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Abstract. While the effects of the El Nifio-Southern Oscillation (ENSO) on Australian rainfall are well known, its modulation
of the main rain-producing weather system—extratropical cyclones—is still not well understood. In particular, there is a lack
of direct evidence for ENSO-related changes in cyclone day frequency around Australia because high internal variability makes
it hard to detect the signal when calculating cyclone frequency under conventional seasonal windows. Given that ENSO
influences the extratropics primarily through atmospheric teleconnections, its impact on extratropical cyclones should be
detectable on days when teleconnections are well established. Focusing on the austral spring, when the strongest response to
ENSO in the southern extratropics is exhibited, we identify persistent teleconnection pattern periods by projecting daily low-
frequency circulation fields onto ENSO-composited teleconnection patterns. We then use these days as a sample space to
calculate cyclone day frequency. Under this conditioning, we reveal that ENSO teleconnection patterns modulate Southern
Hemisphere cyclone activity, with particular signals emerging over the Tasman Sea, where cyclone frequency increases
(decreases) up to about 10% during La Nina (El Nifio). Tracking statistics further indicate enhanced cyclogenesis over the
Tasman Sea during La Nifia, and reduced genesis during El Niflo, especially for the Central Pacific type. Cyclone residence
time over this region also tends to increase during La Nifia, consistent with the associated favourable dynamical and moisture
environment. Decomposing rainfall anomalies into Tasman Sea cyclone and non-cyclone components further highlights the
role of cyclone activity changes in eastern Australian rainfall anomalies during ENSO events. These results suggest the
importance of low-frequency circulation regimes in mediating tropical forcing on extratropical weather and provide new

insights into the ENSO-weather systems linkage study.
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1 Introduction

The EI Nifio-Southern Oscillation (ENSO) is one of the major remote drivers of Australian climate variability (Risbey et al.,
2009; Santoso et al., 2019; Taschetto et al., 2025). Over the last century, numerous studies have examined ENSQO’s influences
on Australia, particularly on rainfall (McBride and Nicholls, 1983; Murphy and Timbal, 2008; Walker, 1925). ENSO
variability is closely associated with extreme events such as droughts (Grant et al., 2025; Holgate et al., 2025), floods (Verdon
et al., 2004; Wu and Leonard, 2019), and wildfires (Mariani et al., 2016; Williams and Karoly, 1999), with substantial socio-
economic impacts in this country. It is widely known that the ENSO-related Australian seasonal rainfall anomalies are typically
characterized by the “El Nifio-dry and La Nifia-wet” relationship (McGregor et al., 2024; van Rensch et al., 2026). In terms of
influencing mechanisms, ENSO modulates the tropical Walker circulation and convective heating anomalies (Bjerknes, 1969;
Taschetto et al., 2020; Trenberth et al., 1998), which excite Rossby waves that propagate into the extratropics (Hoskins and
Karoly, 1981), causing large-scale circulation anomalies projected onto the Pacific-South American (PSA)-like pattern (Karoly,
1989; Mo, 2000; Mo and Higgins, 1998). These atmospheric teleconnections provide the fundamental pathway through which
ENSO influences Australian climate. In recent decades, substantial progress has also been made in understanding the
complexity of ENSQO’s seasonal impacts on Australia, including the diversity and asymmetry of ENSO influences (Ma et al.,
2023; Sun et al., 2026; Wang et al., 2022), interactions with other climate modes (Cai et al., 2011; Cowan et al., 2023;
Ummenhofer et al., 2011), and modulation by multidecadal variability (Power et al., 1999; Trascasa-Castro et al., 2023).

Beyond seasonal-mean climate, an increasing number of studies have investigated how ENSO modulates the statistics of
synoptic-scale weather systems, reflecting a growing interest in linking weather and climate (Dole, 2008; Randall and Emanuel,
2024). In Australia, the main rain-producing weather systems are cyclonic low-pressure systems (Dowdy et al., 2013; Pepler
and Dowdy, 2021; Pook et al., 2006), with extratropical cyclones and their associated warm conveyor belts (WCBs) acting as
major contributors to seasonal rainfall, and their occurrence changes have been shown to explain a substantial fraction of
rainfall anomalies in southeastern Australia (Jin et al., 2024, 2025). Despite the well-known influence of ENSO on Australian
rainfall and the importance of synoptic-scale cyclonic systems in producing rain, direct evidence supporting the linkage
between ENSO and Australian extratropical cyclones is absent. In contrast to tropical cyclones, which are more directly
affected by ENSO (Chand et al., 2019; Nicholls, 1979; Ramsay et al., 2014), it is less clear how Australian extratropical
cyclones are modulated by ENSO. For example, Australian east coast lows, typical extratropical cyclonic systems that are
occasionally associated with upper-level cutoff lows, play a key role in cool-season rainfall variability (Pepler et al., 2014b),
yet their relationship with ENSO is generally found to be weak on monthly to seasonal timescales in terms of their frequency,

duration, and location (Grosfeld et al., 2021; Pepler et al., 2014b; Pepler and Dowdy, 2021).

Given the chaotic nature of synoptic weather systems on long timescales and the strong internal variability of extratropical
atmosphere (Deser et al., 2017; Lorenz, 1963), the absence of a clear ENSO-cyclone relationship reflects a low signal-to-noise

ratio in this cross-scale problem and is perhaps unsurprising. Nonetheless, some recent studies provide insightful clues for
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further exploring this issue. For example, Hauser et al., (2020) clustered monthly rainfall anomalies in southeastern Australia
during El Nifio years, identifying a dominant “Dry Cluster 2” that exhibits the typical El Nifio-related rainfall decrease pattern.
Crucially, this cluster was associated with fewer cyclones and WCBs over the eastern Australian and the Tasman Sea. Another
relevant study by Gillett et al., (2023) compared cyclone-day composites with seasonal-mean circulation anomalies during
ENSO years and found strong similarities between the two, suggesting that ENSO modulates cyclone statistics through large-
scale circulation patterns. Thus, these results motivate us to rethink the possible connection between ENSO and extratropical
cyclones over the Australian region. A key question is whether ENSO truly has no significant influence on Australian
extratropical cyclones, or whether its impact is obscured by noise and therefore difficult to detect under conventional seasonal

analysis.

Answering this question requires a deep understanding of ENSO atmospheric teleconnections (Taschetto et al., 2020), which
play a central role in linking tropical forcing and extratropical weather. These teleconnections are essentially low-frequency
circulation variability modulated by ENSO-induced tropical heating anomalies (Hannachi et al., 2017; Mo, 2000), also
manifested as forced, quasi-stationary planetary waves (Held et al., 2002; Hoerling and Kumar, 2002; Hoskins and Karoly,
1981). Although they exhibit well-organized spatial patterns on seasonal-mean fields, it does not mean that they persist steadily
throughout a season. Instead, evidence suggests that they occur episodically on daily scales—the exact timescale on which
synoptic weather systems work (Feldstein, 2000; Jaffe et al., 2011). This intraseasonal intermittency of extratropical
teleconnections is partly related to the transient nature of tropical convective heating (Matthews and Kiladis, 1999; Stan et al.,
2017). While the change in seasonal-mean tropical heating is caused by ENSO-related sea surface temperature (SST)
anomalies on seasonal-to-interannual timescales, Branstator (2014) uses atmospheric general circulation model experiments
with short-lived tropical heating to demonstrate that the response to steady forcing is essentially the sum of responses to a
sequence of heat pulses, and importantly, that short-lived tropical heating can also produce persistent responses in midlatitude
circulation and in the statistics of synoptic eddies. These results provide an advanced understanding on the linkage between

weather and climate under ENSO conditions.

