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Abstract
The El Niño phase of the El Niño Southern Oscillation (ENSO) is typi-
cally associated with below-average cool-season rainfall in southeastern Aus-
tralia (SEA). However, there is also large case-to-case variability on monthly
time-scales. Despite recent progress in understanding the links between remote
climate drivers and this variability, the underlying dynamical processes are
not fully understood. This reanalysis-based study aims to advance the dynam-
ical understanding by quantifying the contribution of midlatitude weather
systems to monthly precipitation anomalies over SEA during the austral
winter–spring season. A k-means clustering reveals four rainfall anomaly pat-
terns with above-average rainfall (Cluster 1), below-average rainfall (Cluster 2),
above-average rainfall along the East Coast (Cluster 3) and along the South
Coast (Cluster 4). Cluster 2 occurs most frequently during El Niño, which high-
lights the general suppression of SEA rainfall during these events. However, the
remaining three clusters with local above-average rainfall are found in ∼52% of
all El Niño months. Changes of weather system frequency determine the respec-
tive rainfall anomaly pattern. Results indicate significantly more cut-off lows
and warm conveyor belts (WCBs) over SEA in El Niño Cluster 1 and significantly
fewer in El Niño Cluster 2. In El Niño Cluster 3, enhanced blocking south of
Australia favours cut-off lows leading to increased rainfall along the East Coast.
Positive rainfall anomalies along the South Coast in El Niño Cluster 4 are asso-
ciated with frontal rainfall due to an equatorward shift of the midlatitude storm
track. Most of the rainfall is produced by WCBs and cut-off lows but the con-
tributions strongly vary between the clusters. In all clusters, rainfall anomalies
result from changes in rainfall frequency more than in rainfall intensity. Back-
ward trajectories of WCB and cut-off low rainfall highlight the importance of
moist air masses from the Coral Sea and the northwest coast of Australia during
wet months.
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1 INTRODUCTION

The rainfall variability in southeastern Australia (SEA) is
notable for its magnitude compared to other places in the
world that are located in similar climate zones (Nicholls
et al., 1997). Hence, potential drivers of this variabil-
ity have been the subject of many studies (e.g., Nicholls
et al., 1997; Power et al., 1999; Murphy and Timbal,
2008; Risbey et al., 2009b, Risbey et al., 2013, King et al.,
2014). Drivers of rainfall variability in Australia can be
split into two categories based on their temporal and
spatial extent: lower-frequency processes including both
large-scale atmospheric and oceanic phenomena, and
higher-frequency processes on the synoptic scale referred
to as synoptic systems (Risbey et al., 2009b). Of course, this
separation is not clear-cut, as large-scale drivers addition-
ally affect drivers on the smaller scales and viceversa (King
et al., 2014).

The lower-frequency remote drivers of
intraseasonal-to-interannual rainfall variability are the
El Niño–Southern Oscillation (ENSO), the Indian Ocean
Dipole (IOD) and the Southern Annular Mode (SAM)
(e.g., McBride and Nicholls, 1983; Nicholls et al., 1996;
Murphy and Timbal, 2008; Risbey et al., 2009b; Cowan
et al., 2013), although the relevance of SAM to Southern
Hemisphere midlatitude variability has been questioned
recently (Spensberger et al., 2020). ENSO explains most
of the interannual rainfall variability in Australia and its
influence on rainfall is consistent through the seasons
(Risbey et al., 2009b). Winter–spring rainfall (JJASON)
is usually reduced during El Niño and enhanced during
La Niña in the eastern and extreme southern parts of
Australia (e.g., McBride and Nicholls, 1983; Allan et al.,
1996; Nicholls et al., 1996; Murphy and Timbal, 2008;
Risbey et al., 2009a, 2009b; Chung and Power, 2017). The
preferred occurrence of positive SAM during La Niña and
of negative SAM during El Niño points to a significant
relationship between SAM and ENSO (Fogt et al., 2011).
However, the strong El Niño event of 2015/2016 that
co-occurred with a positive SAM phase has questioned
the relationship and suggests a multidecadal variation of
the connection (Vera and Osman, 2018). In most of the
regions in Australia, one or two large-scale climate modes
dominate rainfall variability, however SEA is an exception
due to the complex combination of local topography and
additional large-scale remote drivers (Risbey et al., 2009b;
Ashcroft et al., 2016). For example, rainfall variability in
spring and autumn is influenced by ENSO, IOD, SAM and
atmospheric blocking (Risbey et al., 2009b). In addition to
the large-scale climate modes, synoptic weather systems
are the high-frequency drivers of submonthly rainfall vari-
ability. SEA receives the majority of its annual rainfall in

the winter half, which is important for the growing sea-
son from April to November (Pook et al., 2006; Murphy
and Timbal, 2008). Extratropical cyclones and the passage
of cold fronts influence rainfall along the southeastern
coastal regions and cut-off lows and tropical–extratropical
interactions manifested as northwest cloudbands con-
tribute to rainfall more inland (Tapp and Barrell, 1984;
Wright, 1997; Murphy and Timbal, 2008).

The relationship of rainfall in SEA with El Niño is
weaker than the relationship with La Niña (Power et al.,
2006; Murphy and Timbal, 2008; King et al., 2014; Chung
and Power, 2017). The magnitude of the sea surface tem-
perature (SST) anomalies associated with the El Niño
events of 1982 and 1997 were similar but resulted in dif-
ferent rainfall responses in Australia. In 1982, El Niño
conditions were associated with a devastating drought in
Australia. The El Niño of 1997 exceeded the magnitude
of the 1982 event, yet was associated with only slightly
below-average rainfall over east Australia (Brown et al.,
2009; Taschetto and England, 2009; van Rensch et al.,
2019). The different responses point to the nonlinear rela-
tionship between El Niño strength and the impact on SEA
rainfall, and reveals that the strength of El Niño alone
might be a poor predictor for rainfall deficiency (Power
et al., 2006). Regarding El Niño in particular, there is a lack
of knowledge about the processes that drive interannual
rainfall variability in east Australia (Brown et al., 2009; van
Rensch et al., 2019). For these reasons, the varying pro-
cesses that link El Niño and rainfall in SEA require further
examination (van Rensch et al., 2019).

Previous studies on rainfall variability in SEA docu-
ment statistical relationships between large-scale climate
modes and rainfall in this region (e.g., Taschetto and Eng-
land, 2009; Risbey et al., 2009b; Ashcroft et al., 2016).
However, a weather system approach has recently con-
tributed to considerable progress in understanding the
North Atlantic Oscillation and precipitation response to
ENSO over the North Atlantic, leading to the impression
that weather systems shape a significant fraction of the
ENSO teleconnection (Li and Lau, 2012; Drouard et al.,
2015; Schemm et al., 2018). We therefore take a different
approach in this study which aims to advance a meteoro-
logical understanding of processes during El Niño. Instead
of focusing on entire El Niño events or seasons, we inves-
tigate the monthly rainfall anomaly patterns in SEA. Clus-
tering these anomalies allows a detailed analysis of the
processes involved. We investigate the effect of weather
systems on rainfall variability during El Niño by address-
ing the following questions:

• What are the monthly rainfall anomaly patterns dur-
ing the winter–spring season in SEA and how does the
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occurrence of these patterns change during El Niño
events?

• How do weather system frequencies over Australia
change during El Niño?

• How are weather systems related to observed rainfall
anomaly patterns and which weather systems produce
rainfall in SEA during El Niño?

• Where is the origin of air masses during rainfall?

The paper is structured in the following manner. In
the next section, we describe the datasets and methods.
In Section 3, we first introduce the rainfall anomaly clus-
ters over SEA, followed by a weather system perspective
on rainfall variability and a broader view on the origin of
rainfall during El Niño. Section 4 discusses the results of
this study with previous findings. In Section 5, we con-
clude and give a brief summary with further directions for
future work.

