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Abstract
This study investigates the role of the interaction between the Madden–Julian
oscillation (MJO) and local-scale forcings in regulating precipitation and its
diurnal variation during the austral summer over coastal areas in northeast
(NE) Australia using radar data. The variation of rainfall is influenced by both
large-scale and local-scale forcings. During the enhanced convection phases
of the MJO, widespread increased rainfall signals are generated by large-scale
forcings associated with the MJO, but the environmental factors controlling
the type and amount of precipitation during each phase are different. By con-
trast, the locally enhanced rainfall during suppressed convection phases of the
MJO likely results from the interaction of mesoscale land–sea breezes, strong
large-scale background winds and topography. Different responses of mean and
heavy precipitation to the MJO occur in some MJO phases. The impact of the
MJO on diurnal rainfall characteristics is spatially inhomogeneous and likely
regulated by local forcings. Although stratiform rainfall is more common, con-
vective rainfall predominantly contributes to the total precipitation over coastal
regions of NE Australia. The MJO’s influence on convective rainfall is generally
stronger and more statistically significant than its impact on stratiform rainfall.
The widespread increased rainfall probability during the enhanced convection
phases is likely due to increases in both stratiform and convective rainfall.
In contrast, the locally enhanced precipitation signal during some suppressed
convection phases mainly results from an increase in convective rainfall.
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1 INTRODUCTION

The Madden–Julian oscillation (MJO), characterized by a
planetary-scale eastward propagation of rainfall and the

associated atmospheric circulation, is recognized as the
dominant mode of intraseasonal variability in the tropics
(Madden & Julian, 1971, 1972). Numerous studies have
shown that the MJO strongly affects both tropical and
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extratropical precipitation in Australia (Cowan et al., 2023;
Dao et al., 2023; Marshall et al., 2021; Wheeler et al., 2009;
Wheeler & Hendon, 2004). In the austral summer season,
northern Australia rainfall is significantly enhanced when
the MJO convection arrives in the Maritime Continent and
western Pacific, and suppressed when the MJO convection
occurs in the western Indian Ocean and Africa (Ghelani
et al., 2017; Wheeler et al., 2009). The MJO also affects
Australia’s extratropical precipitation by remotely modu-
lating extratropical circulations (Matthews et al., 2004) and
this indirect influence could occur even without a direct
MJO impact in tropical Australia (Marshall et al., 2021).
In addition to mean rainfall, extreme rainfall events are
also regulated by the MJO with a higher chance of extreme
precipitation occurring during the enhanced convection
phases of the MJO (Dao et al., 2023; Marshall et al., 2021;
Schreck III, 2021).

Impacts of the MJO on the diurnal cycle of precipi-
tation have previously been investigated using different
datasets such as reanalysis, satellite or radar data.
For example, the Tropical Rainfall Measuring Mission
(TRMM) 3B42 has been widely used to examine the
MJO-related rainfall diurnal variation over the Maritime
Continent (Ling et al., 2019; Peatman et al., 2014;
Rauniyar & Walsh, 2011; Vincent & Lane, 2016). Over
the Maritime Continent, precipitation peaks over land
before the active convection phases of the MJO arrive and
decreases when the MJO convention centre resides over
the region (Birch et al., 2016; Oh et al., 2012; Qian, 2020;
Rauniyar & Walsh, 2011). Using the geostationary satel-
lite Himawari-8, Lopez-Bravo et al. (2023) showed that
the MJO affects the diurnal cycle of precipitation and
deep convective clouds over Sumatra and adjacent ocean.
Rowe et al. (2019) pointed out that the occurrence time
of radar-derived rainfall is influenced by synoptic-scale
equatorial waves during MJO enhanced phases. Using
observations from a C-band Doppler radar, Lestari
et al. (2022) investigated the local mean and extreme
subdaily rainfall response to the MJO in Jakarta. Their
findings suggest that high-resolution radar observations
allow for better characterization of the timing and like-
lihood of local heavy rainfall and their interaction with
the MJO.

Radar data have also been utilized to investigate the
rainfall characteristics associated with the MJO. Powell
and Houze Jr. (2013), using radar observations from the
Atmospheric Radiation Measurement Madden–Julian
Investigation Experiments field campaigns, found that
stratiform precipitation increases with the onset of the
MJO, while convective rainfall becomes more common in
the days preceding the MJO onset over the Indian Ocean.
Similarly, previous studies using the TRMM precipitation
radar showed that rainfall is more convective before the

MJO onset and more stratiform once the MJO reaches the
Maritime Continent (Bai, 2021; Vincent & Lane, 2018).
Additionally, Alber et al. (2023) discovered that the MJO
has a stronger impact on the diurnal cycle of stratiform
rainfall compared to convective rainfall over the Congo
basin. In Australia, radar data have also been applied
to understand mean and heavy-rainfall characteristics
in a number of studies. For instance, C-band polarimet-
ric (CPOL) radar data were used to understand several
characteristics of convective precipitation and its diurnal
cycle over Darwin, Australia (Kumar et al., 2013; May
et al., 2012). Hitchcock et al. (2021) examined the fea-
tures of linear rainfall systems and their relationship to
heavy precipitation over Melbourne using the Australian
Radar Archive dataset. Ayat et al. (2023) also used the
same dataset to understand the climatological character-
istics of rainfall system in Sydney, Australia. However,
only a few studies (Rauniyar & Walsh, 2016) have used
radar data to investigate the variation of local precipita-
tion with large-scale climate modes, in part because few
radar datasets are long enough to sample multiple phases
of multiyear climate modes.

Recent studies have highlighted the role of topography
in modulating local precipitation under the backdrop of
MJO. For example, Wei et al. (2020) found that the vari-
ation of the rainfall diurnal cycle with the MJO over the
Maritime Continent changes among islands depending on
their size and topography. Lestari et al. (2022) also demon-
strated that although the MJO exerts a significant impact
on the rain rate in Jakarta, its impact is further modulated
by topography. Another mesoscale process affecting the
local rainfall and its diurnal cycle is the land–sea breeze
circulation. The connection between rainfall and land–sea
breeze circulation over the Maritime Continent is found
to vary with coastline orientation and background wind
(Short et al., 2019). Stronger sea breezes are often associ-
ated with an enhanced diurnal cycle of rainfall during sup-
pressed convection phases of the MJO over the Maritime
Continent (Birch et al., 2016; Peatman et al., 2014; Vincent
& Lane, 2017; Wei et al., 2020). By examining the thermal
contrast between land and sea, Rauniyar and Walsh (2016)
found weaker sea breezes during active MJO phases com-
pared to suppressed MJO phases over Darwin and its
surrounding areas. The variation in land–sea circulation
with MJO phases can be due to changes in the shortwave
radiation received at the surface, changes in background
wind and changes in vertical structure of potential tem-
perature. May et al. (2012) found that the surface receives
approximately 40% of the clear-sky solar radiation amount
during enhanced convection phases and around 80% dur-
ing suppressed convection phases of the MJO over Darwin,
Australia. Although the relationship between the MJO and
land–sea breezes has been extensively studied in the deep
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tropics, how this relationship changes in the subtropics is
not well understood.

Northeast (NE) Australia, extending from the deep
tropics to subtropics, is often subjected to heavy-rainfall
events such as 2010–2011 Queensland floods (King
et al., 2013), the 2019 Townsville flood (Cowan et al., 2019),
the 2022 Eastern Australia floods (Goodwin, 2022), and
the 2023 Cairns floods (Davies, 2024). This important
agricultural area where more than 95% of Australia’s
sugarcane is grown (Smith et al., 2014), is characterized
by complex topography including the Great Dividing
Range (GDR) with many mountain ranges and plateaus.
The GDR affects rainfall distributions and the move-
ment of fronts and other weather phenomena, resulting
in inhomogeneous precipitation patterns between the
two sides of the mountains (Black & Lane, 2015; Pepler
et al., 2020; Twomey & Kiem, 2021). The interactions
of these local features with large-scale climate modes
may produce different influences on mean and heavy
precipitation in this region. Dao et al. (2023) examined
multiscale influences on precipitation in NE Australia
using station-based gridded data (AGCD) and TRMM
3B42 satellite data. They found that the impacts of the
MJO on rainfall and its diurnal cycle reveal a marked
geographical variation and that coarse-resolution datasets
cannot capture well the topographic/coastal features of

the precipitation response. Their study also suggests that
higher-resolution observational data such as weather
radar or high-density station network are needed to
understand the spatial distribution and diurnal timing of
rainfall as well as its interaction with large-scale climate
variability.