It is important to note that low-frequency circulation variability in the extratropical atmosphere is strongly coupled with high-
frequency variability, or synoptic-scale eddies which are often manifested as propagating weather systems (Tamarin-Brodsky
et al., 2026). As a result, extratropical low-frequency variability is not only influenced by tropical forcing associated with SST
anomalies such as ENSO, but is also significantly affected by the feedback from synoptic eddies (Karoly, 1990; Lau and
Holopainen, 1984), thus forming a two-way dynamical interaction (Jin et al., 2006). Nevertheless, this does not preclude the
feasibility of examining the ENSO modulation on high-frequency synoptic systems through teleconnection patterns. Many
studies researching low-frequency variability have conducted synoptic analysis on the identification, evolution, and dynamics
of low-frequency teleconnection patterns mostly in the Northern Hemisphere, such as the Pacific-North America (PNA) and
the North Atlantic Oscillation (NAO) (Benedict et al., 2004; Franzke et al., 2011; Song, 2018). However, the identification of

ENSO-related teleconnection patterns on synoptic timescales in the Southern Hemisphere, particularly for distinct Eastern
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Pacific (EP) and Central Pacific (CP) El Nifio events, as well as La Nifia, has received less attention. Consequently, how these

teleconnection patterns modulate extratropical cyclones also remains poorly understood.

The teleconnection patterns seen in seasonal-mean fields can be interpreted as the aggregate of episodic events associated with
dominant low-frequency variability on synoptic timescales, which implies that ENSO-related changes in synoptic-scale
extratropical cyclones, particularly regional signals over Australia, may also occur episodically while are not easily detected
in seasonal-mean analysis. Motivated by this, we aim to extract teleconnection pattern periods to examine ENSO modulation
of Australian extratropical cyclones. Here we focus on the austral spring (Sep-Oct-Nov, SON) because this season is known
to exhibit the strongest seasonal response of Southern Hemisphere extratropical circulation to ENSO. Specifically,
teleconnection pattern days are identified by projecting daily low-frequency circulation fields onto ENSO-composited
springtime teleconnection patterns, thereby constructing a refined sample space representing periods when ENSO-related
teleconnections are well established on daily timescales. Cyclone statistics are then evaluated within these days to possibly
enhance the detectability of ENSO-related signals. Among various metrics, cyclone day frequency (CDF) is investigated as a

priority, as it provides a clear spatial measure that facilitates the identification of cyclone activity changes hotspots.

Based on the above introduction, the three central questions of this study are therefore as follows:

(1) How are ENSO-related teleconnection patterns in the Southern Hemisphere manifested on daily timescales?

(2) Do Australian extratropical cyclone statistics exhibit a clearer ENSO response when conditioned on these pattern days?
(3) What is the role of cyclone changes in ENSO-related rainfall anomalies over Australia?

The remainder of this paper is organized as follows. Section 2 describes the data and methodology, Section 3 presents the main

results addressing the above questions, and Section 4 summarizes and discusses the main findings.



111

112

113
114
115
116
117
118
119
120
121
122
123

124

125
126
127
128
129
130
131

132
133
134
135
136
137

https://doi.org/10.5194/egusphere-2026-3344
Preprint. Discussion started: 14 July 2026 G
© Author(s) 2026. CC BY 4.0 License. E U Sp here

2 Data and methods
2.1 Observations and ERAS reanalysis

Meteorological fields are derived from the ECMWF Reanalysis v5 (ERAS) (Hersbach et al., 2020), including geopotential
height, horizontal wind, vertical velocity, relative vorticity, and vertically integrated moisture flux, all re-gridded to 1°
resolution. Sea surface temperature (SST) data are taken from the Hadley Centre Sea Ice and Sea Surface Temperature
(HadISST) dataset (Rayner et al., 2003). Tropical convection is represented by interpolated outgoing longwave radiation (OLR)
from the National Oceanic and Atmospheric Administration (NOAA) (Liebmann and Smith, 1996). Daily rainfall over
Australia is obtained from the Australian Gridded Climate Data (AGCD) at a 0.05° horizontal resolution (Evans et al., 2020).
AGCD is constructed from station observations across Australia and is a widely used dataset for weather and climate studies
in this country. The analysis timespan in this study is post-satellite era 1979-2022. To reduce the possible influence of decadal
variability, daily (monthly) anomalies are derived by subtracting a centered 31-yr sliding climatology for the corresponding
calendar day (month), with the anomalies for the first and last 16 years based on a fixed 31-yr window due to data limitation

on boundaries. All anomalies are then detrended to remove the long-term linear trend.
2.2 Objectively identified cyclone dataset

Surface cyclones are objectively defined from ERAS based on the identification and tracking algorithm by Sprenger et al.
(2017), which is a modified version of the method proposed by Wernli and Schwierz (2006). A cyclone is identified as an area
comprising a local sea level pressure (SLP) minimum, enclosed by the outermost closed SLP contour. Cyclone tracks are
constructed by linking SLP minima positions (latitude/longitude) at consecutive hourly time steps. It should be noted that this
SLP-based algorithm does not distinguish between different cyclone types. A detailed description of this algorithm is provided
in Sprenger et al. (2017). A comprehensive comparison of different extratropical cyclone tracking algorithms, including this

SLP-based scheme, can be found in Neu et al. (2013).

The identified cyclone objects are available as hourly two-dimensional binary fields, in which a flag of 1 denotes a grid point
covered by a cyclone and 0 otherwise. Further, the hourly binary flag is aggregated to the daily for facilitating the CDF
calculation at daily timescale: a grid point is defined as a “cyclone day” if it is flagged for more than 6 hours within a given
calendar day (24 hours). We’ve tested 10- and 12-hour thresholds to confirm that the results are robust to this choice. Due to
the data availability, this cyclone dataset currently spans 1979-2022 and does not include the recent strong El Nifio event of

2023-2024. But the exclusion of this recent year is not expected to substantially affect the overall results.
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2.3 EP/CP ENSO events

Since we aim to examine the austral springtime response to ENSO, we consider the SST anomalies in the SON season when
identifying ENSO events. Based on the Oceanic Niflo Index (ONI) provided by the NOAA Climate Prediction Center, an El
Nifio (La Nifia) event is identified when ONI values from SON of a given year through the following DJF remain above 0.5
(below -0.5), and the value in SON exceed 0.7 (below -0.7). This can effectively identify typical ENSO events while excluding
weak cases. On this basis, El Nifio events are further classified into EP and CP types following Kug et al. (2009). The EP (CP)
El Nifio is defined when the SON Nifio-3 index is greater (less) than the Nifio-4 index. The Nifio-3 and Nifio-4 indices are
calculated as SST anomalies averaged over the Niflo-3 (150°W-90°W, 5°N-5°S) and Nifio-4 (160°E-150°W, 5°N-5°S) regions,
respectively. The resulting classification of events is summarized in Table 1. It should be noted that while the Relative ONI
(RONI) has been introduced recently (L’Heureux et al., 2024), the conventional ONI is retained here for identifying typical

ENSO events, which are not expected to be sensitive to the index used.