2 DATA AND METHODOLOGY

2.1 Daily rainfall data

Daily gridded Australian Water Availability Project
(AWAP) rainfall data are taken from the Australian
Data Archive for Meteorology at a spatial resolution of
0.05◦ × 0.05◦ (Jones et al., 2009). Total daily rainfall is
accumulated in the 24-hr period starting at 0900 am (local
time) the day before. The monthly reference climatology
used to compute monthly anomalies is 1961–1990, which
is the same as that used by the Bureau of Meteorology.

2.2 ERA-Interim reanalysis
and objectively identified weather systems

An essential data source for this study is the ERA-Interim
reanalysis produced by the European Centre for
Medium-Range Weather Forecasts (ECMWF; Berrisford
et al., 2009; Dee et al., 2011). For the considered time
period 1979–2015, 6-hourly ERA-Interim reanalyses are
used and remapped to a regular latitude–longitude grid
with 1◦ horizontal grid spacing.

An ERA-Interim-based dataset of objectively identi-
fied flow features allows the analysis of the occurrence
frequency of midlatitude weather systems (Sprenger et al.,
2017). The collection provides six-hourly two-dimensional
binary fields of the different flow feature masks.
Monthly mean data are available and accessible via the
web portal (http://eraiclim.ethz.ch; accessed 25 April
2020). The dataset for this study includes cyclones

(Pasquier et al., 2019), cut-off lows (at 315 and 320 K;
Wernli and Schwierz, 2006; Wernli and Sprenger, 2007),
atmospheric blocking (with the use of the 0.7 PVU
anomaly that persists for at least 5 days; Schwierz et al.,
2004), regions of anomalous moisture transport excluding
the tropical belt (20◦S–20◦N; Pasquier et al., 2019) and
warm conveyor belts (WCBs; Madonna et al., 2014). WCBs
are the main precipitating and ascending airstreams asso-
ciated with extratropical cyclones (Browning, 1990). Here,
WCBs are identified by trajectories which need to ascend
at least 600 hPa in 48 hr. We consider the WCB at the
beginning (WCB inflow, pressure level of trajectories >

800 hPa), at its main ascending part (WCB ascent, pressure
level of trajectories between 800 and 400 hPa) and at the
end of the their ascent phase (WCB outflow, pressure level
of trajectories < 400 hPa) separately. Further extratropical
weather features which are associated with precipitation
are cold fronts (Catto et al., 2012a, Catto et al., 2015) which
are also included as part of the dataset of Sprenger et al.
(2017). However, cold fronts in Australia do not necessar-
ily bring rainfall in winter but WCB rainfall is relatively
common in the spring season (Reeder and Smith, 1998).
For this reason, we choose to focus our analysis on WCBs
instead of surface cold fronts. An example to introduce
the flow feature dataset to the reader is given in Figure 1b.
Anomalies of occurrence frequencies are calculated rela-
tive to the monthly climatology for the period 1979–2015.
In the following, we use the term “weather systems” for
our dataset of flow features.

2.3 k-means clustering

The k-means algorithm is a centroid-based clustering
method that allocates different observations to k clusters
so that the sum of squared distances within a cluster is
minimized (Hartigan and Wong, 1979). Therefore, the
algorithm requires randomly selected k initial cluster cen-
tres. Each input field is assigned to the nearest cluster by
calculating the Euclidean distance between the data point
and each cluster centre. Subsequently, the assigned points
of a cluster are averaged to define a new cluster centre.
These steps are repeated until none of the cluster assign-
ments change (Hartigan and Wong, 1979; Clark et al.,
2018). This method was previously used by Clark et al.
(2018) for the clustering of rainfall data over northwest-
ern Australia. In this study, we adopt their approach and
cluster monthly rainfall anomalies in the winter–spring
season between 1979 and 2015 (222 months) over SEA
(29-40◦S, 140–154◦E). The clustering region for SEA com-
prises parts of the states of Victoria, New South Wales
and South Australia (Figure 1a). In line with Clark et al.
(2018), the maximum value of the Silhouette Score is

http://eraiclim.ethz.ch
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F I G U R E 1 (a) Map of Australia showing the topography (shading in m) and the clustering area (red box). Marked regions (in red)
point to the three topographic drainage divisions in SEA: South East Coast Victoria (hatched), South East Coast New South Wales (stars) and
Murray–Darling Basin (MDB; dotted). The topographic dataset is the 0.25◦×0.25◦ elevation data TerrainBase from the National Center for
Atmospheric Research (www.research.jisao.washington.edu/data_sets/elevation/; accessed 25 April 2020). The assignment of the regions to
drainage divisions are based on the Australian Hydrological Geospatial Fabric dataset (www.bom.gov.au/water/geofabric/; accessed 25 April
2020). (b) An illustrative example that introduces the dataset of flow features (shading, different colours) based on ERA-Interim (Sprenger
et al., 2017) for 29 August 1992 at 1200 UTC over Australia with 6-hourly accumulated ERA-Interim rainfall (blue contours with 5 mm
intervals)

used to find the physically most sensible number of
clusters.

2.4 Monte Carlo approach
and robustness testing

In looking for a physical connection between El Niño and
rainfall in SEA, one needs to know if signals in the anoma-
lies of the composites during El Niño result by chance or
if they differ substantially from the sampling dataset. A
Monte Carlo method is used to test the significance of clus-
ter composites (Scherrer et al., 2006; Martius et al., 2008).
For each cluster, 1,000 composites of the same size are
computed by randomly selecting months without replace-
ment from the full database (June–November, 1979–2015).
We consider these 1,000 randomized composites to be
pure noise without any physical link. In a next step, the
ENSO-based composite (cluster) is ranked in the distribu-
tion of the 1,000 randomized composites. The two types of
composites should differ substantially if El Niño is chang-
ing the behaviour of selected variables (e.g., rainfall, flow
features, geopotential) over SEA. If the cluster composite
falls below (negative anomalies) or above (positive anoma-
lies) a selected significance level, the anomalies are defined
as statistically significant.

Additionally, we test whether the cluster compos-
ite is dominated by individual months or whether the
anomalous pattern is noticeable in all months of a cluster.

The Monte Carlo approach above is repeated a second
time for each cluster, but with the difference that the sam-
pling is done with replacement from each cluster. This
results in 1,000 composites which are conditioned on each
cluster. It is possible that we obtain composites that con-
sist exclusively of only one month due to the replacement
after each randomly selected month from the sampling
dataset. Again, the ENSO-based composite is ranked in
the distribution of the 1,000 randomized composites. The
interdecile range (between the 10 and 90% deciles) gives
information about the statistical dispersion of the sam-
pling dataset. The ENSO-based composite is considered as
robust when the interdecile range of the 1,000 randomized
composites is smaller than the ENSO-based composite.

2.5 Matching of rainfall with weather
systems and decomposition

In order to attribute rainfall to weather systems, we match
AWAP rainfall data with derived ERA-Interim flow fea-
tures. For this purpose, we downscale the flow-feature
data by interpolating the data to the 0.05◦ rainfall grid. As
cut-off lows and frontal systems are the main rain-bringing
weather systems in SEA in the winter half-year (Pook et al.,
2006), the focus is on WCB ascent as proxy for frontal rain-
fall and cut-off lows. The WCB and cut-off low masks are
spatially inflated to make sure that potential remote effects
of the weather systems, apart from their spatial extension

www.research.jisao.washington.edu/data_sets/elevation/
www.bom.gov.au/water/geofabric/
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identified by the algorithms, are captured. We therefore
define a radius of influence of R = 500 km (Catto et al.,
2012a; Abatzoglou, 2016). The justification for this choice
is outlined in Section 3.3. Daily rainfall is matched with
the inflated 6-hourly masks of cut-off lows and WCBs with
the condition that, in at least one of the four time steps, the
mask shows the presence of a cut-off low, a WCB or both.
If there is rainfall at a grid point but neither of the two
weather systems, we define a fourth case for non-matched
rainfall over SEA. In order to avoid the matching of driz-
zle to weather systems in particular along the coasts, daily
rainfall amounts of less than 1 mm are ignored.

