share similarities to those occurring in winter and in
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summer, with nodes that straddle the equator over the western Indian Ocean where the
convective anomaly develops, and over the Maritime Continent where the convective

anomaly intensifies (e.g., Wheeler and Hendon 2004, Wheeler et al. 2009).
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Fig. 5 Observed RMS amplitude of MJO anomalies computed over all 8 phases for (a) OLR
(blue contours, interval 5 Wm2) and meridional component divergent wind at 200 hPa
(shading, bar on far right, unit ms). The meridional gradient of mean absolute vorticity, £, at
200 hPa during SON is contoured (zero is bold thick, interval 2x10** s* m™); (b) RWS
(fluorescent green contours) and 200 hPa streamfunction (blue contours, interval 1x108 m?s?)
with the stationary Rossby wave number, K (shading, bar on far right), white is indicative of
where K; is undefined, and (c) Longitude vs MJO phase Hovmoller diagram of OLR averaged
0° to 10°S (shading, unit W m, bar on right) and RWS S1 averaged 16° to 30°S (contoured,

negative values dashed, zero contour omitted, interval 1x10** m? s%). (d) — (f), same as (a) —
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(c) but calculated from ACCESS-S1 forecasts at a lead time of three weeks. Note the

longitude ranges in (c) and (f) are aligned with that displayed in the maps above.

Wang and Hendon (2020) showed a similar wave train teleconnection in the
Australian sector during austral winter associated with MJO convective anomalies to
the north of Australia. They described the role of these MJO anomalies for producing
strong S1 RWS, and the dependence of the resulting wave train on the refractive
characteristics of the mean state zonal winds. We find a similar result here for the
springtime MJO except, unlike that in winter, the wave train in spring can propagate
continuously from the Indian Ocean / Australian sector along a great circle path. To
summarise these refractive characteristics (see Wang and Hendon 2020 for more
detailed discussion), the divergent outflow from anomalous MJO convection acts to
advect the mean state absolute vorticity gradient that maximizes along the subtropical
jet (Fig. 5a; grey contours). We note that here we distinctly see the wave train as
separate from the tropically trapped baroclinic MJO convection. The resultant Rossby
wave source is strong over the Australian sector, and comparatively weak over the
South American sector, due to differences in the strength of the mean state absolute
vorticity gradient, 4, over these regions. The subtropical jet also acts to localize the
region where Rossby wave trains can propagate, due to the extent of refractivity
allowed by the mean state zonal winds U for the propagation of stationary Rossby
waves (Hoskins and Ambrizzi 1993), as described by the stationary Rossby wave
number, Ks (= (8/0)Y?; Hoskins and Karoly 1981). That is, the strong subtropical jet
results in negative meridional gradient of absolute vorticity on its poleward flank to
the southeast of Australia over New Zealand (Fig. 5a), thus prohibiting tropical-

extratropical Rossby wave propagation in this 'no-go zone' where Ks is undefined
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(Fig. 5b; white shading). Thus, the MJO is only able to excite Rossby wave trains that
disperse across the extratropical Southern Hemisphere when the MJO convection is to
the north and west of Australia. (Note that the wave activity directly south of
Australia occurs in a region where the absolute vorticity gradient is weakly positive,
to the west of the no-go zone; see also MclIntosh and Hendon 2018). The relationship
between S1 RWS and MJO convection here is further demonstrated in the phase-
longitude plot of Fig. 5¢, where maxima in anomalous OLR (averaged equatorward of
10 °S) near 60°E, 90°E, and 120-150°E occur in conjunction with strong S1 RWS
anomalies (averaged between 16°S and 30°S) in the vicinity of the subtropical jet.
This also confirms a cyclonic tendency (dashed RWS contours) associated with
suppressed MJO convection (increased OLR; red shading) and an anticyclonic
tendency (solid contours) associated with enhanced MJO convection (reduced OLR;

blue shading).