Table 1. Typical ENSO events from the 1980s onwards are classified by the SON-based Nifio-3—4 index method. Event years are defined
by the corresponding SON season.

ENSO type Event years
EP El Nifio (5) 1982, 1987, 1997, 2006, 2015
CP El Niilo (6) 1986, 1991, 1994, 2002, 2009, 2018
La Nifia (11) 1983, 1988, 1995, 1998, 1999, 2007, 2010, 2011, 2020, 2021, 2022

2.4 Identification of ENSO teleconnection pattern periods

Because ENSO-related teleconnection patterns are not necessarily maintained throughout the season but instead occur
episodically on the daily timescale, the spatial projection-based method (Franzke et al., 2011; Li and Lau, 2012; Song, 2018)
is applied to identify the persistent periods exhibiting teleconnection patterns associated with EP El Nifio, CP El Niflo, and La

Nifla events.

Specifically, first, the ENSO-composited 500-hPa geopotential height (Z500) anomaly patterns in the SON season over the
domain spanning extratropical Australia to the South Pacific (20°S-80°S, 80°E-80°W) are used as the reference patterns. The
same domain is adopted for all three ENSO types to ensure comparability (red boxes in Fig. 1g-i). Daily low-frequency Z500
anomaly fields, obtained using a 10-day Lanczos low-pass filter (Duchon, 1979), are then projected onto the reference patterns
for each year, yielding the daily timeseries of projection coefficients. The resulting projection coefficients are further
normalized by the standard deviation of the entire timeseries over the 1979-2022 to obtain the daily pattern index (Fig. S1),

which represents the day-to-day variability of the corresponding ENSO-related teleconnection pattern. Based on this, persistent
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teleconnection pattern periods are defined when the daily pattern index exceeds 1.0 for at least 10 consecutive days. The 10-
day persistence criterion follows previous studies of low-frequency circulation variability (Dole and Gordon, 1983; Li and Lau,
2012). To reduce boundary effects, this spatial projection-based identification is conducted over an extended SON season from
16 August to 15 December (121 days per year). The calendar distribution of identified pattern days during ENSO years is
shown in Fig. 2, and the total number of EP El Nifio-, CP El Nifio-, and La Nifia-related pattern days is 163, 204, and 289,

respectively.
2.5 Cyclone day frequency under different sample spaces

Once the pattern periods are identified, all days within these periods are combined to form a conditional sample space
representing the establishment of ENSO-related low-frequency teleconnection patterns in the extratropics. Before examining
CDF under ENSO conditions, we first define the climatological CDF (P(C)im) as the probability of cyclone occurrence
estimated over all extended SON days during the full period (1979-2022):

all

C
P(C)clim = TD I x 100% (1)
a

where C,;; denotes the number of cyclone-flagged days in all extended SON seasons, and TD,;; denotes the total days of all

extended SON seasons during 1979-2022 (121 days x 44 years = 5324 days).

To quantify ENSO-related changes under different sample spaces, CDF is computed within increasingly restricted subsets of

extended SON days. First, under the conventional seasonal window, CDF during ENSO years is defined as:

C
P(C|ENSO) = T;”SO

X 100% 2)

ENSO

where Cgyso denotes the number of cyclone-flagged days within extended SON seasons of ENSO years (for EP El Nifio, CP
El Nifio, and La Nifa years, respectively), and TDgyso denotes the corresponding total days of extended SON seasons of
ENSO years (e.g., for EP El Niflo, that is 121 days x 5 years = 605 days). Further, the CDF conditioned on the identified
persistent pattern days (P(C|ENSO, pattern)) is defined as

CENSO,pattern

P(C|ENSO, pattern) = X 100% 3)

DENSO,pattern

in which Cgysopattern denotes the counts of cyclone-flagged days in ENSO-related teleconnection pattern days, and
TDgnso pattern denotes the total number of pattern days during corresponding ENSO years (e.g., for EP El Nifio, that is 163

days in total). Actually, such a calculation can be interpreted as a conditional probability, which has also been used to quantify

7
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the frequency changes in other weather systems (e.g., atmospheric blocking) associated with climate modes (Liu and Wang,

2024).
For comparison, CDF under the complementary non-pattern days within ENSO years is computed as:

C —-C
P(C|ENSO,non — pattern) = ENSO ENSOpattern

X 100% )
TDENSO - TDENSO,pattern

The corresponding CDF anomalies under different sample spaces are calculated all relative to the climatological probability

P(C)iim- In addition to CDF, cyclone track density is calculated as the percentage of hours during which cyclone centres (SLP

minima) are located within each 5° x 5° latitude-longitude grid cell over a given period (relative to the total hours in the sample

space). Analogously, the track density is computed within the climatological, seasonal, pattern, and non-pattern sample spaces.
2.6 Significance test

The statistical significance of CDF anomalies associated with pattern and non-pattern days is assessed using a Monte Carlo
resampling approach. For example, to evaluate the significance of P(C|EP El Nino, pattern), a sample of 163 days (i.e. the
total number of identified EP El Nifio-related pattern days) is randomly drawn 1000 times from all extended SON days. For
each resampling, CDF is calculated and the anomaly relative to P(C) .y, is obtained. The resulting distribution of CDF
anomalies represents the range under random resampling with the same sample size. If the observed anomaly of
P(C|EP El Nino, pattern) lies within the upper or lower 2.5% tails of the resample-based distribution, it is considered
statistically significant at the 95% confidence interval. CDF significance associated with other conditions is evaluated through

a similar procedure but using corresponding sample size for resampling.

For other regular variables (e.g., Z500 composites), statistical significance is assessed using a two-tailed Student’s ¢-test (Wilks,
2011). To account for temporal autocorrelation in daily data, the effective degrees of freedom are estimated following

Bretherton et al. (1999), and the ¢-test is adjusted accordingly.
2.7 Atmospheric dynamical diagnostics

Two atmospheric dynamical diagnostics are examined in this study, which are the upper-level Rossby wave source (RWS, at
200hPa) and lower-tropospheric baroclinicity (vertically averaged between 850-1000hPa). RWS is used to demonstrate the
connection between tropical diabatic heating forcing and extratropical wave response, which is calculated following

Sardeshmukh and Hoskins (1988), defined as —V - (V,,{), where V,, is divergent wind vector and ¢ the absolute vorticity. The

baroclinicity is measured as Eady growth rate (EGR), which is a key parameter for extratropical cyclone activity with a
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214 definition a5; = 0.31f|dV},/0z|/N (Lindzen and Farrell, 1980), where f is the Coriolis parameter, V}, is horizontal wind

215 vector, and N is Brunt-Viiséla frequency.
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3 Results
3.1 Persistent ENSO teleconnection pattern days: distribution and validation