To investigate whether rainfall anomalies during
El Niño can be attributed to an intensity or frequency
change of precipitation associated with any of the four
cases, we adjust a method which has been used in previ-
ous studies (Catto et al., 2012b; Clark et al., 2018). Rainfall
anomalies within a cluster are decomposed into a change
due to anomalous rainfall intensity changes and due to
anomalous frequency of rainfall associated with a certain
weather system:

P2,j − P1 =
4∑

i=1
[(f2,i,j − f1,i)P1,i + (P2,i,j − P1,i)f1,i

+ (f2,i,j − f1,i)(P2,i,j − P1,i)]. (1)

Here, P2,j is the accumulated rainfall in cluster j divided
by the number of days in cluster j, and P1 is analogously
the total rainfall in the winter–spring period 1979–2015
divided by the number of all days in this period. The vari-
able P2,i,j is the daily mean rainfall within Cluster j and
P1,i represents the daily mean rainfall in the winter–spring
period 1979–2015 associated with the matching case i, that
is, WCB, cut-off low, both weather systems, non-matched.
The frequency f1,i is the relative proportion of rainfall days
by the matching case i to the total number of days in the
winter–spring season 1979–2015 and represents the clima-
tological frequency that is used for all clusters. In contrast,
the frequency f2,i,j is the relative proportion of rainfall days
by the matching case i to the total number of days in one
selected cluster j. The first term at the right-hand side rep-
resents the change in rainfall due to a change in frequency
of a specific matching case. The second term represents
changes in the intensity of rainfall and the third term
includes changes in both. Each term is calculated for the
four matching cases i and the sum of the 12 terms makes
the total change in rainfall in a cluster j.

2.6 Trajectory analysis

A set of backward trajectories is computed with the
Lagrangian analysis tool LAGRANTO (Sprenger and

Wernli, 2015) to investigate the origin of air masses
associated with rainfall. LAGRANTO uses ERA-Interim
three-dimensional wind fields at 60 model levels to calcu-
late the 240 hr (10-day) backward trajectories. Trajectories
are started 6-hourly at an equidistant grid of 60× 60 km
and at 17 equidistant levels between 970 and 490 hPa
over SEA. The starting time of the trajectories is referred
to as t = 0 hr. Following Sodemann et al. (2008), it is
assumed that the relative humidity of precipitating air
parcels exceeds 80% at t = 0 hr. In the following, we only
consider those parcels which fulfil this criterion. We dif-
ferentiate between backward trajectories from cut-off low
and WCB rainfall by assigning the trajectories to rainfall
at the nearest grid points where rainfall is matched with
either of the two weather systems.

To distinguish between different trajectory pathways,
the backward trajectories are clustered with the hierar-
chical agglomerative clustering approach by Hart et al.
(2015) which is briefly described in the following. In this
approach, we cluster the trajectories based on their hori-
zontal position over time. Each trajectory j is treated as one
observation and is stored in the observation vector

Wj =
[
𝜆j,t=0, ..., 𝜆j,t=T , 𝜙j,t=0, ..., 𝜙j,t=T

]
, (2)

where 𝜆(t) and 𝜙(t) are the longitude and latitude position
of a trajectory for a specific time t. Prior to the actual clus-
tering code, all observations are stored in a data matrix W
containing all observations each described by N dimen-
sions. Using 10-day backward trajectories with a temporal
resolution of 6 hrs, each observation vector Wj holds N=82
entries. Initially, each observation vector is a cluster. Once
the clustering starts, the most similar trajectory clusters
are agglomerated iteratively into new cluster classes. As a
measure for the similarity of two observations, we use the
Euclidean distance

dj,k =

√√√√ N∑
n=1

{
Wj(n) − Wk(n)

}2
, (3)

with k and m as indices for two trajectories whose similar-
ity is compared. The final number of clusters is determined
by an abrupt increase in the second derivative of the mean
distance between successive clusters. Hart et al. (2015) give
further details.

3 RESULTS

3.1 Monthly rainfall anomaly patterns
for SEA

The number of clusters k is varied between 2 and 7. For
each case, the average silhouette score is calculated (not
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F I G U R E 2 The resulting assignment of monthly rainfall anomalies in the winter–spring season (1979–2015) in SEA to the four
clusters based on the k-means clustering. El Niño months are marked with a black point

shown). With an increasing number of clusters, the sil-
houette score also increases and peaks at four clusters
before it falls. Consequently, four clusters is a suitable
choice. More clusters leads to a split of a cluster into two
nearly similar rainfall anomaly patterns. Fewer clusters
misses one of the key rainfall anomaly patterns. Taking the
ENSO state classification by Pepler et al. (2014) and by the
Bureau of Meteorology (http://www.bom.gov.au/climate/
enso/enlist; accessed 25 April 2020), subsets of the full
clusters are generated that purely contain winter–spring
months in El Niño years. Ten El Niño events occurred in
the selected period between 1979 and 2015: 1982, 1987,
1991, 1993, 1994, 1997, 2002, 2006, 2009, 2015. These sub-
sets of clusters containing only El Niño-affected months
are referred to as El Niño clusters in the following. We
now focus on the characteristics of the resulting rainfall
anomaly clusters over SEA and present changes in the pat-
terns and in the occurrence of the full clusters and the
El Niño clusters (Figures 2 and 3).

The first full cluster is characterised by signifi-
cant and robust above-average monthly rainfall over
SEA (Figure 3a). The highest anomalies of more than
100 mm⋅month−1 are found west of the Great Dividing
Range (a mountain range stretching parallel to the south-
east coast; Figure 1a). Full Cluster 1 contains the fewest
months (in total: 30 months), which corresponds to a per-
centage of only 13.5% of all months in the winter–spring
season between 1979 and 2015 (Table 1). El Niño Cluster 1
is the subset of El Niño-affected months in full Cluster 1
and comprises five months that occurred in only three
of the ten El Niño years (Figure 2). In El Niño Cluster 1
(Figure 3b), positive rainfall anomalies are greater than
climatology over southern New South Wales and Victoria
(Figure 3a,b). Over Queensland and northern New South
Wales, rainfall is lower in the El Niño Cluster 1. The lower
observed above-average rainfall pattern during El Niño
is illustrated by a smaller percentage of El Niño months
that fall into Cluster 1 (8.3%) compared to all months in
full Cluster 1. El Niño Cluster 1 is further referred to as

“wet Cluster 1”. The second full cluster includes around
27.9% of all months in the winter–spring season from
1979 to 2015 (Table 1) and shows significant and robust
below-average monthly rainfall with anomalies of up to
–100 mm⋅month−1 in coastal areas (Figure 3c). El Niño
Cluster 2 includes nearly 50% of all El Niño months
(Table 1) pointing to a relative change in the appearance
of around 73% from the full cluster to the El Niño cluster.
During El Niño, in most areas, rainfall is slightly less than
for all months in this cluster (Figure 3d). El Niño Cluster 2
is further referred to as dry Cluster 2. Full Cluster 3 com-
prises 23.9% of all winter–spring months from the period
1979–2015 (Table 1) and is characterised by significant and
robust positive rainfall anomalies along the East Coast and
significant and robust negative rainfall anomalies along
the South Coast (Figure 3e). When focusing on El Niño, the
number of months falls to 12 and the anomalies along the
South Coast and northern East Coast increase in magni-
tude (Table 1; Figure 3f). Cluster 3 occurs less often during
El Niño with a relative occurrence change of around 16%
compared to the full Cluster 3. Rainfall anomalies along
the East Coast are statistically significant but not robust
in the El Niño cluster (Figure 3f). The k-means clustering
with five clusters demonstrates that an additional clus-
ter would result from the split of Cluster 3 with positive
anomalies in different regions along the East Coast. This
points to a high spatial variability of rainfall anomalies
within this cluster and explains why the anomalies are sig-
nificant but not robust. We will further use the term “wet
East Coast Cluster 3” for El Niño Cluster 3. The fourth
Cluster is the reversed pattern of Cluster 3 and comprises
with 34.7% the greatest fraction of months (Figure 3g,h and
Table 1). Significant and robust positive (negative) rainfall
anomalies along the South Coast (East Coast) characterise
the monthly rainfall composite of Cluster 4 (Figure 3g).
During El Niño, the rainfall anomaly pattern shows drier
conditions compared to the full Cluster 4 (Figure 3h). The
reduced percentage of months in El Niño Cluster 4 (23.2%)
points to the fact that this pattern is observed slightly