While previous studies have discussed the influ-
ences of the MJO on rainfall and its diurnal cycle, how
these impacts are modulated by local forcings remains
unclear. In addition, it is also important to improve the
understanding of the timing and amplitude of rainfall
diurnal peaks using high-resolution subdaily observa-
tions. This study aims to examine the interaction of the
MJO with local forcings associated with topography,
coastal processes, and convection in regulating precipi-
tation and its diurnal variation over coastal areas in NE
Australia using weather radar data. The study focuses
on two modern S-band Doppler radars at Brisbane and
Townsville (Figure 1), which reside in the coastal area
of Queensland where strong influences of both intrasea-
sonal scales and local circulations such as the land–sea
breezes are expected. The two selected radars repre-
sent distinct geographic locations, each of which can be
modulated differently by the MJO. Precipitation at the
cTownsville radar can be modulated by both direct and
indirect effects of the MJO, while the Brisbane radar is

F I G U R E 1 Bathymetric map
with location and radius coverage of
the two radars used in this study.
[Colour figure can be viewed at
wileyonlinelibrary.com]

 1477870x, 0, D
ow

nloaded from
 https://rm

ets.onlinelibrary.w
iley.com

/doi/10.1002/qj.4995 by N
ational H

ealth A
nd M

edical R
esearch C

ouncil, W
iley O

nline L
ibrary on [17/09/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://wileyonlinelibrary.com


4 of 27 DAO et al.

located over the subtropical region that could be affected
by the remote impacts of the MJO. We address three key
questions in this study: (1) how does the radar-derived
mean and heavy rainfall vary with MJO phases over the
coastal regions of Queensland? (2) How do the timing
and amplitude of rainfall diurnal variability vary under
different MJO phases? (3) How do radar-observed rain-
fall characteristics (convective/stratiform rainfall) change
with MJO phase? The remainder of this paper is orga-
nized as follows. Data and methods are presented in
Section 2. Section 3 discusses the variations of mean,
heavy, diurnally varying rainfall and convective/stratiform
rainfall to the MJO. The possible mechanisms responsible
for the observed precipitation patterns are discussed in
Section 4. Discussions and conclusions are summarized in
Sections 5.

2 DATA AND METHODS

2.1 Radar dataset

Rainfall data employed in this study are from the
Australian Operational Weather Radar dataset (Soder-
holm et al., 2022), which has previously been applied in
several studies to investigate the rainfall characteristics in
Australia (e.g., Ayat et al., 2023; Hitchcock et al., 2021).
The full dataset contains observations obtained from 76
radars across Australia (including polarimetric radars),
and many sites have more than 20 years of data. The
level-2 dataset provides several retrieved variables includ-
ing estimates of rain rate and a convective/stratiform
classification, with a spatial resolution of 1 km out to a
range of 150 km from the radar location. All analyses are
performed for the period from 01/12/2011 to 28/02/2022
focusing on the austral summer season (DJF). This 11-year
period is selected based on the data availability for both
the Townsville and Brisbane radars.

Both radars have a one-degree beam width, 250-m
range gates and complete the same volume scanning
pattern of 14 tilts within 6 min. The calibration of
radar reflectivity at each site is first corrected using a
volume-matching technique described by Louf et al. (2019)
that compares ground radar with satellite radar sam-
ples. The calibration is performed against the Global
Precipitation Measurement (GPM) precipitation radar

for the period March 2014 to present, and the TRMM
precipitation radar prior to this date. Ground clutter is
removed first by the radar signal processing and second
as part of post-processing using the echo area and conti-
nuity filter (Gabella & Notarpietro, 2002). These filtering
steps remove most of the ground clutter; however, given
the radars used in this study lack dual-polarized measure-
ments for the entire duration of the analysis period, it is
difficult to completely remove all ground clutter. Next,
reflectivity data are interpolated from radar coordinates
to mapping coordinates using the technique described by
Dahl et al. (2019), which applies Cressman interpolation
(with a 2.5 km radius of influence) in the horizontal and
nearest-neighbour interpolation in the vertical. The inter-
polated grid has a resolution of 1 km in the horizontal and
0.5 km in the vertical. From these 3D gridded data, the hor-
izontal slice at 2.5 km above mean sea level is extracted for
applying the convective–stratiform classification and the
lowest valid grid value below 2.5 km is extracted for apply-
ing the reflectivity–rain rate (Z–R) relationship. The Z–R
relationships (Table 1) were developed by fitting lowest
valid reflectivity samples to the nearby (2 to 75 km radius
of each radar) rain gauge measurements. Areas where the
radar signal is mostly blocked have been removed using
rainfall thresholds for both radars, corresponding to the
missing sectors in Figures 2 to 9.

The convective and stratiform precipitations are clas-
sified using the algorithm developed by Raut et al. (2020).
The algorithm first converts radar reflectivity to rainfall
and then classifies the convective and stratiform regions
using wavelet scale analysis. The à trous wavelet trans-
form is applied to separate the inhomogeneous convec-
tive rainfall from relatively smooth stratiform rainfall. The
inhomogeneous region is further divided into intense or
moderate convective rainfall based on the scale of wavelet
coefficients. These three precipitation types exhibit differ-
ent microphysical features and raindrop-size distributions
(Raut et al., 2020). For example, stratiform precipitation is
characterized by small raindrops and the lowest raindrop
density, while heavy convective precipitation has large
drops and high droplet concentrations. Moderate convec-
tive rainfall is characterized by a high density of small and
medium raindrop sizes, and a lack of large drops. To have a
clear delineation between convective and stratiform rain-
fall, this study does not consider the moderate convective
precipitation type.

T A B L E 1 Attributes of two radars used in this study during summer (DJF) from 2011 to 2022.

Radar (ID) Latitude Longitude Z–R relationship Altitude Fraction of missing data Longest outage

Brisbane (66) 27.72◦ S 153.24◦ E Z = 283.4R1.32 174.9 m 1.81% 2 days

Townsville (73) 19.42◦ S 146.55◦ E Z = 355.5R1.19 612.5 m 0.41% 1 day
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F I G U R E 2 The first eight maps show the
anomalies of daily rainfall probability exceeding
the 67th percentile (%) during the austral
summer (DJF) from 2011 to 2022 for different
MJO phases at the (a) Brisbane radar and (b)
Townsville radar. The 67th percentile rainfall
threshold (mm ⋅ day−1) is shown at the lower
right corner of each set of radar plots. Areas with
high beam blockage fraction are filtered out.
Blue hatches indicate statistically significant
rainfall results at the 90% level according to
Monte Carlo testing. Grey contour lines show
the altitude of orography above 500 m. [Colour
figure can be viewed at wileyonlinelibrary.com]
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F I G U R E 3 Same as in Figure 2, but for
the 90th percentile of daily rainfall. [Colour
figure can be viewed at
wileyonlinelibrary.com]
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F I G U R E 4 The first eight maps show
the amplitude anomalies of the harmonic fit
to the diurnal rainfall cycle during the
summer (DJF) from 2011 to 2022 for different
MJO phases at the (a) Brisbane radar and (b)
Townsville radar. The average diurnal rainfall
amplitude over the whole study period
(mm ⋅h−1) is shown at the lower right corner
of each set of radar plots. Areas with high
beam blockage fraction are filtered out.
Green hatches indicate statistically
significant rainfall results at the 90% level
according to Monte Carlo testing. Grey
contour lines show the altitude of orography
above 500 m. Note that different colour scales
are used for different radars (e.g., −0.2 to 0.2
for Townsville and −0.3 to 0.3 for Brisbane) to
better represent the variation in diurnal
rainfall amplitude with MJO at both radar
locations. [Colour figure can be viewed at
wileyonlinelibrary.com]
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8 of 27 DAO et al.