First, we present seasonal patterns of tropical forcing and extratropical circulation responses during the extended SON season
for different ENSO events (Fig. 1), which provide the large-scale background for the linkage between ENSO and synoptic
weather systems. The SST anomalies (Fig. 1a-c) exhibit the spatial patterns of EP El Nifio, CP El Nifio, and La Nifia events.
Accompanying these SST patterns, EP El Nifio is characterized by enhanced convection (negative OLR anomalies) extending
from the central Pacific to east of the dateline, together with an east-west dipole across the tropical Indian Ocean (Fig. 1d). In
comparison, CP El Nifio shows weaker and westward-shifted convection anomalies (Fig. 1e), while La Nifia basically displays
an opposite pattern, with enhanced convection over the Maritime Continent and suppressed convection over the central Pacific
(Fig. 1f). These distinct tropical convection anomalies drive different extratropical circulation responses. During EP El Niflo,
the 500-hPa geopotential height (Z500) anomalies exhibit a wave-train pattern with two branches, including a pronounced
high-pressure anomaly south of Australia (Fig. 1g). For CP El Nifio and La Nifia, the PSA-like pattern dominates but with
reversed polarity and discernible difference in spatial structure (Fig. 1g-i). Notably, the seasonal-mean circulation anomalies
over Australia and the adjacent Tasman Sea (e.g. 20°S-40°S, 120°E-160°E) are much weaker than those over the South Pacific
during CP El Nifio and La Nifia (Fig. 1h-i). This suggests that seasonal composites may not fully capture the regional signature

within ENSO-related teleconnection patterns, motivating a focus on periods when these patterns are well established on daily

timescale.
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Figure 1. Composites of tropical convection and Southern Hemisphere circulation in SON season during ENSO events. (a-c) Sea surface
temperature (SST; K), (d-f) outgoing longwave radiation (OLR; W/m?), and (g-i) 500-hPa geopotential height (Z500; gpm) anomalies
composited for EP El Niilo (left), CP El Nifio (middle), and La Nifia (right) events. Stippling indicates regions where anomalies are
statistically significant at the 95% confidence interval based on the two-tailed Student’s ¢-test. Red boxes in (g-i) denote the domain used to

define the reference patterns of extratropical teleconnection (20°S-80°S, 80°E-80°W) for spatial projection.

As ENSO-related teleconnection patterns are not continuously maintained throughout the season, we identify persistent periods
exhibiting the teleconnection patterns associated with each ENSO type, following the approach described in Section 2.4. Their
calendar distribution within the extended SON season is shown in Fig. 2. The identified pattern periods do not uniformly span
the entire SON season but occur episodically, even with a degree of randomness in their timing. The total number of identified
teleconnection pattern days is 163, 204, and 289 for EP El Nifo, CP El Nifio, and La Nifia events, respectively. The inter-event
differences are evident in the number and timing of identified pattern periods. Taking La Nifia events as an example, more
than 50 pattern days are identified in 1998 SON, whereas no pattern days are detected in 1999. In addition, although most
ENSO years exhibit at least some corresponding pattern periods, there are years in which no pattern days are identified (e.g.,
1983, 2007, and 2018), indicating that such low-frequency teleconnection patterns do not necessarily dominate on daily
timescales in each ENSO year. These features suggest that even under the same ENSO phase, the extratropical teleconnection
signal can be strongly influenced by atmospheric internal variability, leading to differences in the degree to which the
teleconnection pattern is established. This further emphasizes the importance of focusing on the composites of teleconnection
pattern days when detecting ENSO-related signals at daily timescales. Overall, these calendar distributions indicate that the
seasonal-mean teleconnection signal might mainly arise from a limited number of persistent episodes, providing the basis for

constructing a refined pattern-based sample space to examine cyclone statistics.
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2011 La Nifia — —_— o—
2010 La Nifia — ——
2009 CP El Nifio —
2007 La Nifia —
2006 EP EI Nifio — ——
2002 CP El Nifio —
1999 La Nifia —
1998 La Nifia — -~ —@—— —_— —— -— —O
1997 EP El Nifio — —— -
1995 La Nifia — —_—
1994 CP El Nifio —|
1991 CP El Nifio —
1988 La Nifia — —_—
1987 EP El Niflo — -—
1986 CP El Nifio —
1983 La Nifia —j
1982 EP El Nifio ——@— —— or— 00—

254 1st Sep 1st Oct 1st Nov 1st Dec

ENSO events

255 Figure 2. Temporal distribution of identified ENSO teleconnection pattern days during the extended SON season (16 August-15 December).
256 Each line segment represents an identified pattern period, and the filled dot marks the day with the maximum projection index within that

257 period. Colors denote ENSO types: EP El Nifio (red), CP El Nifio (yellow), and La Nifia (blue).

258 Before examining cyclone statistics within the pattern-based sample space, it is necessary to validate the robustness of these
259 identified pattern days to ensure that the subsequent conditioning is physically meaningful. So next, we check this issue from

260 statistical and dynamical perspectives.
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Figure 3. Comparison of circulation anomalies under different sample spaces during the extended SON season. Composited 500-hPa
geopotential height anomalies (Z500; gpm) for all extended SON days (a-c), teleconnection pattern (d-f), and non-pattern (g-i) days under
EP El Niflo (top), CP El Niflo (middle), and La Nifia (bottom) years. The plotting area here is the same as the region outlined by the red box
in Fig.1g-i. Stippling indicates regions where anomalies are statistically significant at the 95% confidence interval based on a two-tailed

Student’s #-test.

A first check is to compare the composited Z500 anomaly patterns based on all extended SON days (seasonal mean), the
identified teleconnection pattern days, and the complementary non-pattern days (Fig. 3). It shows that the seasonal-mean
ENSO teleconnection signal (Fig. 3a-c) primarily manifests in the pattern-day composites (Fig. 3d-f) in terms of spatial
structure and anomaly amplitude. Specifically, for EP El Nifio events, the pattern-day composite (Fig. 3d) captures the two-
branch wave-train structure that is observed in the seasonal-mean field (Fig. 3a), including a pronounced high-pressure
anomaly south of Australia and a PSA-like pattern mainly confined to the east of the dateline. For CP El Niflo, the pattern-day
composite exhibits a more pronounced PSA-like structure (Fig. 3e). Meanwhile a high-pressure anomaly south of Australia is
also evident, suggesting that the daily establishment of the PSA-like pattern under CP El Nifio is accompanied by a regional
high-pressure signal in this area. For La Nifa events, the atmospheric response exhibits a phase-reversed PSA-like pattern in
both the seasonal-mean and pattern-day composite fields (Fig. 3¢, f), while the latter shows a southwestward shifting of the
high-pressure anomaly center and a broader influence over the Tasman Sea (Fig. 3f). In contrast, the composites based on non-
pattern days show substantially weaker and patchy anomalies (Fig. 3g-i), particularly over the extratropics, suggesting that the
extratropical response to ENSO is not continuously maintained throughout the season and could be affected by atmospheric

internal variability. Therefore, these results confirm that when examining the extratropical ENSO-related variability on daily
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timescale, it is necessary to focus on periods during which the teleconnection patterns are fully established to better capture
the ENSO-related signal.

354 - EP El Nifio pattern CP El Nifio pattern La Nifia pattern

** p<0.05 (relative to neutral)

*k

20 1
15

10 1

I R N

Pattern days proportion (%)

I

EP EI Nifio years CP EI Nifio years La Nifa years Neutral years

Figure 4. Proportion of identified teleconnection pattern days relative to the total days in the extended SON season under different years.
For each teleconnection pattern (EP El Nifio, CP El Niflo, and La Nifia patterns), pattern days are identified annually using the same projection
method as described in Section 2.4, and the proportion of pattern days relative to extended SON season (121 days) is calculated. Bars show
the mean proportion averaged under EP El Nifo years, CP El Nifio years, La Nifia years, and neutral years, respectively. Error bars denote
the standard deviation of the proportions within each category. Double asterisks indicate that the mean proportion differs significantly from

that of neutral years at the 95% confidence interval based on a one-tailed Student’s #-test.