http://www.bom.gov.au/climate/enso/enlist
http://www.bom.gov.au/climate/enso/enlist
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F I G U R E 3 Monthly rainfall anomaly patterns (shading in
mm) as a result of clustering monthly rainfall anomalies in the
winter–spring season in the period 1979–2015 over SEA for
(a, c, e, g) the full clusters and (b, d, f, h) the El Niño subset of
clusters. The anomaly patterns are shown for the extended
southeastern Australian region including a part of the states
Victoria (VIC), New South Wales (NSW), Australian Capital
Territory (ACT), South Australia (SA), Queensland (QLD),
Tasmania (TAS) and Northern Territory (NT). The black box marks
the clustering area. Statistically significant rainfall anomalies that
exceed the upper 2%iles or fall below the lower 2%iles are dotted.
Anomalies which are additionally robust within the cluster are
hatched. Monthly rainfall anomalies of –1 to 1 mm are not shaded

less often during El Niño than in the full period from
1979–2015. El Niño Cluster 4 is further referred to as “wet
South Coast Cluster 4”. For all clusters, the distribution
of months within both cluster sets highlights that there
are no clear preferred months in which a specific rainfall
anomaly pattern occurs (Table 1).

Although ENSO seems to be the dominant driver of
rainfall variability, we further looked at the behaviour
of monthly SAM values (Marshall, 2003) and IOD val-
ues (Hameed and Yamagata, 2003) within the clusters. In
essence, we find no striking differences in the distribution
of monthly IOD values between the four rainfall clusters,
neither in the full nor in the El Niño subsets (not shown).
Although the distribution of SAM values varies between
the clusters, the differences in the distribution between
the full and El Niño cluster within an individual rainfall
cluster are not statistically significant (not shown).

3.2 Weather systems in the Australian
region

This section focuses on the variability of weather system
occurrences. We first present the climatology and con-
tinue with a discussion of large-scale anomaly patterns and
weather system occurrence anomalies in the four El Niño
clusters.

3.2.1 Climatology

Climatologies of weather systems during the Australian
winter–spring season (JJASON) are calculated for the ref-
erence period 1979–2015 (Figure 4). In the Australian
region, cut-off lows predominantly occur between 30◦ and
50◦S (dashed blue contour in Figure 4a). Enhanced mois-
ture fluxes show their highest occurrence over the Tas-
man Sea and southwest of Australia (solid green contour).
With focus on Australia, atmospheric blocking frequencies
(shading) increase poleward and indicate a maximum of
up to 24% between 40◦ and 60◦S in the storm track area
of the Southern Hemisphere (Trenberth, 1991). A clear
occurrence maximum of cyclones is visible along the storm
track region to the south of Australia (Figure 4b, shad-
ing). Apart from this maximum, further cyclone maxima
are located over the Tasman Sea and over northwestern
Australia (roughly 125◦E, 20◦S) with occurrence frequen-
cies of up to 12%. Most of the WCB activity is concentrated
southeast and southwest of Australia (Figure 4b). WCB
inflow dominates along 35◦S with a maximum climatolog-
ical frequency east of Australia over the Coral Sea (solid
blue contour). The WCB ascent, which represents the main
ascending and precipitating part of the WCB, is mainly
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T A B L E 1 Main characteristics of the winter–spring monthly rainfall anomaly clusters for the period 1979–2015 and the reduced
sample based on ten El Niño events.

Cluster Pattern Months Percentage J J A S O N

Full Cluster 1 Wet SEA 30 13.5 % 5 8 1 4 3 9

Full Cluster 2 Dry SEA 62 27.9 % 5 10 12 11 15 9

Full Cluster 3 Wet East Coast, dry South Coast 53 23.9 % 9 9 8 10 7 10

Full Cluster 4 Dry East Coast, wet South Coast 77 34.7 % 18 10 16 12 12 9

Sum (full) 222 100 % 37 37 37 37 37 37

El Niño Cluster 1 Wet SEA 5 8.3 % 1 1 0 2 1 0

El Niño Cluster 2 Dry SEA 29 48.3 % 2 4 7 4 7 5

El Niño Cluster 3 Wet East Coast, dry South Coast 12 20.0 % 3 2 2 2 2 1

El Niño Cluster 4 Dry East Coast, wet South Coast 14 23.2 % 4 3 1 2 0 4

Sum (El Niño) 60 100 % 10 10 10 10 10 10

Note: The upper four rows characterise the clusters based on the full time period; the lower four rows show information from the El Niño subset of clusters.
The description of the rainfall patterns is with regard to the cluster mean monthly rainfall anomalies. The third column gives the absolute number of months
within each cluster. The fourth column shows (upper) the percentage number of months out of all winter–spring months 1979–2015 that are associated with
the indicated cluster, and (lower) the percentage number of El Niño months out of all winter–spring El Niño months in each cluster. Columns 5–10 illustrate
the composition of the clusters by months in the winter–spring season.

observed south of the inflow region maxima and points
to the fact that most WCBs ascend polewards (Madonna
et al., 2014). The WCB ascent occurs over SEA, the Tas-
man Sea, the Coral Sea and the Southern Ocean (dashed
orange contour). A maximum of the WCB ascent over
the Tasman Sea overlaps with a cyclone occurrence maxi-
mum, highlighting the relationship and the simultaneous
appearance of WCBs and extratropical cyclones. The WCB
outflow in the upper troposphere mostly occurs in the New
Zealand region and far south of Western Australia (solid
green contour).

3.2.2 Changes in the occurrence
of weather systems during El Niño

Next, we investigate the modulation of weather system
occurrence frequencies within El Niño clusters. Therefore,
we compute monthly anomalies relative to the monthly
climatology based on the period 1979–2015. All monthly
anomalies within a cluster are averaged and tested for sta-
tistical significance and robustness using the Monte Carlo
approach to ensure that statistically significant anomalies
are not dominated by individual months within a cluster.

Anomalously high geopotential southeast of Australia
dominates the large-scale atmospheric circulation in wet
Cluster 1 (Figure 5a,b). Enhanced atmospheric blocking
collocated with the positive geopotential anomalies south
and east of Australia indicates a quasi-stationary wave
pattern around Australia, possibly resulting from recur-
rent anticyclonic wave breaking. Negative geopotential

anomalies are situated over West Australia and stretch to
parts of Southern Australia. The occurrence frequency of
rain-bringing weather systems is significantly enhanced
over SEA (Figure 5a). Cut-off lows occur twice as fre-
quently as climatologically along the southern East Coast
of Australia (not shown). The frequency of WCB ascent
is increased across SEA and to the north of the enhanced
cut-off low frequency. Its collocation with positive fre-
quency anomalies of enhanced moisture fluxes indicates
that WCBs ascend in a moist northwesterly flow and ahead
of cut-off low systems.

Positive geopotential height anomalies cover most
parts of Australia in dry Cluster 2 (Figure 5c,d). The struc-
ture with its centre over the Great Australian Bight devi-
ates from the climatological mean by more than 25 m2 ⋅
s−2. Similar to wet Cluster 1, an enhanced frequency
of blocking is observed near the centre of the positive
geopotential anomaly structure (Figure 5c). There is a
clear reduction of weather system frequencies (cut-off
lows, WCBs, moisture fluxes, cyclones) around Australia
in particular over eastern Australia and the Tasman Sea
(Figure 5d).