F I G U R E 5 Timing of the peak of
the fitted diurnal harmonic (local hours)
during the summer (DJF) from 2011 to
2022 for the whole study period mean and
different MJO phases at the (a) Brisbane
radar and (b) Townsville radar. Areas with
high beam blockage fraction are filtered
out. Grey contour lines show the altitude
of orography above 500 m. [Colour figure
can be viewed at wileyonlinelibrary.com]
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F I G U R E 6 The first eight maps show the
anomalies of the hourly frequency of convective
rainfall (a) and stratiform rainfall (b) during the
summer (DJF) from 2011 to 2022 for different
MJO phases at Brisbane radar. The mean
frequency of convective and stratiform rainfall
over the whole study period (%) is shown at the
lower right corner of panels (a) and (b),
respectively. Areas with high beam blockage
fraction are filtered out. Blue hatches indicate
statistically significant rainfall results at the 90%
level according to Monte Carlo testing. Grey
contour lines show the altitude of orography
above 500 m. Note that different colour scales
are used for convective and stratiform rainfall.
[Colour figure can be viewed at
wileyonlinelibrary.com]
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F I G U R E 7 Same as in Figure 6, but for the
Townsville radar. [Colour figure can be viewed at
wileyonlinelibrary.com]
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F I G U R E 8 The first eight maps show
the daily mean rainfall anomalies (mm ⋅ day−1)
for convective rainfall (a) and stratiform
rainfall (b) during the summer (DJF) from
2011 to 2022 for different MJO phases at the
Brisbane radar. The daily mean convective and
stratiform rainfall over the whole study period
(mm ⋅ day−1) is shown at the lower right corner
of panels (a) and (b), respectively. Areas with
high beam blockage fraction are filtered out.
Green hatches indicate statistically significant
rainfall results at the 90% level according to
Monte Carlo testing. Grey contour lines show
the altitude of orography above 500 m. [Colour
figure can be viewed at wileyonlinelibrary.com]
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F I G U R E 9 Same as in Figure 8, but for
the Townsville radar. [Colour figure can be
viewed at wileyonlinelibrary.com]
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2.2 Observational datasets

Observational datasets are utilized to investigate the
change of large-scale and local-scale processes with MJO
phases. Upper-air radiosonde sounding data obtained
from the University of Wyoming data archive are used
to examine the atmospheric vertical profiles during each
MJO period. The analysis is based on 0000 UTC soundings
(corresponding to 10 a.m. local time) and all sounding data
are interpolated to standard pressure levels. Station 10-m
wind data from the Australia Bureau of Meteorology are
used to examine the change of mesoscale land–sea breeze
with the MJO.

2.3 Methods

This study uses the Real-time Multivariate MJO (RMM)
index (Wheeler & Hendon, 2004) to classify the MJO
phases. The index is calculated from a pair of multivariate
empirical orthogonal functions (EOFs) of outgoing long-
wave radiation and zonal winds at 850 hPa and 200 hPa lev-
els averaged over the equatorial region (15◦ S–15◦ N). The
amplitude and phase of the MJO are then defined based
on the first two principal components (PC1 and PC2). The
entire cycle of the MJO is divided into eight phases based
on the geographical location of the MJO tropical convec-
tion (Wheeler et al., 2009). Over NE Australia, phases 4–7
are often classified as enhanced convection phases, while
phases 8, 1, 2, 3 are considered as suppressed convection
phases of the MJO. We only select strong MJO events with
amplitude of the RMM index greater than or equal to 1
for the analysis. During the 11-year study period, the num-
ber of days with strong MJO signals is 37 days for phase 1,
69 days for phase 2, 64 days for phase 3, 82 days for phase
4, 105 days for phase 5, 125 days for phase 6, 167 days for
phase 7 and 61 days for phase 8.

For each radar grid point and for each MJO phase, the
probability of daily rain rate exceeding a predefined rain-
fall percentile is calculated as the number of days with rain
rate exceeding the threshold, divided by the total number
of days in that MJO period. The rainfall probability anoma-
lies for each MJO phase are then calculated by subtracting
the climatological mean values over the whole study
period. The 67th and 90th percentiles thresholds are used
to understand the variation in daily mean and heavy pre-
cipitation with MJO phases, respectively. These percentile
thresholds are commonly used to examine the modulation
of precipitation with the MJO (Dao et al., 2023; Ghelani
et al., 2017; Marshall et al., 2021; Wheeler et al., 2009) as
they provide the flexibility with location and season. Dao
et al. (2023) also found that the MJO-associated heavy

precipitation patterns for the 90th and 95th percentiles are
similar over NE Australia, therefore the 90th percentile
is used in this study to obtain a greater number of events.
The hourly frequency of convective/stratiform precipita-
tion is calculated as the number of hours with convective/
stratiform rainfall greater than 0.1 mm ⋅h−1 divided by
the total number of hours in each MJO period. A diurnal
harmonic analysis is applied to understand the character-
istics of diurnal precipitation cycle at two radar sites. This
analysis provides information about the amplitude and
timing of the diurnal rainfall peak. The diurnal harmonic
cycle is idealized as a simple sine wave, with half of the
‘peak-to-peak’ amplitude shown in Figure 4 and the time
of the positive peak indicated in Figure 5. Following sim-
ilar methods in Vincent and Lane (2017), the diurnal har-
monic is fitted to the average diurnal rainfall cycle (from
0:00 to 23:00 local time corresponding to the Queensland
time zone) at each grid point, for the entire study period
and for different MJO phases. Anomalies of atmospheric
variables (e.g., wind, temperature, relative humidity) are
calculated by subtracting the climatological mean of 11
DJF seasons.

Statistical significance for the precipitation features
associated with MJO phases is evaluated using the Monte
Carlo method, in which we simulate 1000 samples of
the MJO phases vector by randomly shifting the MJO
index (Dao et al., 2023; Rauniyar & Walsh, 2016; Wheeler
et al., 2009). Note that a sample size of 1000 has been used
in Monte Carlo methods in previous studies examining the
impact of the MJO on rainfall (Dao et al., 2023; Muham-
mad et al., 2020; Pourasghar et al., 2019). For each shift, the
precipitation results are recalculated for each MJO phase,
and then the 5th and 95th percentiles values of the 1000
samples are chosen as the thresholds for significance at the
10% level for a two-tailed test. This test maintains the sta-
tistical features of the MJO (e.g., different number of days
among MJO phases) and makes no assumptions about the
normality of the data distribution. This method evaluates
whether rainfall signals in each MJO phase are greater or
smaller than what are expected from random weather vari-
ations. Note that with only 11 DJF seasons, some MJO
phases (e.g., phases 1 and 8) have relatively small sam-
ple sizes. Therefore, the statistical significance test applied
to the high-resolution radar data over a relatively short
study period should be interpreted carefully considering
the strong small-scale rainfall variability. The statistical
significance is assessed independently at each grid point,
and does not take spatially coherent signals into account.
The results should be interpreted accordingly. Since the
wind field is generally normally distributed, its statisti-
cal significance is assessed using Student’s t test at a 90%
confidence interval.
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3 THE VARIATION OF
RADAR-DERIVED RAINFALL WITH
MJO PHASES

3.1 The variation of mean and heavy
rainfall with MJO phases

Figure 2 shows the composite probability anomalies of
rainfall exceeding the 67th percentile (hereafter Rf67) dur-
ing eight MJO phases, as well as the 67th percentile rainfall
values calculated from the entire study period for Bris-
bane and Townsville radar domains. In general, coastal
and elevated topography areas receive a greater amount
of precipitation (Figure S1), leading to higher percentile
thresholds of rainfall compared to oceanic and inland
areas. For example, the 67th percentile rainfall threshold
over both radar domains is less than 1 mm ⋅ day−1 for most
areas, except near the coast where values range from 1 to
2 mm ⋅ day−1 (bottom right subplot of Figure 2a,b). In addi-
tion, Townsville receives lower daily rainfall amounts (less
than 3 mm ⋅ day−1), except over the oceanic region, while
Brisbane shows daily rainfall amounts ranging from 4 to
6 mm ⋅ day−1 across most of the radar domain (Figure S1).
The rainfall probability anomaly maps for the Brisbane
radar (Figure 2a) exhibit a large spatial variation dur-
ing the eight MJO phases. Relative to the entire study
period, the probability of rainfall exceeding the upper ter-
cile threshold generally increases (positive Rf67) during
phases 4–7 and decreases (negative Rf67) during phases
1–3 and 8 of the MJO. Statistically significant increases
in rainfall frequency occur in phase 6, with an approxi-
mate 10% frequency increase compared to the mean prob-
ability over the entire period. This means that in phase
6, approximately 43% of the days have rainfall greater
than the upper tercile threshold (33% as the probability
of rainfall exceeding the 67th percentile threshold for the
entire period, plus a 10% frequency increase). Significantly
increased rainfall signals also appear in the southwest-
ern part of the radar domain in phase 4. In contrast,
rainfall probability decreases statistically significantly over
the southwestern part of the radar domain in phase 2,
and over the oceanic regions in phases 3 and 8. How-
ever, there are some notable exceptions to these general
patterns. For example, over the high-terrain areas in the
western part of the radar domain, rainfall probability is
enhanced during phase 8 and decreased during phase 7 of
the MJO.