We further check the proportion of teleconnection pattern days relative to the total days in the extended SON season under
different years. It clearly shows that each specific teleconnection pattern occurs more frequently during the corresponding
ENSO years (Fig. 4). Moreover, the proportions of EP El Nifio, CP El Nifio, and La Nifia pattern days are all significantly
higher during their respective ENSO years than during neutral years. These ENSO-dependent differences indicate that the
systematic occurrence of identified persistent pattern days is modulated by corresponding ENSO events, rather than arising

solely from internal atmospheric variability.

At the end of this section, we conduct a cross-validation on the identified teleconnection pattern days from a dynamical
perspective. It’s well known that ENSO-related extratropical teleconnections are generally interpreted as a result of Rossby
wave propagation triggered by anomalous tropical diabatic heating associated with ENSO events. Therefore, a coherent lead-
lag relationship between tropical convection anomalies and extratropical circulation response could be expected on daily

timescales (Franzke et al., 2011; Stan et al., 2017).
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Figure 5. Cross-validation using the lead-lag composite based on OLR and Z500 pattern identification. For each ENSO type (EP El Nifio,
CP El Nifio, and La Nifa), the left column shows composites based on OLR-pattern events, and the right column shows composites based
on Z500-pattern events. For the OLR pattern-based (a-c, g-i, and m-o0), day 0 denotes the first day of OLR pattern events, the top panel (a,
g, m; units: W/m?) shows composited OLR anomalies on day 0, the middle panel (b, h, n; units: 10"'%2?) shows 200hPa RWS anomalies
averaged over days +1 to +3, and the bottom panel (c, i, 0; units: gpm) shows Z500 anomalies averaged over days +4 to +10. For the Z500
pattern-based (d-f, j-1, and p-r), day 0 denotes the day with maximum projection index in each Z500 pattern period (see the filled dots in Fig.
2), the bottom panel (f, 1, r) shows composited Z500 anomalies on day 0, the middle panel (e, k, q) shows RWS anomalies averaged over
days -1 to -3, and the top panel (d, j, p) shows OLR anomalies averaged over days -4 to -10. Stippling indicates regions where anomalies are

statistically significant at the 95% confidence interval based on two-tailed Student’s #-test.
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Following this idea, we also identify OLR pattern days by applying a similar spatial projection-based method on the daily OLR
anomaly fields, but using ENSO-composited SON mean OLR anomalies over the tropical Indo-Pacific region (10°S-10°N,
80°E-150°W) as the reference pattern (Fig.1d-f). Considering the more transient nature of tropical convection (Branstator,
2014), a threshold of 1.5 standard deviations and a persistence criterion of 3 consecutive days are applied to define OLR pattern
events. Sensitivity tests indicate that slightly changing the thresholds does not largely affect the results. Taking the initial day
of each OLR pattern event as day 0, we conduct OLR-pattern-based composites by examining OLR anomalies at day O,
anomalous 200hPa RWS averaged over days +1 to +3, and lagged Z500 anomalies averaged over days +4 to +10.
Correspondingly, for Z500-pattern-based composites, we define day 0 as the day with the maximum daily pattern index in
each Z500 pattern event. In this case, we composite the days prior to the extratropical response to detect the tropical forcing.
Specifically, we examine Z500 anomalies at day 0, RWS anomalies averaged over days -1 to -3, and preceding OLR anomalies
averaged over days -4 to -10. This procedure is applied separately to EP El Nifio, CP EI Nifio, and La Nifa events (Fig. 5).
Overall, the results show that, whether starting from OLR-pattern-based composites to examine the lagged response (Fig. Sa-
¢, g-1, and m-o) or from Z500-pattern-based composites to examine the preceding forcing source (Fig. 5d-f, j-1, and p-r), the
composited anomaly fields of the same variable exhibit similar spatial structures under the corresponding ENSO types. These
similarities are further supported by spatial pattern correlations, all of which exceed the 95% confidence interval of the
bootstrap resampling-based significance test (Table 2). It is worth noting that although RWS correlations are relatively low,
likely due to the intrinsic noisy nature of daily RWS fields, they remain statistically significant according to the bootstrap test.
Therefore, such consistency further supports the robustness of identified Z500-based pattern days from the perspective of
ENSO teleconnection dynamics, providing a physically grounded basis for using these periods as the sample space for

detecting changes in cyclone statistics.
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Table 2. Spatial pattern correlations of anomaly fields between Z500- and OLR-based composites (Fig. 5) for different ENSO types. The
latitude-longitude range shown in parentheses indicates the spatial domain over which the correlations are calculated for each variable.
Statistical significance is assessed using a bootstrap resampling approach. For each ENSO type, the Z500-pattern-based composites are
fixed (i.e., the right columns for each ENSO type in Fig. 5), while random composites are generated by resampling the same number of

days as used in the corresponding OLR-pattern-based composites before. The spatial correlation between the fixed Z500-based composite

and random composite is calculated, and this procedure is repeated 1000 times to obtain a bootstrap distribution of spatial correlations. The
range in square brackets denotes the 95% bootstrap confidence intervals (CI). Asterisks indicate that the correlations exceed the 95%

bootstrap CI thus can be regarded as statistically significant.

Anomaly fields EP El Nifio CP El Nifo La Nina
OLR 0.87* 0.74* 0.92*
(10°S-10°N, 80°E-150°W) [-0.15, 0.75] [-0.29, 0.69] [-0.73, 0.36]
RWS 0.18* 0.32* 0.22*
(20°S-40°S, 60°E-100°W) [-0.19, 0.13] [-0.15, 0.24] [-0.16, 0.18]
7500 0.84* 0.57* 0.81*
(20°S-80°S, 80°E-80°W) [-0.39, 0.75] [-0.69, 0.36] [-0.38, 0.72]

3.2 Changes in cyclone statistics conditioned on teleconnection pattern days

In this section, we present the changes in cyclone statistics under ENSO teleconnection pattern conditions. Before examining
these changes, we first show the climatology of cyclone day frequency and cyclone track density during the SON season in
the Southern Hemisphere for the period 1979-2022 (Fig. 6). Although the two metrics are defined differently, they both
represent the spatial distribution of cyclone activity. For extratropical cyclones, their highest activity zone coincides with the
well-known storm track over the Southern Ocean, together with a secondary region of relatively frequent occurrence over the
Tasman Sea. These climatological distributions provide a reference state for examining ENSO-related changes. However, it
should be noted that some hot spots with large values over the tropical land, such as southern Africa, northwestern Australia,
and parts of South America, actually reflect shallow heat lows that are also detected by the SLP-based identification scheme

and are not the focus of this study.
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Figure 6. Climatological distribution of (a) cyclone day frequency (units: %) and (b) cyclone track density (units: counts per 100 hours per

5°x5° grid box) in the Southern Hemisphere during the extended SON season for the period 1979-2022.
3.2.1 Comparison among different sample spaces

Now we present CDF anomalies calculated using the conventional seasonal window, ENSO-related pattern days, and non-
pattern days (Fig. 7). Comparing these results across the three different sample spaces can provide a clear view of how the

pattern-based conditioning helps capture the response of cyclone activity to ENSO events.