In wet East Coast Cluster 3, strong positive geopo-
tential anomalies of up to 35 m2 ⋅ s−2 characterise the
large-scale pattern and point to anomalous high pressure
south of Australia (Figure 5e,f). An enhanced frequency
of blocking is observed within the positive geopoten-
tial anomalies around 120◦E and around 145◦E and
175◦E (Figure 5e). In conjunction with negative frequency
anomalies of blocking over the Tasman Sea along 35◦S,
this suggests a poleward shift of blocking in wet East
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F I G U R E 4 Australian winter–spring climatology of weather systems based on the reference period 1979–2015. (a) shows
climatologies of cut-off lows averaged between 315 and 320 K levels (dashed blue contours every 0.5%, starting at 0.5%), moisture flux (solid
green contours every 5%, starting at 5%) and atmospheric blocking (colour shading, every 4%). (b) shows climatologies of WCB inflow (solid
blue contours at 1 and 3%), WCB ascent dashed orange contours every 0.5% starting at 1%), WCB outflow (solid green contours at 1% and 3%)
and cyclones (grey shading, every 4%). The values represent the percentage occurrence of 6-hourly time steps from ERA-Interim

Coast Cluster 3 (Figure 5f). Cut-off lows predominantly
occur more frequently over SEA and over the Tasman Sea
(Figure 5e). A more detailed view indicates that cut-off
lows are twice as frequent around 35◦S during El Niño (not
shown).

The anomalous circulation over Australia in wet South
Coast Cluster 4 markedly differs from the patterns in
the other clusters (Figure 5g,h). Well-pronounced nega-
tive geopotential anomalies of less than –35 m2⋅s−2 south
of Australia dominate the large-scale pattern. There are
no significant positive anomalies in weather system fre-
quency over SEA (Figure 5g). Cut-off lows, which usually
develop during blocking to the southeast of Australia,
show a significant decline in frequency over the Tasman
Sea (Figure 5h). In addition, the cyclone and WCB outflow
frequencies are also significantly reduced east of Australia.

3.3 Contribution of weather systems
to rainfall during El Niño

Although the results in Section 3.2.2 demonstrate that pos-
itive (negative) rainfall anomalies are mostly related to
an increased (decreased) frequency of weather systems
around Australia, they say little about the origin of rain-
fall, in particular for individual rainfall events. For this
reason, we now match daily rainfall events with cut-off
lows and WCBs and assess the percentage of total rain-
fall that can be attributed to one of these weather systems
in the El Niño clusters (Figure 6). This method shows the
importance of a weather system for the total rainfall, but it
does not reveal whether this is due to an intensity change

or due to a frequency change of the respective weather
system. Therefore, we use the decomposition method of
Clark et al. (2018) to calculate the changes in rainfall char-
acteristics during El Niño relative to the winter–spring
climatology period 1979–2015 for each cluster and grid
point. We calculated the spatial mean over three drainage
division areas over SEA from the Australian Hydrologi-
cal Geospatial Fabric to make quantitative statements of
the results (Figure 1a): South East Coast Victoria (in short,
South Coast), South East Coast New South Wales (in short,
East Coast) and the Murray–Darling Basin (MDB).

In wet Cluster 1, WCBs are the main contributors to
rainfall inland of SEA and explain locally more than 50%
of the total cluster rainfall (Figure 6a). In the MDB which
covers the inland regions of SEA up to southern parts of
Queensland, 36% of the total rainfall can be assigned to
WCBs (Figure 6b). A combined occurrence of cut-off lows
and WCBs contributes 32% to the total rainfall. The decom-
position shows that above-average rainfall in this area
results from an enhanced frequency of WCB rainfall and
an increased occurrence of the combination of cut-off lows
and WCBs compared to climatology (Figure 7a). Along the
East Coast, about 80% of the rainfall is dominated by a
co-occurrence of cut-off lows and WCBs (Figure 6a). The
co-occurrence contributes 40% to the total rainfall to the
East Coast drainage division (Figure 6b). This is mostly
due a frequency change (Figure 7a). WCBs in combina-
tion with cut-off lows bring most of the rainfall to the
South Coast in wet Cluster 1 (Figure 6a). In the South
Coast drainage division, 30% of the total rainfall can be
explained by WCBs and a further 28% by the co-occurrence
with cut-off lows (Figure 6b). That the positive anomalies
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F I G U R E 5 (a, c, e, g) Positive and (b, d, f, h) negative frequency anomalies of weather systems (shading) and mean geopotential
anomalies for the El Niño clusters: (a, b) wet Cluster 1, (c, d) dry Cluster 2, (e, f) wet East Coast Cluster 3 and (g, h) wet South Coast Cluster 4.
Only robust (upper 90%iles and lower 10%iles) and significant (upper 98%iles and lower 2%iles) frequency anomalies of the Monte Carlo
composites are displayed in the specific colour. As an example, the filled blue area in (a) points to a significant increase of cut-off-low
frequency that is robust within the cluster. The contour lines indicate geopotential anomalies (m2 ⋅ s−2) at 500 hPa: positive anomalies in solid
red and negative anomalies in dashed blue lines
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F I G U R E 6 The results of
matching daily rainfall with cut-off
lows and WCBs in SEA for the El Niño
clusters. (a, c, e, g) show the dominant
contributor to rainfall for each grid
point (colour shading). Colour
intensities indicate the percentage
amount of the total rainfall within a
cluster that is explained by the
dominant contributor. Black lines show
the location of the South East Coast
drainage division in Victoria (South
Coast), New South Wales (East Coast)
and the Murray–Darling Basin (MDB).
(b, d, f, h) show bar plots indicating the
percentage of total cluster rainfall that
can be attributed to WCBs, cut-off
lows, both, or none of these

along the South Coast result from an increased frequency
of WCBs, cut-off lows and rainfall of both (Figure 7a) high-
lights the importance of these weather systems in general
along the South Coast.

A large percentage of total rainfall cannot be assigned
to cut-off lows or WCBs in SEA in dry Cluster 2 (Figure 6c).

In the MDB, 40% of the total cluster rainfall cannot be
explained by cut-off lows and WCBs (Figure 6d). WCB
rainfall and rainfall related to both weather systems each
contributes 22%. The negative rainfall anomalies in the
MDB in dry Cluster 2 are caused by decreased frequen-
cies of the rainfall from cut-off lows and WCBs compared
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F I G U R E 7 Results of the decomposition of rainfall during El Niño in the rainfall clusters over SEA. The bars show the contribution of
changes in intensity and frequency of rainfall to the total rainfall anomalies in mm⋅day−1 in each of the drainage divisions. As the
decomposition is made for each matching case separately, four stacked bars (four matching cases) represent the total change of rainfall in
each drainage division. As an example, in (a) there is increased WCB-related rainfall in the Murray–Darling Basin in Cluster 1
(+0.4 mm⋅day−1) compared to the climatology, with a change in the frequency that contributes around +0.25 mm⋅day−1 to the WCB rainfall
change. The total rainfall change is given at the bottom of each plot

to climatology with the highest declines in WCB rainfall
(Figure 7b). Along the East Coast, the main contributor
to rainfall strongly varies locally (Figure 6c). With a focus
on the East Coast drainage division, 30% of the total rain-
fall is not related to the considered weather systems and
the remaining 70% are equally split between cut-off lows
and WCBs (Figure 6d). The rainfall decline along the East
Coast is a result of less frequent rainfall related to WCBs
and cut-off lows and less intense non-weather-system rain-
fall events (Figure 7b). Half of the total rainfall along the
South Coast results from rainfall events that are not con-
nected to cut-off lows and WCBs (Figure 6d). The decom-
position demonstrates that especially a reduced frequency
of cut-off low and WCB rainfall and a strong decrease in the
intensity of non-weather-system related rainfall explain
below-average rainfall along the South Coast drainage
division in dry Cluster 2 (Figure 7b).