b) Role of mid-latitude eddies

Wang and Hendon (2020) detailed for the austral winter MJO case an
additional Rossby wave source that likely exists from reorganization of the
midlatitude storm track, due to the transient eddies feeding back onto the low
frequency flow. We illustrate a similar feedback during spring in Fig. 6, using the
eddy-induced streamfunction tendency associated with horizontal convergence of

transient eddy vorticity flux at 200 hPa (e.g., Li et al. 2012, Wang and Hendon 2020):
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Primes refer to 7-day cutoff high pass filtered daily anomalies, and the overbar
refers to a 7-day low pass mean. The 7-day cut off period enables us to separate the
synoptic eddies from the MJO anomalies; see Wang and Hendon 2020 for more
details. Displayed here for MJO phases 1-4, we see prominent maxima to the south of
Australia and to the east of Argentina in the southwest Atlantic. In MJO phases 1 and
2, these peaks appear as a negative/anticyclonic streamfunction tendency in the
Australian sector and a positive/cyclonic streamfunction in the South American
sector, aligned with the corresponding anticyclonic and cyclonic anomalies seen in
Fig. 4. We note that the peak magnitudes of these feedback terms are around 6 x 10’
m2 st day, suggesting that this tendency acting for about 6 days (the typical
timespan of an MJO phase; Wheeler and Hendon 2004) could produce the observed
streamfunction anomalies in both the Australian and South American sectors (with

peak magnitudes of around 3.6 x 106 m? s).
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Fig. 6 As in Fig. 4 except for the streamfunction tendency at 200 hPa produced by the

barotropic feedback from the high frequency (periods 2 - 7 days) transient eddies. Interval
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578  0.2x10° m2 s day™ (bar on right; negative value is anticyclonic tendency). Dashed contours

579  enclose significant tendencies at p < 0.05.

580

581 This barotropic feedback of the transient eddies thus can contribute to (i) the
582  poleward propagating component of the wave train from the anticyclonic peak south
583  of Australia, and (ii) the equatorward propagating component from cyclonic peak near
584  the tip of South America (Fig. 4). The additional RWS in the Australian sector also
585  occurs to the west of the no-go zone, where the meridional gradient of absolute

586  vorticity is weakly positive, although its occurrence on the poleward flank of the no-
587  go zone means that it would likely circumvent the blocking character of the

588  subtropical jet if the no-go zone were to extend directly south of Australia in early
589  spring, as it does through winter (Mclntosh and Hendon 2018, Wang and Hendon

500  2020)

591 As the MJO continues its eastward propagation into phase 3, the anticyclonic
592 tendency weakens and distorts to the southeast of Australia (again in concert with
593  weaker suppression of convection) as a positive/cyclonic streamfunction tendency
594  develops off the southwest Australian coast. The demise of the Rossby wave train in
595 phase 4 (Fig. 4) is likely influenced by the eastward extension of this cyclonic

596 tendency directly to the south of Australia (Fig. 6), which would act against the

597  anticyclonic anomalies that had prevailed in phases 1-3 and thereby disrupt the

598  feedback.

599

600 5 Prediction in ACCESS-S1

601
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We assess the ability of ACCESS-SL1 to predict the MJO's impacts on
Australian springtime temperatures, and the associated Rossby wave teleconnection
into the Southern Hemisphere, at lead times of two, three and four weeks. Regression
calculations for ACCESS-S1 are carried out using the ensemble mean, rather than
individual ensemble members, to consider model performance from the perspective of
operational deterministic forecasting (e.g., Gottschalck et al. 2010; Hudson et al.
2017). Forecast regressions of maximum temperature during MJO phase 2 in Figs. 7b-
d show broad agreement with the observed regressions (reproduced in Fig. 7a) at each
lead time, except the warm signal appears shifted too far west, most noticeably in
week 2 of the forecast. Compared to observations (reproduced in Fig. 7¢), the forecast
Rossby wave activity in the Australian region during phase 2 is also shifted further to
the west, by about 10-20 ° of longitude, at all lead times (Figs. 7f-h). These signals
also weaken with lead time, particularly the 200 hPa streamfunction (cyclonic)
anomaly and corresponding surface maximum temperature anomaly near the central
Western Australian coast. Regardless, ACCESS-S1 captures well the phasing between
MJO convection and upper-level circulation anomalies in the Australian region (e.g.,