First, the results based on the conventional seasonal window (Fig. 7a-c) serve as a baseline for the comparison here. In the
extratropical Australian region, both over land and the adjacent ocean, the anomalies are generally weak or nearly absent,
particularly for CP El Nifio and La Nifa. This absence of significant CDF anomalies around Australia agrees with the
statements from previous studies that suggest overall no clear link between ENSO and Australian extratropical cyclones
(Grosfeld et al., 2021; Pepler et al., 2014b). Nevertheless, in the storm-track region, especially over the mid- to high-latitude
South Pacific, coherent large-scale anomaly patterns are evident. These patterns are physically consistent with the seasonal
7500 anomalies (Fig. 1g-i), characterized by increased (decreased) CDF accompanying negative (positive) geopotential height
anomalies. Such consistency between changes in synoptic-scale cyclone activity and seasonal-mean circulation essentially
reflects the dynamic nature of transient eddy-mean flow interaction inherent in the extratropical atmosphere. However, when
focusing on the pattern-based sample space (Fig. 7d-f), CDF anomaly signals become more pronounced, both in magnitude

and in the spatial extent of statistically significant regions. Importantly, the large-scale anomaly patterns remain consistent
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with those obtained from the conventional seasonal window (Fig. 7a-c), while additional regional signals emerge under pattern-
day conditions. In particular, around the extratropical Australia, significant CDF anomalies emerge over the Tasman Sea
(region indicated by black box), where cyclone day frequency increases (decreases) by up to approximately 10% relative to
climatology during La Nifia (El Nifio) (Fig. 7d-f). These suggest that conditioning on pattern days does not alter the basic
large-scale structure of ENSO-related cyclone responses, which is constrained by the associated atmospheric teleconnections,
but enhances the detectability of significant anomalies of cyclone activity by improving the signal-to-noise ratio. In contrast,
CDF anomalies calculated from non-pattern days are much weaker and exhibit a patchy spatial distribution (Fig. 7g-i),
demonstrating from a contrasting side that the ENSO-related signal of cyclone statistics change is more feasibly detected under

the identified pattern days.

Similarly, we also check the corresponding changes in cyclone track density under different sample spaces (Fig. S2). Although
the anomaly fields appear blocky due to the definition of track density, the large-scale spatial patterns obtained under pattern-
day conditions (Fig. S2d-f) are generally consistent with the CDF results (Fig. 7d-f), further supporting the above findings.

Together, these results provide clear evidence for the modulation of ENSO teleconnection patterns on extratropical cyclone

activity.
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0 (a) Cyclone day frequency (%) EP El Nifio SO (d) Cyclone day frequency (%) EP El Nifio pattern days (g) Cyclone day frequirlcy (%) EP EI Nifio non-pattern days
Vg, R 7 S O 37 v TR P
30s { \/ % A ¥ /\@Q &s' ; \e &\b /
60S {° e = B £ - R B RponF e i e
i %%_@ e R— 3 b — W;‘gﬁi\ o
90S —— -
0 (b) Cyclone day frequency (%) CP El Nifio SO (e) Cyclone day frequency (%) CP El Nifio pattern days (h) Cyclone day frequency (%) CP El Nifio non-pattern days
7 ( '\1—‘&}‘;{‘*« - il NS T D) \(Mg \l\;;“ma | \
cd AN / “ ). N /
a0s | '/ {’“>:1> Y -/ L% (/f/
60S A 3 s & ) - s
R R o et
90S
0 (c) Cyclone day frequency (%) La Nifia SOI (f) Cyclone day frequency (%) La Nifia pattern days (i) Cyclone day frequency (%) La Nifia non-pattern days
[ \l\,_:f‘t\x\ > 4 B T - S 5 R a0 -
¢ g (/Ju e J “ g F (/‘u e ) ( g TN . J
308 { \/ V\b L £ 2 B 2 & % & ) s
60S > . . g R e - 3
[ &5777 = :ﬂ:ﬁi o BN e — _\‘?\ T - G
90S . . . -
0 60E 120E 180 120W 60W 0 0 60E 120E 180 120W 60W 0 0 60E 120E 180 120W 60W Q

T — — —
42 0 -8 -6 -4 -2 2 4 6 8 10 12

Figure 7. Cyclone day frequency anomalies under different sample spaces during ENSO events. Columns show the anomaly field of CDF
(%) calculated based on (a-c) all the extended SON-season days, (d-f) ENSO-related teleconnection pattern days, and (g-i) non-pattern days.
Rows correspond to EP El Nifio (top), CP El Nifio (middle), and La Nifia (bottom) events. Stippling indicates regions where anomalies are
statistically significant at the 95% confidence interval based on Monte Carlo resampling test. The black box outlines the Tasman Sea region

(30°S-45°S, 153°E-170°E).

Considering that the atmospheric baroclinicity is a key control of extratropical cyclones, many of which are essentially unstable

baroclinic eddies in midlatitude westerly flow, we further examine whether baroclinicity anomalies are consistent with the
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cyclone changes in the Southern Hemisphere extratropics. To this end, we composite anomalies of Eady growth rate under

different sample spaces (Fig. 8).

Still starting from the extended SON seasonal mean results (Fig. 8a-c), distinct EGR anomaly patterns are evident among the
three ENSO types. EP El Nifio is characterized by a zonally wave-like structure, while CP El Nifio and La Nifia exhibit
relatively uniform negative and positive anomalies, respectively, confined over the midlatitude South Pacific. Comparing with
the corresponding CDF anomalies (Fig. 7a-c), positive (negative) EGR anomalies are generally associated with enhanced
(suppressed) cyclone frequency on their poleward flank and downstream region. This feature is consistent with the downstream
development and poleward movement of baroclinic eddies in the storm tracks (Simmons and Hoskins, 1979; Thorncroft et al.,
1993). The EGR anomalies become much more pronounced when composited over ENSO-related pattern days (Fig. 8d-f).
They maintain similar large-scale spatial patterns to those in the seasonal mean composites (Fig. 8a-c) but exhibit substantially
enhanced magnitude, particularly over the Southern Ocean south of 40°S. These EGR anomaly patterns are also in agreement
with the distribution of CDF anomalies under pattern-day conditioning (Fig. 7d-f). It is worth noting that over the Tasman Sea
region, where significant CDF anomalies emerge under pattern days, the corresponding EGR anomalies are relatively weak
(Fig. 8d-f). This subtle fact implies that cyclones active in this region may differ from midlatitude baroclinic eddies, their
activity is more possibly influenced by localized dynamical and thermodynamical factors. In contrast, the EGR anomalies
composited under non-pattern days are quite weak and spatially patchy, indicating that ENSO-related baroclinicity anomalies
are also concentrated in the identified pattern days. Overall, the consistency between baroclinicity anomalies and cyclone
frequency changes further supports that ENSO teleconnection patterns modulate the large-scale structure of extratropical

cyclone activity through affecting the midlatitude baroclinicity.
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Figure 8. Composited low-level atmospheric baroclinicity anomaly (1000-850hPa vertically averaged Eady growth rate; day™') during the
extended SON season (a-c), teleconnection pattern days (d-f), and non-pattern days (g-i) for the EP El Nifio (top), CP El Nifio (middle), and
La Nifa (bottom) events. Stippling indicates regions where anomalies are statistically significant at the 95% confidence interval based on

two-tailed Student’s #-test.
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3.2.2 Tasman Sea cyclone changes and associated environmental factors

As akey region where synoptic systems exert important impacts on southeastern Australian weather, the Tasman Sea becomes
an area of particular interest due to the significant CDF anomalies identified under ENSO-related pattern days (Fig. 7d-f).
Therefore, we further examine Lagrangian metrics of the cyclones passing through this region, including tracks, local genesis

frequency, residence time, and intensity.