A major part of SEA receives a high percentage of
total rainfall from cut-off lows in the wet East Coast Clus-
ter 3 during El Niño (Figure 6e). Cut-off lows are the
main contributors and bring 31% of the total rainfall in
the MDB (Figure 6f). Although WCB and unmatched rain-
fall occur less frequently in this area, the total rainfall
anomaly is zero due to the compensation by an increased
frequency of cut-off-low rainfall compared to climatol-
ogy (Figure 7c). With a percentage of 36%, cut-off lows
are also the main contributors to rainfall along the East
Coast, followed by rainfall related to both contributing 25%
to the total rainfall (Figure 6e,f). The strongly increased
frequency of cut-off lows is especially important for the
pronounced positive rainfall anomalies in the East Coast
drainage division (Figure 7c). In contrast to the previous
drainage divisions, the majority of the total rainfall along
the South Coast is not related to cut-off lows or WCBs
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(Figure 6e,f). Still, the decomposition reveals that nega-
tive rainfall anomalies in the South Coast drainage division
are mainly connected with a decreased frequency of WCB
rainfall and rainfall that is not related to either cut-off lows
or WCBs (Figure 7c).

In wet South Coast Cluster 4, a high proportion of
rainfall in SEA is not related to cut-off lows or WCBs
(Figure 6g). The main contributors to rainfall in the MDB
vary spatially, but rainfall not related to either of the two
weather systems shows the highest percentage contribu-
tion of 40% (Figure 6g,h). Near-normal rainfall in the MDB
results from the combination of a decreased frequency of
WCB and cut-off-low rainfall and an increased frequency
of rainfall that is not related to these weather systems
(Figure 7d). Along the East Coast, more than half of the
total rainfall is not related to the weather systems consid-
ered here (Figure 6h). The rainfall decline in the East Coast
drainage division is related to a strong decrease in the
frequency and intensity of rainfall from cut-off lows and
WCBs compared to climatology (Figure 7d). Of the total
rainfall along the South Coast, 43% is not connected with
WCBs and cut-off lows (Figure 6h). Slightly above-average
rainfall in the South Coast drainage division results from
more intense cut-off low and WCB rainfall and more fre-
quent rainfall not associated with either cut-off lows or
WCBs (Figure 7d).

We tested the sensitivity of this radius of influence
by comparing the matching results at different radii (250,
750, and 1,000 km). As the radius increases, a larger pro-
portion of rainfall is matched with both weather systems,
cut-off lows and WCBs. In contrast, the proportion of rain-
fall that is not related to the two weather systems decreases
with increasing radius as a larger area is assigned to the
weather systems. However, the pure cut-off-low and WCB
percentages (Figure 6b, d, f, h) do not change much with
increasing radius, so that the choice of R = 500 km seems
pragmatic and reasonable.

3.4 Origin of air masses during El Niño
rainfall

Backward trajectories that end up over SEA on wet days
during El Niño are calculated. These trajectories provide
insights into typical moisture pathways. Each trajectory
is assigned to the closest grid point on the rainfall grid.
Since daily rainfall at each grid point is matched with
cut-off lows or WCBs, all trajectories are split into the four
selected cases, that is, WCB, cut-off low, both and nei-
ther. Here, we only focus on the backward trajectories for
cut-off low and WCB rainfall separately, as backward tra-
jectories of rainfall related to both cut-off lows and WCBs,
do not yield additional pathways and seem to represent a

mixture of the cut-off low and WCB pathways. A cluster-
ing algorithm by Hart et al. (2015) is used to distinguish
between the different pathways. The most physically sensi-
ble number of trajectory clusters for cut-off lows and WCBs
for all El Niño clusters is three, except for cut-off lows in
wet Cluster 1 where the method indicates four clusters.
For consistency, we choose three trajectory clusters for all
rainfall clusters. Specific humidity is tracked along the tra-
jectories which allows us to identify moisture source and
sink regions. In the following, we will first describe the
pathway of air masses that end in cut-off-low precipitation,
and subsequently continue with the pathway connected to
WCB rainfall.

In wet Cluster 1, 51% of trajectories that are involved
in cut-off-low rainfall over SEA originate from the remote
inland area of Australia and reach SEA from the north-
west (Figure 8a). This pathway for cut-off-low rainfall does
not exist in the other clusters and hints to a connection
with the increase in frequency and intensity of cut-off-low
rainfall especially along the South Coast. There is a fur-
ther pathway with around 30% of all trajectories from the
Tasman Sea. Air parcels move anticyclonically towards
SEA and reach the cut-off low at its northeastern flank,
where they are possibly effectively lifted. These trajectories
spend most of their time over maritime regions where they
continuously moisten. A third pathway emerges from the
Southern Ocean, but only 19.2% of the trajectories fall into
this group. In dry Cluster 2, around 56% of air parcels that
end up in cut-off-low rainfall are already over SEA 5 days
prior to rainfall (Figure 8c). The anticyclonic pathway
over New South Wales suggests a southward movement
at the front side to the east of cut-off lows. Further path-
ways originate from the Southern Ocean where air parcels
continuously pick up moisture on their way to SEA. In
comparison to wet Cluster 1, there is no trajectory cluster
that includes the anticyclonic and wet pathway from the
Tasman Sea. More than two thirds of trajectories in wet
East Coast Cluster 3 are located at the South Coast of Vic-
toria 5 days prior to cut-off-low rainfall (Figure 8e). Air
parcels that end up in rainfall over SEA follow an anti-
cyclonic pathway along the East Coast over the Tasman
Sea and enter the continent at the northeastern border of
New South Wales. In a second pathway, air parcels start
over the Southern Ocean southwest of Australia and also
turn anticyclonically to SEA where they enter the conti-
nent at the southeastern border of New South Wales. Less
than 10% of all trajectories originate from 70◦E over the
Southern Ocean and air parcels move directly within the
westerly wind belt region towards SEA. In wet South Coast
Cluster 4, around 44% of all trajectories that end up in
cut-off-low rainfall are located over the Tasman Sea 5 days
prior to rainfall (Figure 8g). Starting with low moisture
content, the air parcels rapidly moisten while they turn
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F I G U R E 8 Cluster-median backward trajectories of (a, c, e, g) cut-off-low rainfall and (b, d, f, h) WCB rainfall in the clustering box over
SEA during El Niño. The total trajectory density (grey shading) for all trajectories at t = −120 hr is normalized and shown in 0.1 steps between
0.3 and 1.0. Each cluster-median backward trajectory shows the mean pathway in the last 5 days before the rainfall. The density and the median
pathway are not necessarily collocated due to the inter-cluster variance. Coloured shading illustrates the cluster-median specific humidity
(g⋅kg−1) along the pathway. The legend in the upper left corner of the plot gives information about the percentage of all backward trajectories
that fall within a particular trajectory cluster. Coloured points at t = 0 hr of the cluster-median trajectories help to assign the percentage values
to the respective trajectory. Yellow points at the trajectories mark the time t = −120 hr that is assigned to the density of trajectories (shading)
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anticyclonically over the Tasman Sea towards SEA. They
enter the continent at 25◦S and reach SEA from the north.
Two further pathways originate from the Southern Ocean.

We now focus on WCB rainfall backward trajectories.
In wet Cluster 1, the majority of trajectories ending up in
WCB rainfall originate from the Coral Sea and reach SEA
from the north (Figure 8b). Starting with a high amount
of moisture, they continuously moisten on their anticy-
clonic pathway towards SEA. Another pathway reaches
SEA straight from the northwest coast of Western Aus-
tralia. Although we see a similar pathway from the north-
west in other clusters, the air parcels are located on the
northwesternmost point in Cluster 1 around 5 days prior
to rainfall. A third pathway points to air masses that origi-
nate from the Southern Ocean and flow cyclonically along
the South Coast of Australia to SEA. In dry Cluster 2, air
masses originate mostly from the remote inland area of
Australia during WCB rainfall in SEA (Figure 8d). Around
30% of WCB backward trajectories point to the Southern
Ocean as the source region. In contrast to wet Cluster 1,
only 25% of air parcels that end up in WCB rainfall come
from the Tasman Sea. More than half of all backward tra-
jectories of WCB rainfall show a pathway from the remote
inland of Australia in wet East Coast Cluster 3 (Figure 8f).
Around 40% of the air parcels that end up in WCB rainfall
originate from the Tasman Sea and move anticyclonically
towards SEA with a noticeably higher content of mois-
ture (over 7 g ⋅ kg−1) in comparison to the air parcels from
the inland areas of Australia. The third pathway repre-
sents less than 10% of the backward trajectories that come
from the Southern Ocean. In wet South Coast Cluster 4,
45.5% of all backward trajectories of WCB rainfall have
their origin 5 days prior to rainfall over northwest Australia
(Figure 8h). Air parcels connected to this pathway enter
SEA from the northwest and end up in rainfall over cen-
tral SEA. Around a third of all air parcels move from the
Southern Ocean in particular towards the southern part of
SEA. Only 22% of all WCB rainfall air parcels come from
the Tasman Sea, where they rapidly moisten during their
anticyclonic pathway towards SEA.