Hendon and Salby 1994).
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Fig. 7 Forecast regressions for MJO phase 2 and at lead week 2 of (b) maximum temperature
anomaly, and (f) 200 hPa wave activity flux (WAF, vector, unit m? s, scale shown in top-
right; weaker vectors omitted for clarity), 200 hPa streamfunction anomaly (shaded field
south of 10°S, interval 1.2x10° m? s, bar on right hand side), OLR anomaly (shade field
north of 10°S, interval 6 W m, bar at bottom), and RWS S1 (contoured, negative values
dashed, zero contour omitted, interval 1.5x10* m? s, (c), (g) same as (b), (f) but for lead

week 3; (d), (h) same as (b), (f) but for lead week 4. (a) and (e) are observed regressions for
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MJO phase 2 reproduced from Figs. 1a and 4b respectively, for ease of comparison. The

regression coefficients are scaled for a normalized MJO amplitude of 1.5.

The poleward and eastward dispersion of the wave activity along a great circle
route from the cyclonic centre over Western Australia towards South America is
broadly well defined in ACCESS-S1, as is the wave train that appears over the eastern
Pacific Ocean in association with the MJO's modulation of tropical cyclones there
(e.g., Maloney and Hartmann 2001). However, as the teleconnection signal weakens
over Australia into weeks three and four, so too does its downstream component over
the southwest Atlantic Ocean. At the same time its equatorward arc shifts closer to
130 °W — about 20 ° to the west of that observed — resulting in a deterioration of wave
activity flux over the southwest Atlantic. Consequently, the Rossby wave pathway
reorganises over South America instead.

The weaker than observed teleconnection in ACCESS-S1 is further
demonstrated for week three of the forecast in Fig. 5 (d-f). While the forecast RMS
calculations capture the fixed-in-space characteristic of the Indian Ocean Rossby
wave teleconnection pathway, both the 200 hPa streamfunction anomaly (Fig. 5d) and
divergent meridional wind (Fig. 5¢) RMS signals are around half the strength of those
observed over the Indian Ocean — Maritime Continent sector. Importantly, this occurs
in conjunction with a weaker than observed negative OLR anomaly over the Indian
Ocean (between about 60 °E and 90°E), and a westward-shifted maximum in
anomalous OLR over the Maritime Continent (centred around 105 °E in ACCESS-S1,
compared to around 135 °E in observations) (Fig. 5f). In Table 1 we show the forecast
MJO variability to decrease with lead time, with RMM bivariate index standard

deviation values falling from 0.82 in week 1 to 0.57 in week 4, compared to an

32



653  observed value of 0.93. These biases in the model's depiction of the MJO are thus
654 likely to affect the strength and location of (i) the divergent outflow from the tropics
655  (Fig. 5d; shading) onto the mean state absolute vorticity gradient, which also appears
656  weaker than that observed (Fig. 5d; grey contours) and (ii) the resultant Rossby wave
657  source over the Australian sector (Fig. 5e; fluorescent green contours and Fig. 5f;
658  black contours). The downstream impact of this can be seen in the weakening and
659  westward displacement of the model's 200 hPa streamfunction anomaly RMS (Fig.
660  5e; blue contours), compared to that observed (Fig. 5b; blue contours). The model's
661  'no-go zone' for Rossby waves near the subtropical jet (Fig. 5e; white shading) is
662  smaller than that observed, occurring only to the east of New Zealand. While this
663  permits the great circle teleconnection pathway in the Australian sector, it implies
664  errors in the model's depiction of the subtropical jet which will also influence the
665  simulation and prediction of MJO-induced climate anomalies across southern

666  Australia.

667

668 Table 1: RMM bivariate index standard deviation (centre column) and forecast correlation
669  skill (right column; following Lin et al. 2008) using ACCESS-S1 ensemble mean forecasts
670 initialised in September, October, and November at lead times of one to four weeks. Also

671  shown is the observed RMM bivariate index standard deviation for comparison (bottom row).