At the Townsville radar (Figure 2b), the variation
of rainfall likelihood with MJO phases reflects both
large-scale and local influences. Rainfall probability gen-
erally increases (positive Rf67 values) during phase 7 and
decreases (negative Rf67 values) during phases 4, 6, and 8
over the entire radar domain, and during phases 1, 2 and 5

over the land part. This is consistent with previous studies
(Cowan et al., 2023; Dao et al., 2023; Wheeler et al., 2009)
indicating that precipitation frequency in northern Aus-
tralia increases during the enhanced convection phases,
and decreases during the suppressed convection phases of
the MJO. Using radar data, our results further show that a
significantly enhanced precipitation signal is also observed
over the oceanic portion of radar during phase 2 and over
almost the entire radar domain during phase 3. The high-
est probability of precipitation exceeding the upper tercile
values occurs in phase 3, with a frequency increase of
approximately 16% compared to the climatological mean
value. This is different from the conceptual model (Cowan
et al., 2023; Wheeler et al., 2009) as in NE Australia, phases
2 and 3 are considered to be the suppressed convection
periods of the MJO under which below-normal rainfall
is expected. Using 64 years of rainfall data from the Aus-
tralian Gridded Climate Data (AGCD), Dao et al. (2023)
also showed increased daily rainfall probabilities dur-
ing phase 3 of the MJO around Townsville. However,
due to the coarse resolution of AGCD (approximately
5 km), it was not possible to examine the underlying
processes or resolve the detailed spatial distribution of
the rainfall. Positive Rf67 is also observed near the ele-
vated topography areas and over the oceanic part of the
radar domain during phases 1 and 5, but the signals are
relatively weak.

To understand the influence of the MJO on
heavy-rainfall events, we examined the anomalies of rain-
fall probability exceeding the 90th percentile threshold
(hereafter Rf90) in each MJO phase (Figure 3). The 90th
percentile rainfall maps show clear geographical variation
with higher values observed near the coast and in elevated
topography areas in both radars (bottom right subplot
of Figure 3a,b). For the cBrisbane radar (Figure 3a),
heavy-rainfall frequency increases during phases 4–6
(positive Rf90 values) and decreases during remaining
phases of the MJO (negative Rf90 values). The most
statistically significant enhancement of heavy-rainfall
probability occurs over the ocean part of radar in phase
5 with a probability increase of about 10%. This means
that the probability of receiving daily rainfall above the
upper decile threshold over the ocean part of Brisbane
radar is two times stronger in phase 5 (20%) compared to
climatological mean condition (10% by definition). The
enhanced heavy-rainfall signals also occur over the south-
western part of radar in phase 2. Some differences between
the response of mean and heavy rainfall to the MJO at
Brisbane radar are observed. For example, the proba-
bility of rainfall exceeding the 67th percentile threshold
increases, but the rainfall probability exceeding the 90th
percentile threshold decreases statistically significantly
over the ocean part of radar during phase 7 of the MJO.
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This indicates a shift in the distribution of rainfall in this
phase towards more frequent light rain and less heavy
rain. There is also a strong gradient of heavy-rainfall prob-
ability between the eastern and western portions of radar
during phases 5 of the MJO, which is not obvious in the
mean rainfall pattern. More heavy precipitation occurs in
oceanic areas relative to the inland region in phase 5, and
to a lesser extent in phase 2.

For the Townsville radar (Figure 3b), the heavy-rainfall
probability increases significantly over the land part of
radar domain during phase 7 with a probability of about
14%–16% (10% as the baseline probability of rainfall
exceeding the 90th percentile threshold, plus a 4%–6%
probability increase). The statistically significant increase
in the heavy precipitation frequency also occurs over the
oceanic part of the radar during phases 2–3 of the MJO,
consistent with the mean rainfall pattern. Some discrep-
ancies between the responses of mean and heavy precip-
itation to the MJO are also observed at the Townsville
radar. For example, there is an increase in rainfall fre-
quency (positive Rf67), but a significant decrease in the
heavy-rainfall probability (negative Rf90) over the oceanic
portion of the radar during phase 5. This difference will
be discussed further in relation to the anomalous con-
vective and stratiform rainfall (Sections 3.3 and 3.4). The
spatial complexity of MJO-related rainfall is more obvi-
ous in heavy-rainfall patterns due to the smaller number
of events.

The above results suggest that the MJO exhibits influ-
ences on both mean and heavy precipitation over coastal
areas of NE Australia. The rainfall probability generally
increases during the enhanced convection periods and
decreases during the suppressed convection periods of the
MJO, consistent with previous studies (Cowan et al., 2023;
Dao et al., 2023; Marshall et al., 2021; Wheeler et al., 2009).
However, there are some notable exceptions to this gen-
eral notion in both radar domains. During the suppressed
convection phases when rainfall is expected to be below
normal, some locations show increased precipitation prob-
abilities. For example, at the Townsville radar, rainfall
frequency increases statistically significantly during phase
3, which is one of the suppressed convection phases of
the MJO. Our results also indicate some differences in the
responses of mean and heavy precipitation to the MJO,
which were not reported in previous studies. These results
suggest that there is a multiscale interaction between
local features (e.g., topography, land–sea breezes) and
large-scale forcings in regulating both the frequency and
intensity of rainfall over coastal areas of NE Australia.
Details of the possible mechanisms controlling the local
precipitation response to the MJO will be discussed in
Section 4.

3.2 Influence of the MJO on the
diurnal cycle of radar-derived rainfall

In addition to daily mean and heavy-rainfall patterns, the
diurnal cycle of rainfall is also modulated by the MJO over
many regions (Dao et al., 2023; Peatman et al., 2014; Rauni-
yar & Walsh, 2011; Vincent & Lane, 2016). In this section,
we examine how the MJO affects the diurnal rainfall vari-
ation over the coastal areas of NE Australia.

Figure 4 shows the peak amplitude of the diurnal rain-
fall harmonic for the whole-study period and its anomalies
for eight MJO phases. At the Brisbane radar (Figure 4a),
there is a strong gradient in the diurnal peak amplitude
of precipitation between the ocean and land areas, with
higher values (about 0.3 mm ⋅h−1) occurring over the land.
The rainfall diurnal harmonic amplitude accounts for
approximately 15% of the mean rainfall over land, com-
pared to about 4% over the ocean, suggesting that diurnal
forcings have a stronger impact over land than the ocean
part of the Brisbane radar. The maximum peak amplitudes
of diurnal rainfall variation are observed near regions with
high orography (above 500 m). Similar to the daily rainfall
pattern (Figures 2a and 3a), the diurnal rainfall amplitude
anomalies also show a clear west–east gradient in most
MJO phases. It is interesting to note that the increased and
decreased diurnal rainfall amplitude at the Brisbane radar
do not closely align with the suppressed and enhanced
convection MJO phases. Compared to the mean diurnal
amplitude over the whole study period, the diurnal peak
of ocean-based precipitation generally decreases (nega-
tive anomalies) during phase 7 and increases (positive
anomalies) during the remaining MJO phases. The spa-
tial complexity of diurnal rainfall amplitude anomalies
during eight MJO phases is more obvious over the land
part of the radar domain. The diurnal peak of land-based
rainfall decreases statistically significantly in phase 5 and
increases statistically significantly in phase 6 of the MJO.
These results are not consistent with studies from the deep
tropics that have found a suppressed diurnal cycle during
the MJO active phase and an enhanced diurnal cycle in
the preceding phases (e.g., Peatman et al., 2014; Vincent
et al., 2016).

The land–sea contrast in mean diurnal amplitude over
the whole study period, as well as in diurnal amplitude
anomalies during eight MJO phases is less pronounced
at the Townsville radar (Figure 4b). Over the ocean part,
the diurnal peak amplitudes are typically weaker during
phases 6 and 7, and stronger during phases 1–5 of the
MJO. The peak amplitude of diurnal rainfall variation
over the land part also decreases statistically significantly
during phase 6 of the MJO. The weaker and stronger diur-
nal amplitudes generally align with the enhanced and
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suppressed convection phases of the MJO, respectively,
consistent with other studies from the Maritime Conti-
nent (Love et al., 2011; Peatman et al., 2014; Rauniyar &
Walsh, 2011; Vincent et al., 2016; Wei et al., 2020). Greater
spatial nuances in the diurnal precipitation amplitude
are observed during the suppressed convection phases of
the MJO. For example, the diurnal amplitude of rainfall
increases significantly over the ocean part, but decreases
significantly over land part of radar domain during phase
2, consistent with the observed rainfall pattern in this
phase (see Figures 2b, 3b and 4b for comparison).