4 DISCUSSION

Based on the k-means clustering of monthly rainfall
anomalies, we find four rainfall anomaly patterns in the
winter–spring season (JJASON) in SEA in the period
1979–2015: wet SEA (Cluster 1), dry SEA (Cluster 2), wet
East Coast (Cluster 3) and wet South Coast (Cluster 4).
Ten El Niño years within the selected period are chosen
to focus on rainfall variability during El Niño. The cluster
containing most of the El Niño months is dry Cluster 2,
which is characterised by below-average rainfall in SEA

and represents the well-known average impact of El Niño
on rainfall in SEA (Risbey et al., 2009b). However, the
five months in wet Cluster 1 exhibit above-average rain-
fall during El Niño and underscore the notion that El Niño
does not necessarily lead to drought conditions over SEA
(Kane, 1997). Qualitatively, the resulting monthly rain-
fall anomaly clusters show similarities with the results of
Risbey et al. (2009b). In their study, the clustering of Aus-
tralian winter rainfall (JJA) in the period 1960–2004 yields
five clusters that also differentiate between rainfall anoma-
lies that spread over the continent and rainfall anoma-
lies that are concentrated along the coasts. We investigate
weather system frequencies during El Niño, match daily
rainfall with cut-off lows and WCBs, and find different
pathways of air masses that end up in rainfall.

Wet Cluster 1 is characterised by above-average rain-
fall. The rainfall pattern is known and has been discussed
in several studies mostly in connection with the strong
El Niño of 1997 which led to near-average annual rain-
fall in Australia (e.g., Brown et al., 2009; van Rensch et al.,
2019). We find increased blocking southeast of Australia in
combination with an enhanced frequency of cut-off lows,
WCBs and enhanced moisture fluxes over SEA during wet
months. This is partly in accordance with the results of
Risbey et al. (2009a), who find in their "wet Australia” rain-
fall pattern a favoured region of development of cut-off
lows due to blocking southeast of the continent. Risbey
et al. (2009a) further mention that the variability in rainfall
from frontal systems seems to be regulated by extratropi-
cal processes and not primarily by tropical processes like
ENSO. The results of this study point to the importance of
WCBs, which are very closely related to fronts, as sources
of rainfall in wet Cluster 1. An increased frequency of WCB
rainfall and rainfall related to WCBs and cut-off lows lead
to the positive rainfall anomalies over SEA in wet Clus-
ter 1. This result is in a contrast to the finding of Brown
et al. (2009), who attribute wet conditions during El Niño
to an enhanced intensity but not an increased frequency
of cut-off lows in northwestern Victoria. These differences
are probably due to the limited consideration of only eight
stations in northwestern Victoria, a different identifica-
tion method of cut-off lows and, most importantly, the
different observation period (April–October) and tempo-
ral data aggregation in Brown et al. (2009). Even though
most of the months in the selected El Niño years of Brown
et al. (2009) fall in our dry Cluster 2, there is significant
rainfall variability between the months within the same
El Niño years that can distort important signals over a
long period. The trajectory analysis highlights the origin
of air parcels from the Coral Sea and the northwest coast
of Australia that end up in WCB rainfall in wet Cluster 1.
The unexpected northwest Australian pathway indicates
the importance of tropical air masses for rainfall during
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El Niño. Contrary to what might be expected, the trajec-
tories collect considerable moisture from the northwest
coast before moving over the dry interior of Australia.
Northwest cloudbands develop near the northwest coast of
Australia mostly in winter, extend southeastward and, in
conjunction with fronts, bring rainfall to SEA (Tapp and
Barrell, 1984; Wright, 1989; Verdon and Franks, 2005). An
anomalous high-amplitude trough off the coast of West-
ern Australia and anomalous anticyclonic flow over north
and east Australia are conditions that favour the develop-
ment of northwest cloudbands (Tapp and Barrell, 1984).
These conditions are also present in wet Cluster 1 and
support the hypothesis that the pathway from the north-
west coast of Australia is linked to the presence of north-
west cloudbands which are in turn associated with WCBs.
The pathway from the Coral Sea that is connected with the
warm, unstable and heavily moistened air masses over the
North Tasman Sea (Short, 2020) has already been linked to
extreme rainfall events of cut-off lows, i.e. during the 1997
El Niño event (McIntosh et al., 2007; Brown et al., 2009;
McIntosh et al., 2012). The pathway from the Coral Sea is
not found in other clusters and seems to be a key pathway
for the transport of moisture to SEA during wet months.
This links to the findings of van Rensch et al. (2015) and
van Rensch et al. (2019), who find a connection to high
SSTs northeast of Australia and the unusually high rainfall
amounts during El Niño in 1997.

Dry Cluster 2 is characterised by below-average rain-
fall in SEA. This is the known average effect of El Niño
especially during the winter-spring season (Brown et al.,
2009; Risbey et al., 2009b; Cai et al., 2010). We find that
the increased frequency of blocking collocated with an
anomalous anticyclone at 140◦E leads to the suppression
of weather system activity (cut-off lows, WCBs, extratropi-
cal cyclones, moisture fluxes) leading to drier-than-normal
conditions over SEA. The anticyclonic anomaly is likely
related to a Rossby wave train emerging from the tropical
Indian Ocean (not shown). This is in line with the aver-
age pattern during El Niño found in Cai et al. (2011). In
contrast to wet Cluster 1, there is an anomalous high per-
centage of rainfall that is neither related to WCBs nor to
cut-off lows, with a high decline in intensity and frequency
of rainfall in general. In line with the “dry Australia” pat-
tern in Risbey et al. (2009a), low blocking activity over
the Tasman Sea is associated with fewer cut-off lows and
reduced rainfall from cut-off lows. Since the thunderstorm
activity is already increasing significantly in Austral spring
(Allen et al., 2011), and more than half of the months
in dry El Niño Cluster 2 fall in the spring season, the
high percentage of weather-system-unrelated rainfall sug-
gests the contribution of convective systems, especially in
the northern and eastern subtropical parts of SEA. Along
the South Coast, rainfall probably forms following the

passage of a cold front, as it is known that frontal sys-
tems bring a high percentage of rainfall in the growing
season (April–October) to the South Coast of SEA (Pook
et al., 2014). Most of the backward trajectories of WCB and
cut-off-low rainfall come from the remote inland regions of
Australia and from the Southern Ocean. These air parcels
are less humid than the air parcels in wet Cluster 1, imply-
ing that trajectories from the south and remote inland are
associated with less rainfall. This corroborates the findings
of Brown et al. (2009) and McIntosh et al. (2012) from a
climatological perspective.

In Cluster 3, the East Coast receives above-average
rainfall and the area west of the Great Dividing Range
below-average rainfall. In this study, we find a large region
of increased blocking south of Australia centred at 120◦E
within a pronounced anomalous anticyclone which is
associated with an increased frequency of cut-off lows at
its northern flank. Moreover, the anomalous anticyclone
induces anomalous easterly onshore winds, creating a sit-
uation where cut-off lows over the Tasman Sea move east-
ward towards Australia and bring rainfall along the East
Coast to the windward side of the Great Dividing Range.
This corroborates the results of Pepler et al. (2016), who
find a negative correlation between zonal wind magni-
tude and rainfall along the East Coast of SEA from May
to October. Cut-off lows contribute to the highest percent-
age of rainfall in wet East Coast Cluster 3. Above-average
rainfall along the East Coast results particularly from an
increased frequency of cut-off lows. In this context, Hen-
don et al. (2007) connected easterly storm track anomalies
with enhanced rainfall on the southeast coast due to the
combination of the increased occurrence of moist flow
from the Tasman Sea and the orographic effects east of the
Great Dividing Range. Backward trajectories reveal that air
masses predominately originate from the Southern Ocean
and move anticyclonically over the Tasman Sea towards
SEA where they end up in cut-off-low rainfall in wet East
Coast Cluster 3.