672
Dataset Standard Deviation Correlation
Week 1 0.82 0.86
Week 2 0.70 0.76
Week 3 0.62 0.70
Week 4 0.57 0.55
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Observations 0.93

673

674 Finally, we explore the ability of ACCESS-S1 to predict maximum

675 temperature anomalies in both the top and bottom quintiles over Australia at lead
676  times of two, three and four weeks, in association with the MJO during spring. For
677  this we calculate the forecast success ratio (SR) when the MJO is active at the initial
678 time (Fig. 8a), when the MJO is inactive at the initial time (Fig. 8b), and for the

679  active-minus-inactive MJO difference (Fig. 8c). The SR is the proportion of forecast
680 hits calculated relative to the total number of forecast top and bottom quintile events,

681  and thus measures the fraction of forecast events that were correctly observed:

682
SR = hits
683 hits + false alarms
684
685 Here, hits are when top and bottom quintile events were forecast to occur and

686  did occur, and false alarms are when top and bottom quintile events were forecast to
687  occur but did not occur. The forecast SR is seen to deteriorate with lead time,

688  consistent with decreasing forecast MJO variability and MJO bivariate correlation
689  skill (Table 1). Impressively, at each lead time a higher SR for predicting top and
690  bottom quintile events is achieved over large parts of Australia when the MJO is

691  active at the initial time, compared to when the MJO is inactive. Importantly,

692  improvements in forecast SR occur over much of southern Australia at all lead times,
693  particularly in the southeast where the MJO has its largest impact on maximum

694  temperature during spring. Thus, the MJO is a source of subseasonal predictability for
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695

696

697

698

699
700

701

702

703

704

705

706

707

springtime heat and cold events over southern Australia that are remotely driven by its
convective anomalies over the Indian Ocean in phases 1-3 (heat events; Fig. 1) and

oppositely in phases 5-7 (cold events; not shown).

Lead Week2 Week3 Week4
(a) Active MJO
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(b) Inactive MJO
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(c) Diff Active MJO minus Inactive MJO
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Fig. 8 Success ratio (SR) metric over Australia for springtime maximum temperature in both
top and bottom quintiles at lead week 2 to 4 when (a) MJO is active, and (b) MJO is inactive.

(c) SR difference between active and inactive MJOs.

6 Summary and conclusions

We have shown the MJO to modulate springtime temperatures across much of

southern Australia, particularly the southeast, where strong and significant increases
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725

726

727

728

729

730

731

occur in MJO phases 2, 3 and 4 for maximum and minimum temperature, including
an increased likelihood of extreme (top quintile) daytime heat. This warming is
associated with a strong and deep anticyclonic anomaly that centres over southeast
Australia and the Tasman Sea and extends across the continent, bringing anomalously
warm easterly and north-easterly wind flow to the southwest while promoting
shortwave radiative heating in the southeast. The heat signal is strongest in phases 2
and 3 when MJO convection is enhanced over the Indian Ocean. Our regression
analysis produces an equal and opposite cold signal in southern Australia during MJO
phases 6 and 7 when MJO convection is suppressed over the Indian Ocean, however
we focus mostly on the springtime heat signal in this study due to its known
importance for human health, agriculture, and fire management (e.g., Marshall et al.
2022a).