(a) All SON days (1979-2022) (b) EP EI Nifio pattern days (163d)
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(c) CP EI Nifo pattern days (204d) (d) La Nifa pattern days (289d)
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Figure 9. Cyclone tracks passing through the Tasman Sea during (a) the extended SON season for all years (1979-2022), (b) EP El Nifio
pattern days, (c) CP El Nifio pattern days, and (d) La Nifia pattern days. Cyclones are considered as passing through the Tasman Sea if their
lifetime exceeds 12 hours and at least 10% of their track points are located within the Tasman Sea region. Blue lines denote individual
cyclone tracks, and orange dots indicate cyclogenesis locations (initial points of tracks). The black box outlines the Tasman Sea region
(30°S-45°S, 153°E-170°E).

We first show the tracks of cyclones passing through the Tasman Sea (box outlined in Figs. 7 and 9; 30°S-45°S, 153°E-170°E)
for all extended SON days during 1979-2022, as well as for EP El Niflo pattern days (163 days), CP El Nifio pattern days (204
days), and La Nifia pattern days (289 days), respectively (Fig. 9). Given the different sample sizes, the tracks shown in the
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maps may not be directly comparable in terms of distribution density but instead are used to illustrate structural differences in
cyclone pathways and genesis locations. The tracks for all extended SON days (1979-2022) indicate that cyclones passing
through the Tasman Sea are predominantly generated locally or originate from nearby tropical and subtropical areas, with
relatively few systems propagating remotely from upstream storm tracks as midlatitude baroclinic eddies (Fig. 9a). This
suggests that cyclone activity over the Tasman Sea might be substantially attributed to local subtropical systems, whose
development depends not only on baroclinic instability but also strongly on localized diabatic heating and dynamical conditions
(Pepler et al., 2016). This in turn provides a plausible explanation for why the EGR anomalies in the Tasman Sea region under
ENSO-related pattern days do not align well with the corresponding regional CDF anomalies (Fig. 7d-f and Fig. 8d-f). Despite
the differences in sample sizes, compared with La Nifia conditions (Fig. 9d), it seems that very few cyclones during El Nifio
originate or propagate from the tropical ocean east of Australia (north of 30°S) into the Tasman Sea (Fig. 9b-c). This indicates
a potential suppression of cyclone genesis and movement from the tropics into the Tasman Sea during El Nifio, which is likely

associated with some unfavourable environmental conditions for cyclone development.

(a) Genesis Frequency (num./day) (b) Residence Time (hours) (c) Intensity: Minimum Central SLP (hPa)
0.118 1 =4
0.12 1010
0-108 80 1005 {
0.10 1092
0082 10001 I I == !
0.08 601 995 W 996.8 9975
0.064 W
990 q
0.06 401
985 1
0.04 ] 980 -
201 -
0.02 ﬁ 975
0 970
Climatology EP EIl Nifio CP EIl Nifio La Nifia Climatology  EP EINifio  CP El Nifio La Nina Climatology EP EINifio  CP El Nifio La Nina

Figure 10. Statistical characteristics of cyclones passing through the Tasman Sea during the extended SON season for all years (climatology),
EP El Nifio pattern days, CP El Nifio pattern days, and La Nifa pattern days. (a) Genesis frequency (number per day) of cyclones originating
within the Tasman Sea region. (b) Residence time (hours) of cyclones over the Tasman Sea region. (c) Cyclone intensity measured by the
minimum central SLP (hPa) of cyclones during passing through the Tasman Sea. In (b) and (c), box plots show the interquartile range, with

the red solid line indicating the mean and the dashed line indicating the median; whiskers denote the full range of the data.

We further calculate the statistics of individual cyclones focusing on their genesis location and residence period over the
Tasman Sea (Fig. 10). Specifically, the genesis frequency (Fig. 10a) is defined as the ratio of the number of cyclones generated
over the Tasman Sea to the total number of days in the corresponding sample space (including all extended SON days during
1979-2022 as the climatology, as well as EP El Nifio, CP El Niflo, and La Nifia pattern days). The residence time (Fig. 10b) is
defined as the average duration (in hours) that cyclone tracks remain within the Tasman Sea region, and the intensity (Fig. 10c)
is represented by the minimum central pressure of cyclones while passing through the region. The genesis frequency decreases

under El Nifio pattern days relative to the climatological value, particularly for CP El Nifio, whereas it shows an increase under
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La Nifia conditions (Fig. 10a). For the residence time, an increase is evident during La Nifia pattern days, while a modest
decrease is observed during El Nifio pattern days (Fig. 10b). Together, these provide an interpretation of the CDF anomalies
identified over the Tasman Sea (Fig. 7d-f), indicating that they are associated with changes in local cyclogenesis and residence
time under ENSO-related pattern conditions. By comparison, changes in cyclone intensity are relatively not obvious (Fig. 10c).
Apart from a slight weakening under EP EI Niflo, there seems to be no significant and systematic change whether under CP El
Niflo or La Nifia, which reflects the difficulty in directly linking intensity changes of individual extratropical cyclones to

remote climate drivers within such a cross-scale context.
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Figure 11. Pattern-days composites of environmental factors around Australia. Composited anomalies of vertical velocity at 500hPa (a-c;
10-2Pa/s), vertically integrated moisture flux (d-f; vectors; kg/m/s) with moisture flux divergence (shading; 10-kg/m?/s), and relative vorticity
at 850hPa (g-i; s') during EP El Nifio pattern days (top), CP El Nifio pattern days (middle), and La Nifia pattern days (bottom). Stippling

indicates regions where anomalies are statistically significant at the 95% confidence interval based on two-tailed Student’s ¢-test.

23



466
467
468
469
470
471
472
473
474
475
476
477
478
479
480
481
482
483

484

485
486
487
488
489
490
491
492
493
494
495
496
497

https://doi.org/10.5194/egusphere-2026-3344
Preprint. Discussion started: 14 July 2026 EG U
sphere

(© Author(s) 2026. CC BY 4.0 License.