The spatial distribution of the timing of maximum
diurnal rainfall at the two radars is illustrated in Figure 5.
An offshore propagation of precipitation peak is observed
at the Brisbane radar (Figure 5a). For the whole study
period, maximum precipitation occurs in the late after-
noon over land, at night along the oceanic coast, and in the
early morning over the ocean. This different timing could
be associated with the diurnal cycle of solar radiative heat-
ing at the surface and local circulations such as land–sea
circulation. A late afternoon/evening rainfall peak dom-
inates over the land part in all MJO phases, although
there are spatial and temporal variations among eight
MJO phases. For example, maximum rainfall over land
occurs later during some suppressed convection phases
of the MJO (e.g., phases 8, 1 and 3). The timing of the
peak rainfall over the ocean varies with MJO periods. An
early morning rainfall peak is observed over most oceanic
regions during phases 5 and 8, as well as in some oceanic
regions during phases 1–4. Notably, phase 5 shows the
most obvious contrast in rainfall peak timing between the
ocean and land part of the radar domain, with a morn-
ing peak over the sea and an afternoon peak over the
land, consistent with this phase exhibiting the strongest
east–west gradient in rainfall pattern (see Figures 3a and
5a for comparison). By contrast, a late afternoon/evening
precipitation peak occurs over most oceanic regions dur-
ing phases 6 and 7 of the MJO, suggesting that the land–sea
breeze circulation might not be the sole factor driving
the diurnal cycle of rainfall during these phases. Previous
studies show that the background wind has influences on
the rainfall diurnal cycle and associated land–sea breezes
circulation over the tropics (Bui et al., 2023; Natoli & Mal-
oney, 2023a; Natoli & Maloney, 2023b; Short et al., 2019)
and that the background wind seems to have an impact
on the timing differences of the diurnal rainfall maximum
among MJO phases (Lestari et al., 2022; Oh et al., 2012).

Around the Townsville radar (Figure 5b), the land–sea
difference in the timing of the rainfall peak is obvious
for the entire period as well as for all MJO phases. This
differs from the results of the Brisbane radar, suggesting
that the characteristics of the diurnal cycle of MJO-related
precipitation vary by location. Over the ocean, maximum

diurnal precipitation occurs during the night/early morn-
ing for all MJO phases; however, there are still time dif-
ferences among MJO phases. For example, phases 2 and
3 tend to have a later morning rainfall peak over the
ocean compared to other MJO phases. Note that signifi-
cantly increased rainfall probabilities are observed over the
oceanic part of the radar domain during these phases (see
Figures 2b and 3b). The spatial pattern of the diurnal peak
time over the land part of the Townsville radar exhibits
geographical variations. For the whole study period, a late
afternoon/evening maximum precipitation is found over
most land regions, except for the southern coast where
rainfall peaks earlier. This feature is also evident in some
MJO phases (e.g., phases 1, 6 and 8). During the enhanced
convection phases (e.g., phases 6 and 7) maximum diur-
nal precipitation over land occurs later (late evening/mid-
night) compared to the suppressed convection phases of
the MJO (e.g, phases 1–5 and 8).

These above results indicate that the MJO has influ-
ence on the diurnal cycle of precipitation over coastal areas
of NE Australia. Rainfall reaches its maximum in the after-
noon over land and in the morning over the ocean part of
the radar coverage under most MJO phases. The amplitude
of diurnal precipitation variability in suppressed convec-
tion phases is generally larger than in enhanced convec-
tion phases of the MJO. These findings are consistent with
previous studies (Dao et al., 2023; Peatman et al., 2014;
Rauniyar & Walsh, 2011; Vincent & Lane, 2016). Using
radar data and considering each MJO phase separately,
this study further shows that the diurnal precipitation
variation associated with the MJO is spatially inhomo-
geneous and is likely regulated by local forcings. These
local-scale variations may not be evident in studies based
on coarser resolution information from satellite or grid-
ded based station data. The impact of the MJO on diurnal
rainfall characteristics (e.g., diurnal timing and amplitude)
varies from phase to phase. Thus, it is necessary to examine
rainfall variability in each individual MJO phase as each
period may be associated with different influences of local
forcings. Similar to the daily rainfall variation with MJO
phases (Section 3.1), the changes of rainfall diurnal fea-
tures with the MJO over coastal areas of NE Australia also
reflect the interplay between local processes (e.g, land–sea
breeze circulation) and large-scale background processes,
which will be discussed in more detail in Section 4.

3.3 The variation of radar-derived
convective and stratiform rainfall
frequency with MJO phases

This section examines the modulation of the MJO on con-
vective and stratiform rainfall to understand how rainfall
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characteristics change with different MJO regimes. The
frequency of hourly convective and stratiform precipita-
tion over the whole study period as well as its anomalies
during eight MJO phases at the Brisbane radar location
are illustrated in Figure 6. The spatial distribution of con-
vective rainfall frequency anomalies is relatively similar to
that of heavy-rainfall frequency anomalies (see Figures 3a
and 6a for comparison), suggesting strong convective con-
tribution to in heavy-rainfall events. Increased convective
rainfall signals (positive anomalies) are observed in some
locations of the radar during phases 1 and 2, becom-
ing more widespread during phases 4–6 of the MJO. The
occurrence likelihood of convective rainfall at the Brisbane
radar increases statistically significantly during phase 5,
and decreases statistically significantly during phase 7 of
the MJO over the ocean part of radar. The highest increase
in hourly convective rainfall frequency is observed dur-
ing phase 5, with the rainfall frequency reaching approx-
imately 4% over the ocean part of the radar (2% as the
convective rainfall frequency in the study period mean,
plus a 2% frequency increase). This means that, compared
to the climatological mean condition, the probability of
having convective precipitation is about two times higher
during this phase. There is also an obvious difference in
convective precipitation frequency between the land and
oceanic part of the radar domain in phases 2, 5 and 6 of the
MJO, consistent with the rainfall pattern (see Figure 3a).
Stratiform rainfall is found to be the most common rain-
fall type at Brisbane with a frequency of about 8% in the
study period mean (Figure 6b). The variation of strati-
form rainfall frequency with the MJO is slightly different
from that of convective rainfall. Stratiform rainfall fre-
quency increases during phases 4–7 and decreases during
phases 8, 1–3 of the MJO, consistent with the enhanced
and suppressed phases of the MJO (Figure 6b). The spa-
tial distribution of the MJO-associated stratiform rainfall
is more uniform across the entire radar domain as strati-
form often occurs over broader area (Houze Jr. et al., 2015;
Houze Jr., 1997; Powell & Houze Jr., 2013) and is less
subject to orographic enhancement.

Over Townsville, higher frequencies of both convec-
tive and stratiform precipitation are observed over the
oceanic part compared to the land part of the radar domain
(Figure 7). The frequency of convective rainfall increases
(positive anomalies) predominantly over the ocean part
during phases 1–3 and over the land part during phase 7,
albeit with a smaller amplitude (Figure 7a). A decrease in
convective rainfall frequency is observed in most areas dur-
ing the remaining MJO phases (e.g., phases 4–6, 8). The
most significant increase in convective precipitation fre-
quency is observed over the oceanic region during phases
2 and 3, with an occurrence probability of approximately
3.5%–4% (2% as the hourly convective rainfall frequency

in the study period mean, plus a 1.5%–2% frequency
increase). This indicates that, compared to the entire study
period mean, the probability of experiencing convective
precipitation over the oceanic part of the Townsville radar
increases by 1.5–2 times during these phases. Similar to
the Brisbane radar, stratiform rainfall is also the most
common type at the Townsville radar, with a frequency
of about 4%–6% over the land region, and approximately
8% over the oceanic region for the study period mean.
There are also differences between the variation in con-
vective and stratiform rainfall frequency with MJO phases
at the Townsville site. For example, an increase in strat-
iform rainfall frequency is observed in phases 2 and 3
over the oceanic part and in phases 6 and 7 over almost
the entire radar domain. The most notable difference is
observed in phase 1, where the anomalous frequency has
different signs, although we note that this is the phase with
the least days, which limits the significance of this result.
The spatial distribution of convective and stratiform rain-
fall frequencies at Townsville is much more similar than at
the Brisbane radar (see Figures 6 and 7 for comparison).