This local signal over Australia occurs as part of a planetary scale circulation
response to the MJO in the form of stationary tropical-extratropical Rossby wave
trains. These MJO-forced wave trains develop in phase 1, mature in phase 2, and
continue into phase 3 before dissipating in phase 4. Wave activity fluxes illustrate
their poleward and eastward dispersion from the Indian Ocean / Australian sector
towards South America, arcing over the Southern Ocean towards the south-western
Atlantic Ocean along a great circle route. A second concurrent wave train over the
eastern Pacific, associated with MJO-modulated tropical cyclone activity, contributes
to the South American component of the wave train that emanates out of the Indian
Ocean. These wave trains re-emerge with opposite sign during MJO phases 5, 6, and 7
(i.e., in conjunction with suppressed MJO convection over the Indian Ocean and cold

conditions in southern Australia).
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Following Wang and Hendon (2020) and MclIntosh and Hendon (2018), we
show the dispersion characteristics of the wave train over Australia to be determined
by (i) the location of divergent outflow from anomalous MJO convection (consistent
with Mori and Watanabe 2008 and Frederiksen and Lin 2013), which creates a strong
Rossby wave source in the Australian sector, and (ii) the refractive characteristics of
the mean state zonal winds, which create a prohibitive 'no-go' zone for Rossby waves
on the poleward flank of the subtropical jet to the south and east of Australia where
the meridional gradient of absolute vorticity is negative. Thus, the MJO is only able to
excite Rossby wave trains that disperse across the extratropical Southern Hemisphere
when the MJO convective anomalies are to the north and west of Australia, i.e., over
the tropical Indian Ocean. We also identified an additional Rossby wave source that
exists from reorganization of the midlatitude storm track, due to the transient eddies
feeding back onto the low frequency flow, to the south of Australia and to the
southeast of South America. This feedback contributes to the wave train activity in
both regions during phases 1, 2 and 3 until its disruption in phase 4, which likely
influences the demise of the Rossby wave train at that time (and likewise for the
opposite signed wave activity in phases 5-8).

Subseasonal forecasts from the Bureau of Meteorology's subseasonal to
seasonal prediction system ACCESS-S, version 1, show broad agreement with the
observed impacts of the MJO on Australian springtime temperatures and associated
Rossby wave activity at lead times of two, three and four weeks. Some notable model
biases emerge, however, including a westward shift in the teleconnection patterns by
about 20 ° of longitude, and a general weakening of the signals with increasing lead
time. These biases largely stem from errors in the model's representation of MJO

convective anomalies over the Indian Ocean (weaker than observed) and Maritime
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Continent (shifted westward), which grow with lead time and affect the strength and
location of (i) the divergent outflow from the tropics onto the mean state absolute
vorticity gradient, and (ii) the resultant Rossby wave source over the Australian sector.
This in turn affects the teleconnection downstream, particularly over the southwest
Atlantic Ocean where the equatorward wave activity flux deteriorates in weeks three
and four of the forecast. Despite these model errors, ACCESS-S1 demonstrates the
ability to better predict top and bottom quintile maximum temperature anomalies over
southern Australia when the MJO is active at the initial time, compared to when the
MJO is inactive at the initial time, particularly in the southeast. The MJO is thus a
source of multiweek predictability of springtime heat and cold events where its impact
on temperatures and extremes is most prevalent.

The next generation of the ACCESS-S prediction system, version 2, became
operational at the Bureau of Meteorology in October 2021. The main changes
between ACCESS-S1 and ACCESS-S2 - ocean and land initialisation - have had
minimal impact on subseasonal prediction skill for Australian climate and virtually no
impact on MJO prediction skill (Wedd et al. 2022). However, future versions will
address existing model deficiencies such as rainfall and sea surface temperature biases
in the Indian Ocean and Maritime Continent regions, which are known to be
important for the MJO and its global teleconnections. We therefore look forward to
further improvements in simulating and predicting the MJO Rossby wave
teleconnection to Australian climate, including its subseasonal modulation of

springtime temperatures and extremes, with subsequent upgrades to the model.
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