The rainfall anomaly pattern in wet South Coast Clus-
ter 4 is the reversed pattern of wet East Coast Clus-
ter 3, with below-average rainfall along the East Coast and
above-average rainfall west of the Great Dividing Range.
In contrast to the other clusters, we find the presence of
an anomalous trough south of Australia which points to
enhanced westerly winds over SEA. East of Australia, the
lack of rainfall along the East Coast can be attributed to the
lack of rain-bearing weather systems that are considered in
this study. In connection to the “wet south” pattern, Risbey
et al. (2009a) note decreased pressure and an equatorward
shift of the westerly wind belt, which is in accordance
with our findings. The combination of enhanced wester-
lies and decreased rainfall along the East Coast also agrees
with the negative relationship of zonal wind magnitude
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and rainfall along the East Coast found by Pepler et al.
(2016). We find in general a low contribution of WCBs and
cut-off lows to rainfall in wet South Coast Cluster 4. Rain-
fall along the South Coast is suggested to result primarily
from fronts associated with extratropical cyclones, which
corresponds to the results in the “wet south” pattern of
Risbey et al. (2009a). Furthermore, convective systems can
also contribute to rainfall primarily in the northern part of
SEA during the winter–spring season. The WCB may not
cover all frontal rainfall in SEA, which leads to the conclu-
sion that non-matching rainfall further results from drizzle
from shallow clouds, from occlusion fronts or from warm
fronts, whose annual percentage of total rainfall exceeds
15% in SEA (Catto et al., 2012a). A study by Wright (1989)
also highlighted the importance of post-frontal rainfall,
which is often observed in winter in southwestern Victo-
ria and can presumably explain much of the unmatched
rainfall in wet South Coast Cluster 4. Air parcels that end
up in WCB rainfall show a pathway similar to dry Clus-
ter 2 which agrees with the “dry” trajectories of Brown et al.
(2009) and McIntosh et al. (2012).

5 CONCLUDING REMARKS

ENSO is the primary driver of interannual rainfall vari-
ability and its positive phase – El Niño – is typically asso-
ciated with below-average rainfall in SEA, especially in
the winter–spring season from June to November. How-
ever, the three strong El Niño events of 1982, 1997 and
2015 showed marked differences concerning their impacts
on rainfall, pointing to a nonlinear relationship between
the strength of El Niño and the influence on SEA rain-
fall. Though previous studies mostly focus on the statis-
tical relationship between rainfall and large-scale climate
modes, the present study investigates the monthly rain-
fall variability in SEA during El Niño from a weather
system perspective. Characteristic rainfall patterns are
identified by clustering monthly rainfall anomalies in the
winter–spring seasons of the last ten El Niño events.
Monthly rather than seasonal averages help to explain the
event-to-event variability of El Niño which has been noted
in previous studies (Brown et al., 2009; Taschetto and Eng-
land, 2009; van Rensch et al., 2019). A further benefit of
this approach is that anomalous frequencies of flow fea-
tures do not average out, which would be the case when
averaging over an entire El Niño event.

Four different spatial rainfall anomaly patterns dom-
inate the rainfall variability in the winter–spring season
and separate wet, dry, East Coast wet and South Coast
wet months in SEA. With focus on El Niño, the dry rain-
fall Cluster represents roughly 50% of the selected months
within the period 1979–2015, which is the known average

response during El Niño. Pronounced changes of weather
system frequencies occur during El Niño over SEA and
vary highly with the respective monthly rainfall anomaly
pattern. The most prominent changes are observed in
the atmospheric blocking, WCB and cut-off-low frequen-
cies in all clusters. There is a significant increase in the
frequency of occurrence of the mentioned weather sys-
tems over SEA in the wet Cluster that is less likely to be
found during El Niño events (Figure 9a). A lack of these
weather systems due to blocking over the continent is
observed in the dry Cluster (Figure 9b). Increased rain-
fall along the East Coast results from blocking south of
Australia which favours the development of cut-off lows
over the Tasman Sea (Figure 9c). Positive rainfall anoma-
lies along the South Coast are associated with enhanced
frontal rainfall within the equatorward-shifted storm track
region (Figure 9d). The matching of rainfall with cut-off
lows and WCBs shows that up to 80% of rainfall is related to
two types of weather system over SEA. Convective events
in the northern parts of SEA and post-frontal convective
rainfall along the South Coast seem to be responsible for
rainfall that cannot be attributed to WCBs and cut-off lows.
That frequency changes of weather systems determine
monthly rainfall anomalies is shown by decomposing rain-
fall anomalies into changes in frequency and intensity.
The results reveal the dominance of frequency modula-
tions in all clusters. Backward trajectories of air parcels
that end up in WCB or cut-off-low rainfall in SEA high-
light the pathway from the Coral Sea northeast of SEA and
the striking pathway from the northwest coast of Australia
for wet months (Figure 9a). A key finding is that trajecto-
ries reach SEA from the inner continent in wet months,
where they continuously pick up moisture, and not (as
one would intuitively expect) from the Indian or Southern
Ocean. Nevertheless, pathways from the Southern Ocean
and from remote inland areas of Australia are found in dry
months (Figure 9b).

This study contributes towards solving the question
of the strong case-to-case variability of El Niño responses
in SEA. Our approach might also be suitable to shed
light on the asymmetric and nonlinear response between
El Niño and La Niña. Therefore, it would be intriguing
to apply the utilized methods to La Niña events to also
advance the dynamic understanding of the drivers lead-
ing to above-average rainfall in SEA. Although this study
sheds light on the processes that drive rainfall variabil-
ity during El Niño, future studies could consider further
rain-bearing weather systems affecting SEA to gain a better
and more complete understanding of rainfall contributors.
Also, the use of a Lagrangian moisture diagnostic (Sode-
mann et al., 2008) could provide more explicit insights
into the sources of water vapour. In their study about rain-
fall mechanisms, van Rensch et al. (2019) point to the
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F I G U R E 9 Schematic
summary of key large-scale
anomalies, weather system frequency
anomalies and main pathways of air
parcels that end up in WCB and
cut-off-low rainfall over SEA during
El Niño. Red (blue) contours indicate
positive (negative) geopotential
anomalies at 500 hPa. With focus on
the main weather systems, we display
regions of significant frequency
anomalies in blocking (yellow
shading), cut-off lows (blue shading)
and WCB ascent (pink shading) in
each cluster. The signs indicate
whether the frequency anomalies are
positive (+) or negative (–). Coloured
arrows indicate the main backward
trajectory clusters of cut-off-low
rainfall (blue) and WCB rainfall
(pink). Only cluster-median
backward trajectories are displayed
which include at least 30% of all
trajectories

importance of SSTs northeast of Australia as model exper-
iments reveal that they mainly influence east Australian
rainfall through changes to moisture availability. Various
studies highlight the tendency for a shift of the midlat-
itude storm track towards higher southern latitudes due
to global warming. It is thought that this shift impacts
local weather and climate in SEA through a reduction of
rainfall. By looking at interannual rainfall variability, our
study demonstrates that it is not only the shift of the storm
track that explains the rainfall anomalies, but rather the
occurrence frequency of blocking and the associated devel-
opment of cut-off lows in particular along the East Coast.
Hence, it is of importance to further improve the under-
standing of blocking in the Australian region and to further
assess its predictability in numerical weather prediction
models on synoptic to climate time-scales.
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