3.4 The variation of radar-derived
convective and stratiform rainfall amount
with MJO phases

To understand the relative contribution of convective and
stratiform precipitation to the variation of the total daily
precipitation amount with the MJO, we further exam-
ined the convective and stratiform rainfall anomalies
during different MJO phases at two radar sites. Figure 8
shows the variation of stratiform and convective rain-
fall intensity with MJO phases at the Brisbane radar.
Although stratiform rainfall occurs more frequently, con-
vective rainfall contributes predominantly to the total
rainfall (approximately 2–3 mm ⋅ day−1 over the study
period mean, Figure 8a). Similar to the convective rainfall
frequency map, the highest increase in convective rain-
fall amount is observed during phase 5 of the MJO over
the oceanic part of the radar domain, with the rainfall
anomaly reaching about 4 mm ⋅ day−1. Enhanced convec-
tive rainfall signals are also found in certain areas of the
radar during the suppressed convective phases of the MJO
(e.g., phases 1, 2 and 8). In contrast, increased stratiform
rainfall is only observed during the enhanced convection
phases of the MJO (phases 4–7, Figure 8b). This aligns
with previous findings over the deep tropics, which used
TRMM precipitation radar (Alber et al., 2023; Bai, 2021;
Vincent & Lane, 2018) and C-band Doppler radar (Lestari
et al., 2022) to indicate that stratiform rainfall increases
with the onset of the MJO enhanced convection. The
influence of the MJO on convective rainfall is stronger
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and more statistically significant than that of stratiform
rainfall at the Brisbane radar. Importantly, the anomalous
frequency (Figure 6a) and anomalous rainfall contri-
bution (Figure 8a) of convective rainfall do not always
have the same sign. For example, the statistically signifi-
cant increase in rainfall contribution in phase 8 over the
ocean is accompanied by no change or a slight decrease
(not significant) in rainfall frequency, indicating that the
convective rainfall might be heavier. Conversely, some
statistically significant increases in rainfall frequency in
phase 5 over the land are associated with almost no change
or a slight decrease in rainfall contribution (not signifi-
cant), suggesting that the convective rainfall may not be
very intense. These results together indicate a change in
the distribution of rainfall intensity.

Convective precipitation dominates the total rain-
fall at the Townsville radar, with daily mean amounts
of 2–3 mm ⋅ day−1 over the oceanic region, and
1–2 mm ⋅ day−1 over the land region of the radar domain.
Increased convective rainfall is mostly observed over the
ocean during phases 1–3, and over land during phase 7
of the MJO (Figure 9a). The most significant increase in
convective rainfall occurs along the seaward side of the
coast during phase 2, with an increase of approximately
3 mm ⋅ day−1 compared to the average convective rainfall
over the whole study period. The variation of stratiform
rainfall with the MJO is comparatively weaker than that of
convective rainfall. Positive rainfall anomalies occur over
most of the radar domain during phase 7 (Figure 9b), con-
sistent with the increased stratiform frequency observed
in this phase (Figure 7b). Interestingly, enhanced strat-
iform precipitation signals are also observed over the
oceanic region during phases 2–3, albeit with much
weaker amplitude and not statistically significant com-
pared to convective precipitation. Note that Townsville
lies between the tropical and subtropical zones, so its pre-
cipitation can be modulated by both direct and indirect
influences of the MJO.

The above results suggest that the MJO has influ-
ence on both frequency and intensity of convective and
stratiform rainfall over the coastal areas of NE Australia.
Although stratiform rainfall occurs more frequently, con-
vective rainfall is the dominant contributor to total rainfall
at the two radar locations. The influence of the MJO on
convective rainfall tends to be stronger and more statis-
tically significant than that of stratiform rainfall over the
coastal areas of NE Australia. The widespread enhanced
rainfall probability during the enhanced convection phase
of the MJO is likely due to increases in both stratiform
and convective rainfall. This is different from previous
findings over the deep tropics where an increased likeli-
hood of light rain rate but a reduced likelihood of heavier
rain rate was observed during the active MJO phases

(Lestari et al., 2022). The findings of Lestari et al. (2022)
were consistent with those of Vincent and Lane (2018),
who partitioned the diabatic heating budget of Sumatra
into convective and stratiform types and showed that the
diabatic heating from convective processes peaked one
to two MJO phases ahead of the diabatic heating from
stratiform processes in convection-permitting simula-
tions. Our results, at higher latitudes, only partly reflect
the conclusions of Lestari et al. (2022) and Vincent and
Lane (2018), with an increase in convective precipita-
tion preceding an increase in stratiform precipitation by
1–2 phases. This likely indicates the influence of other
processes modulating the rainfall response to the MJO
outside of the deep tropics. The locally increased rainfall
probability during some suppressed convection phases of
the MJO at both radars mainly comes from the increase
of convective rainfall, consistent with previous studies
over Maritime Continent showing that convective rainfall
increases during inactive MJO phases due to enhanced
clear-sky insolation (Bai, 2021; Vincent & Lane, 2018).

4 POSSIBLE SCALE
INTERACTION MECHANISMS
REGULATING THE MJO-RELATED
LOCAL RAINFALL PATTERNS

4.1 The variation of environmental
variables with MJO phases

The inhomogeneous local rainfall patterns associated with
the MJO suggest interactions between the background
thermodynamics, which encapsulate the coastal and topo-
graphic forcings, as well as moisture transport. Here we
examine how these factors may interact with the back-
ground winds using daily 0000 UTC (10 a.m. local time)
radiosonde soundings from Brisbane and Townsville air-
ports. Figure 10 shows the anomalies of temperature, U
and V wind components and relative humidity (RH) at
the two sites for each MJO phase. For the Brisbane radar,
the enhanced rainfall signal during phases 5 and 6 is
associated with the anomalous low-level northerly winds,
while the suppressed precipitation during phases 1–3 and
8 occurs in the presence of southerly anomalies. These
wind anomalies are associated with the large-scale cir-
culation of the MJO, with enhanced convection signals
occurring during phases 5 and 6 and suppressed con-
vection signals during phases 8 and 1–3 over Australia
(Figure S2). This is consistent with Wheeler et al. (2009)
indicating that in extratropical Australia, increased rainfall
probability with the MJO results from anomalous norther-
lies transporting moisture from the tropics, and decreased
rainfall is associated with southerly wind anomalies. The
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DAO et al. 19 of 27

F I G U R E 10 The vertical profile of temperature (units: K), horizontal wind (units: m ⋅ s−1) and relative humidity (units: %) anomalies
during austral summer (DJF) from 2011 to 2022 for different MJO phases at (a) Brisbane station and (b) Townsville station. Anomalies are
relative to the seasonal mean. [Colour figure can be viewed at wileyonlinelibrary.com]

T A B L E 2 The convective available potential energy (CAPE) and convective inhibition (CIN) values for the most unstable parcel
(units: J ⋅ kg−1) averaged for different MJO phases.

1 2 3 4 5 6 7 8 Mean

Brisbane CAPE 196.3 270.4 289.2 168.9 330.1 308.8 268.6 210.9 255.4

CIN −57.9 −30.4 −33.2 −50.8 −32.9 −28.3 −31.1 −26.6 −36.4

Townsville CAPE 530.1 593.6 372.4 338.5 443.5 414.3 499.9 539.6 466.5

CIN −24.4 −34.4 −18.5 −24.8 −24.3 −35.3 −41.9 −48.9 −31.6

result is also consistent with other previous studies exam-
ining the variation of mean and extreme precipitation with
the MJO in Australia (Cowan et al., 2023; Dao et al., 2023;
Marshall et al., 2021). Our results further indicate that
rainfall under the different MJO phases is likely comodu-
lated by multiple factors. For example, at Brisbane, there
appears to be strong positive relative humidity anomalies
in phases 4, 5 and 6, consistent with the ‘moist’ nature
of these MJO phases. However, there are other factors
regulating the amount and type of precipitation. Phase 4
shows weak negative temperature anomalies increasing
with height and also weak wind anomalies in both U and
V components. In addition, a lower convective available
potential energy (CAPE) and higher convective inhibition

(CIN) value is observed in phase 4 compared to phases
5 and 6 (Table 2). These features are expected to reduce
the capacity for instability, moisture transport and conver-
gence. Phase 5, on the other hand, shows deep and strong
easterly and northerly anomalies which enhances mois-
ture transport, increased negative temperature anomalies
with height, and the highest CAPE value among the eight
MJO phases, consistent with the fact that this is the raini-
est phase. Phase 6 shows deep easterly and northerly
wind anomalies and positive relative humidity anoma-
lies, but increased positive temperature anomalies with
height, indicating more stable conditions than phase 5
(similar CIN values but the CAPE value in phase 6 is
smaller than in phase 5). Similarly, phases 2 and 8 are
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the two dry phases, where both show southerly anoma-
lies, but phase 2 shows increased negative temperature
anomalies with height in contrast to increased positive
temperature anomalies with height in phase 8. In addi-
tion, the CAPE value in phase 2 is larger than in phase
8, consistent with the fact that phase 2 has more fre-
quent rain than phase 8. A similar analysis can be con-
ducted for Townsville, where we see that the phases with
deep positive moisture anomalies are 3, 4, and 6, but
only phase 3 shows widespread rainfall, consistent with
this having the strongest deep easterly flow propagating
onshore, which may interact with the topography inducing
convection, and the smallest CIN value. This is in con-
trast to the larger-scale MJO rainfall variability over NE
Australia (Dao et al., 2023), which does show enhanced
rainfall probabilities under the MJO active phases of 5–7,
and demonstrates that locally, the background wind may
modulate the larger-scale rainfall patterns. The deep east-
erly anomalies (up to 500 hPa) observed in phase 3 are
likely not solely due to shallow trade winds but also rep-
resent the influences of other large-scale features. For
example, strong anomalous easterlies are also evident
in the MJO-associated large-scale circulation during this
phase over northern Australia (Figure S2). The above
results highlight that it is critical to understand the rela-
tive importance of the different factors under the different
phases of MJO.

4.2 The variation of land–sea breezes
with MJO phases

One important aspect of the local-scale modulation of the
MJO variability is the variation in strength and extent
of the land–sea breeze circulation. In the deep tropics,
the MJO affects the diurnal rainfall cycle and its asso-
ciated land–sea breezes through regulating background
winds (Natoli & Maloney, 2023b; Short et al., 2019),
moisture availability (Bretherton et al., 2004; Vincent &
Lane, 2017) and solar radiation received at the surface
(Birch et al., 2016; Peatman et al., 2014; Rauniyar &
Walsh, 2011). In this work we used weather station data
at high temporal resolution (half hourly) to examine the
variation of land–sea breeze strength during different MJO
periods in the two radar domains. Land–sea breeze is a
local circulation driven by the thermal contrast between
land and sea, which has been shown to have influences of
both a near-shore density current and a diurnally forced
gravity wave propagating upwards and outwards from the
coast (Bai, 2021; Love et al., 2011; Miller et al., 2003; Peat-
man et al., 2023). Given the proximity to the coastline, we
assume that the land–sea breeze perturbations are mostly
related to a density current.

Isolating the land/sea breezes from observations is
challenging as the observed winds are often influenced/
masked by other local factors (e.g., downslope/upslope
winds over coastal mountains). However, the availabil-
ity of multistation wind data along the coast is help-
ful in characterizing the spatial wind patterns that are
pertinent to land–sea breezes. Assuming that large-scale
winds have relatively weak diurnal variation, the local
land–sea breezes (wind anomalies) are estimated by sub-
tracting daily mean winds from the total winds at each
hour, following previous studies (Chen et al., 2016; Huang
et al., 2015; Li et al., 2021; Shen et al., 2019; Vincent &
Lane, 2017). A perturbation wind with a direction between
0◦ and 180◦ (assuming a north–south orientated coastline)
is classified as offshore (land breeze), while a direction
between 180◦ and 360◦ indicates onshore (sea breeze).
From the average diurnal cycle of wind perturbation in
each MJO phase, the maximum seaward and landward
wind perturbations are selected to represent the land and
sea breezes, respectively (Figure 11). To provide a more
quantitative understanding of how the land–sea breeze
changes with MJO phases, the amplitude of the land–sea
breeze circulation is estimated by calculating the differ-
ence between the maximum seaward and landward wind
perturbations. To ensure alignment, only the wind compo-
nent perpendicular to the coast is considered in this cal-
culation. To calculate the perpendicular wind component,
we first divide the coastline into straight line-segments
and then determine the perpendicular wind component
relative to the nearest coastline segment for each station.
It is worth noting that the estimated land/sea breezes
derived in this study are consistent with the timing of
land/sea breezes expected over eastern Australia (Soder-
holm et al., 2016, 2017) and show a distinct diurnal wind
reversal, suggesting that these estimates are representa-
tive of the general land/sea breeze patterns in this region,
despite the influence of other local factors.

For the Brisbane radar (Figure 11a), the stronger
(positive anomalies) and weaker (negative anomalies)
land–sea breeze circulation are inconsistent with the sup-
pressed and enhanced convection phases of the MJO.
For example, the most weakened and enhanced land–sea
breeze circulation are both observed during the sup-
pressed convection phase of the MJO (phases 1 and
3). This again emphasizes the importance of examin-
ing local rainfall variations in each MJO phase sep-
arately in extratropical regions, as each phase may
have different local influences. Land–sea breezes sig-
nificantly weaken during phase 1 and strengthen dur-
ing phase 3 of the MJO, generally consistent with the
decreased and increased diurnal rainfall amplitude over
land part of the radar domain during these phases
(see Figures 4a and 11a for comparison). These are the
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DAO et al. 21 of 27

F I G U R E 11 The composite of land–sea breeze amplitude anomalies (coloured circles, m ⋅ s−1) and the diurnal maximum seaward
(blue vectors, m ⋅ s−1) and landward (red vectors, m ⋅ s−1) wind perturbation during austral summer (DJF) from 2011 to 2022 during eight
different MJO phases at the (a) Brisbane radar and (b) Townsville radar. Black borders represent stations with results statistically significant
at the 90% level using Student’s t test. Times when the diurnal wind perturbation reaches its maximum are indicated in the right corner of
each plot. [Colour figure can be viewed at wileyonlinelibrary.com]

only two phases that show low-level (850-hPa) westerly/
southwesterly anomalies, but phase 1 exhibits much
stronger wind speed anomalies (see Figure 10a). Natoli

and Maloney (2023b) recently pointed out that a strong
diurnal rainfall amplitude is more likely to occur on days
with weak to moderate offshore low-level winds, which
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promote a strong sea breeze circulation, and near to above
average column moisture in the local environment. They
also found that the transition from the suppressed to
enhanced convection phase of intraseasonal variability
tends to produce these favourable environmental condi-
tions. Among the enhanced convection phases of the MJO
(phases 4–6), the land–sea breeze generally decreases dur-
ing phase 4 and increases during phase 6. This suggests
that the variations in the strength of land–sea breeze cir-
culation may contribute to the different rainfall patterns
among the enhanced convection phases of the MJO (e.g.,
phase 4 versus phase 6) at the Brisbane radar. Sea breezes
have also been highlighted as an important factor influenc-
ing hailstorm development on a local scale over southeast
Queensland (Soderholm et al., 2017).

For Townsville (Figure 11b), the land–sea breeze is sta-
tistically weaker (negative anomalies) during phases 6 and
7, and stronger (positive anomalies) during phases 1–3 of
the MJO. This is consistent with many previous studies
over the Maritime Continent (Birch et al., 2016; Peatman
et al., 2014; Short et al., 2019; Vincent & Lane, 2017;
Wei et al., 2020) and northern Australia (Rauniyar &
Walsh, 2016) stating that land–sea breeze tends to weaken
during the enhanced convection phase and strengthen
during the suppressed convection phase of the MJO. Given
that land–sea breeze convergence is known to be a driver of
local rainfall enhancement, this could help partly explain
the enhanced rainfall over the ocean part of Townsville
radar (see Figures 2b and 3b) during phases 1–3. Using
the Met Office Unified Model simulations to understand
the physical mechanisms behind offshore rainfall prop-
agation over Sumatra, Peatman et al. (2023) highlighted
the role of land breezes in driving rainfall offshore. They
found that convection and precipitation occur over the
mountain top in the late afternoon/early evening due to
the sea breeze convergence and then propagate offshore
at night at a similar speed of the land breeze density cur-
rent. This suggests that the strong land breeze during
phases 1–3 at the Townsville radar may be responsible for
the enhanced rainfall signal with a morning rainfall peak
over the ocean during these phases. In addition to having
strong land–sea breeze circulation, phase 3 also exhibits
the strongest low-level easterly anomalies (see Figure 10b),
which coincide with the increased mean rainfall proba-
bility across the entire radar domain during this phase
(see Figure 2b). Note that the easterly anomalies observed
in the sounding data in phase 3 are relative to the pre-
vailing background easterly trade wind regime, indicating
enhanced onshore flow. This suggests that the strength of
both the land–sea breeze circulation and the background
winds may influence the extent to which rainfall can prop-
agate. The stronger land–sea breeze circulation also helps
explain the stronger diurnal precipitation variation during

the suppressed convection phase of the MJO (e.g., phases
1–3) presented in the previous section.

5 DISCUSSIONS AND
CONCLUSIONS

Although previous studies have investigated the influences
of the MJO on rainfall over many parts of Australia, how
these impacts are modulated by local forcings has not been
well understood. This study examines the variation of local
rainfall with MJO phases in NE Australia using two mod-
ern S-band Doppler radars over the coastal area of north
Queensland, where the rainfall signals are pronounced
and often affected by the local circulations. The results
demonstrate that at the local scale, there are notable varia-
tions in the MJO-scale modulation of rainfall. Importantly,
although most locations show variation of rainfall with
MJO phase, this variation is not necessarily in phase with
the onset of the large-scale convective envelope of the MJO.
The key findings are summarized below:

1. The variation of precipitation with the MJO over coastal
regions of NE Australia exhibits both large-scale and
local-scale influences. Daily rainfall probability gen-
erally increases during enhanced convection phases
and decreases during suppressed convection phases of
the MJO. However, there are some notable exceptions
to this general notion in both Townsville and Bris-
bane radars. During suppressed MJO phases, when
below-normal rainfall is expected, enhanced rainfall
signals are also observed near high-terrain areas or over
the ocean regions in both radar domains.

2. The variation of heavy-rainfall probability with MJO
phases is generally similar to that of mean rainfall, con-
sistent with previous studies (Dao et al., 2023; Wheeler
et al., 2009). However, our results also indicate some
differences in the responses of mean and heavy pre-
cipitation to the MJO at both radar sites, which were
not reported in previous studies. For example, there
is a statistically significant increase in rainfall proba-
bility exceeding the 90th percentile threshold, but no
corresponding increase in the probability of rainfall
exceeding the 67th percentile threshold in phase 5 over
the oceanic part of the Brisbane radar.

3. The influence of the MJO on the diurnal rainfall cycle
over coastal areas of NE Australia is spatially inhomo-
geneous and likely regulated by local forcings. Addi-
tionally, the impact of the MJO on diurnal rainfall
characteristics (e.g., diurnal rainfall amplitude and tim-
ing) varies from phase to phase, particularly at the
Brisbane radar. The largest diurnal amplitudes across
the whole radar domains are found in the suppressed
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MJO phases, but this is not the case everywhere. For
example, enhanced diurnal cycles are found over land
in some parts of the Townsville radar domain in phase
7. This suggests that instead of grouping MJO periods
into enhanced and suppressed convection phases, each
MJO period should be considered separately as it may
have different local influences.

4. While stratiform rainfall occurs more frequently, con-
vective rainfall predominantly contributes to the total
precipitation at both radars. The MJO’s impact on con-
vective precipitation tends to be stronger and more
statistically significant compared to its impact on strat-
iform precipitation over coastal areas of NE Australia.

5. The widespread increase in rainfall probability during
the enhanced convection phases is likely due to an
increase in both stratiform and convective rainfall. In
contrast, the locally enhanced rainfall probability dur-
ing certain suppressed convection MJO phases mainly
results from an increase in convective rainfall at both
radar sites.

6. During the enhanced convection phases of the MJO,
widespread increased rainfall is consistent with the
large-scale forcings associated with the MJO convec-
tion, but the factors influencing rainfall amount and
type are different among those phases. In contrast, the
enhanced precipitation signal during suppressed con-
vection phases is likely codriven by mesoscale land–sea
breezes, and their interaction with strong large-scale
background wind and topography.

Our radar-based rainfall analysis strengthens the
understanding from previous studies (Cowan et al., 2023;
Dao et al., 2023; Marshall et al., 2021; Wheeler et al., 2009)
that mean and heavy-rainfall probabilities generally
increase during enhanced convection phases and decrease
during suppressed convection phases of the MJO. More-
over, with a higher temporal and spatial resolution, this
study further highlights the spatial inhomogeneity of the
local rainfall response to the MJO. The locally reversed
rainfall response to the MJO observed in this study high-
lights the importance of process-based understanding at
small scales, such as city or farm scale, where rainfall
responses may differ from the large-scale perspective. This
is important for assessing the impact of climate change
on precipitation at these scales and has potential value for
water resource and agricultural management. Our results
also show the different responses of mean and heavy rain-
fall to the MJO in certain phases, which were not reported
in previous studies. Further analysis is needed to fully
understand the reasons behind these discrepancies as well
as behind some reversed local variation of precipitation
with MJO phases. For example, high-resolution model
(e.g., convective permitting models) data would be needed

to unpack the full vertical structure of the atmosphere. In
addition, previous studies have highlighted the impact of
El Niño–Southern Oscillation (ENSO) on MJO itself (Wat-
terson & Syktus, 2007; Wei & Ren, 2019), as well as on
the MJO–rainfall relationship in tropical Australia (Cowan
et al., 2023; Dao et al., 2023; Ghelani et al., 2017). There-
fore, future research could further explore the impact of
different ENSO states on the local rainfall response to the
MJO using longer-period datasets.

The amplitude of diurnal precipitation variability in
suppressed convection phases is generally larger than
in enhanced convection phases of the MJO, consistent
with previous studies in the Maritime Continent (Peat-
man et al., 2014; Rauniyar & Walsh, 2011; Vincent &
Lane, 2016) and in NE Australia (Dao et al., 2023). The
variation of diurnal precipitation amplitude with the MJO
is likely associated with the change of both background
and local winds, as well as changes to radiative forcing
(Birch et al., 2016; Natoli & Maloney, 2023b; Peatman
et al., 2014; Rauniyar & Walsh, 2016; Vincent & Lane, 2017;
Wei et al., 2020). Using radar data and considering each
MJO phase separately, this study further shows that diur-
nal precipitation characteristics associated with the MJO
are inhomogeneous and regulated by local forcings. These
findings help improve understanding of the timing and
amplitude of short-duration rainfall extremes, which can
cause flash flooding. Such extremes are projected to inten-
sify over time in Australia (Jakob et al., 2020). Information
on convective and stratiform precipitation enhances our
understanding of the nature of precipitation over coastal
areas of NE Australia. The contribution of convective and
stratiform rainfall to total rainfall varies with MJO phases,
suggesting that different processes are driving the local
MJO rainfall response. These finding indicates that sepa-
rately considering convective and stratiform processes is
essential for better understanding intraseasonal precipi-
tation variability. Additionally, these results are relevant
to heavy-rainfall predictions and also to the question of
how convective and stratiform rainfall processes will be
modified in a warmer climate.

To the best of our knowledge, this is the first study to
examine how the MJO interacts with local features in reg-
ulating rainfall and its diurnal cycle over coastal areas of
NE Australia using high spatial and temporal resolution
radar data. This study finds that the variation of rainfall
with MJO phases exhibits both large-scale and local-scale
influences. This suggests that to improve the intraseasonal
prediction of heavy-rainfall events, numerical models need
to capture both large-scale and local-scale geographical
variations of rainfall. The findings are also crucial for
quantifying numerical model biases on different spatial
and temporal scales. Note that with only 11 DJF seasons,
some MJO phases (e.g., phases 1, 8) have relatively small
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sample sizes, which may affect the statistical significance
of rainfall results during these phases. Although the areas
of significant results are small in some plots, our results
still clearly demonstrate the variation of rainfall during
the enhanced and suppressed convection phases, as well
as the geographical variation of MJO-associated rainfall
pattern. For example, statistically significant rainfall vari-
ations are observed near the coast and high-terrain areas.
These local variations are crucial for assessing rainfall at
small scales and should not be ignored. Additionally, the
consistent results across all plots highlight the MJO’s influ-
ence on coastal rainfall over NE Australia. These findings
will motivate future studies to examine the interactions
between large-scale climate modes and local-scale forc-
ings, and their influences on extreme events.
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