The above analysis reveals the changes in Tasman Sea cyclone statistics modulated by different ENSO-related teleconnection
patterns. We further examine the associated environmental factors that are closely related to local cyclone development. Here
we construct composites over pattern days for 500-hPa vertical velocity, vertically integrated moisture flux and its divergence,
and 850-hPa relative vorticity (Fig. 11). Under El Nifio-related pattern days, both EP and CP types exhibit anomalously
suppressed ascent (Fig. 11a-b) and moisture divergence (Fig. 11d-e) over the Tasman Sea, thus unfavourable for cyclone
activity here. In addition, these unfavourable conditions extend northward along the eastern Australian coast into the tropical
ocean and then might suppress the genesis of tropical cyclones in this upstream region, which is relevant to the earlier
observation that cyclone tracks originating from tropics to the Tasman Sea seems reduced under El Nifio conditions (Fig. 9b-
¢). In contrast, under La Nifia pattern days, enhanced ascent (Fig. 11c¢) and moisture convergence (Fig. 11f) are evident over
the Tasman Sea, providing a more favourable environment for increased cyclone activity. The anomalous anticyclonic high-
pressure system downstream (Fig. 3f) and associated warm-moist air transport by the anomalous northeasterly flow from the
tropics (Fig. 11f), are consistent with the typical synoptic weather type linking Australian east coast lows (cutoff lows) with
atmospheric blockings, as documented in previous studies (Cowan et al., 2013; Gillett et al., 2023; Holgate et al., 2022). As
another key variable associated with cyclone activity, low-level relative vorticity exhibits anticyclonic, positive (cyclonic,
negative) anomalies over the Tasman Sea under El Nifio (La Nifia) pattern days (Fig. 11g-i), which are dynamically consistent
with the corresponding changes in cyclone frequency there. Overall, these changes in environmental factors help us provide a
physical explanation for the observed CDF anomalies under the pattern-day conditioning, suggesting that ENSO

teleconnections modulate Tasman Sea cyclone activity through their influence on local dynamical and moisture processes.
3.3 Eastern Australian rainfall anomalies associated with Tasman Sea cyclone changes

Since we have shown that ENSO teleconnection patterns modulate cyclone activity over the Tasman Sea, it is of interest to
explore to what extent these cyclone changes affect Australian rainfall, particularly for eastern Australia. We still start by
comparing rainfall anomalies composited over the extended SON season, pattern days, and non-pattern days of ENSO years
(Fig. 12). For the seasonal composites (Fig. 12a-c), the Australian spring rainfall anomalies exhibit the well-known anomalous
dry (wet) feature during El Nifio (La Nifia). There are also moderate differences associated with ENSO diversity. In EP El
Niflo, significant negative anomalies are concentrated over the Northern Territory, the southeastern Murray-Darling Basin,
and parts of southwestern Australia (Fig. 12a). CP El Nifio and La Nifia show significant anomalies concentrated over eastern
Australia, while with stronger positive rainfall anomalies during La Nifia (Fig. 12¢), consistent with our recent study of diverse
ENSO impacts on Australian spring rainfall (Sun et al., 2026). When focusing on the pattern days (Fig. 12d-f), the composited
rainfall anomalies exhibit consistent spatial patterns with the seasonal-mean results but manifest stronger magnitude. In
contrast, the anomalies associated with non-pattern days are relatively weaker (Fig. 12g-1). Therefore, similar to the results for
7500 (Fig. 3) and EGR (Fig. 8), this indicates that ENSO-related rainfall signals, particularly over the southeastern Australia,

are also primarily associated with rainfall variability during the corresponding teleconnection pattern days, thus motivating a
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498 further investigation on eastern Australian rainfall anomalies within pattern days (Fig. 12d-f) and exploring their relationship

499  with cyclone changes over the Tasman Sea.
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501 Figure 12. The Australian rainfall anomalies (units: mm/day) composited over the whole extended SON days (a-c), pattern days (d-f), and
502 non-pattern days (g-1) under the EP El Nino (top), CP El Nino (middle), and La Nina events (bottom). The white stippling indicates regions

503 where anomalies are statistically significant at the 95% confidence interval based on two-tailed Student’s #-test.

504 Here it should be emphasized that, because of different sample sizes, our focus is not on the total precipitation, but on mean

505  rainfall anomalies in eastern Australia associated with changes of Tasman Sea cyclone activity during ENSO-related pattern
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days. To achieve this, we first propose a general classification of cyclone activity over the Tasman Sea, that is, a day is
classified as a Tasman Sea cyclone day if more than 10% of grid points of cyclone day flag fields within the Tasman Sea (black
box in Fig.9; 30°S-45°S, 153°E-170°E) are identified as cyclone-affected (flagged as 1); otherwise, it is classified as a non-
cyclone day (flagged as 0). Based on these classified Tasman Sea cyclone and non-cyclone days, a simple rainfall anomaly

decomposition scheme is applied. Specifically, for precipitation over any given sample space with n days, the mean
precipitation is defined as P = %Z’f:l p;, where p; denotes the precipitation on the day i. Considering the classification of

Tasman Sea cyclone and non-cyclone days, the summation can be separated into two components corresponding to
precipitation occurring on cyclone days (p{) and non-cyclone days (p;*). If the total number of Tasman Sea cyclone days

within this sample space is m, the mean precipitation can be re-written as P = %(Z{Zl pi + X" pl¢), which can be

1 1 one o
expressed as P = P¢ + P™¢, where P¢ =~ . pf and P = ;Z?ﬂm pi*¢. The two terms represent the contributions of

rainfall from Tasman Sea cyclone days and non-cyclone days to the mean rainfall within this sample space, respectively. On
this basis, applying this decomposition to all extended SON days during 1979-2022, the climatological mean rainfall can be
written as Py, = PSim + Plitm, Where P&, and PJj%. denote the contributions of rainfall from Tasman Sea cyclone and non-
cyclone days to the climatological mean rainfall. Similarly, for ENSO-related pattern days, the mean rainfall can be expressed

as Pgnsopattern = Pensopattern T PENsopattern- Therefore, the pattern-day rainfall anomaly (Pyy0m,) relative to climatology is

given by Popom = Pensopattern — Peiim» Which can be decomposed into two components: Py om = (PENSOpattem - Pcclim) +

c
Panom

(P,?,Ssopattem - ﬁfm), with the two bracket terms (denoted by Pf,,., and PlS,..) representing the rainfall anomalies

nc
Panom

associated with changes in Tasman Sea cyclone and non-cyclone days, respectively.
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525 Figure 13. Decomposition of rainfall anomalies (units: mm/day) over eastern Australia during ENSO teleconnection pattern days. Rainfall
526 anomalies of ENSO teleconnection pattern days (Pypom; a-c), and the components of rainfall anomalies associated with the changes in

527 Tasman Sea cyclone days (P,om; d-f) and non-cyclone days (P,,,; g-i) during EP El Nifio (top), CP El Nifio (middle), and La Nifia

528 (bottom) teleconnection pattern days.

529 The decomposition described above is applied to the eastern Australian rainfall during EP El Nifio-, CP El Niflo-, and La Nifia-
530 related teleconnection pattern days, and the results are shown in Fig. 13. The pattern-day rainfall anomalies over the eastern

531 Australian region (Fig. 13a-c) are consistent with the composited rainfall anomaly fields shown previously (Fig. 12d-f). Within
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these pattern days, the rainfall anomalies associated with the changes in Tasman Sea cyclone days (Fig. 13d-f) exhibit broadly
similar spatial structures and comparable magnitudes with the overall pattern-day rainfall anomalies (Fig. 13a-c), especially
along the southeastern Australian coast. In contrast, the rainfall anomalies associated with non-cyclone days (Fig. 13g-1)
generally exhibit different spatial patterns that do not resemble the overall pattern-day rainfall anomalies, although some
localized anomalies are also evident. These results indicate that the rainfall anomalies of ENSO-related pattern days are largely
related to changes in cyclone activity, such that enhanced (suppressed) cyclone activity over the Tasman Sea is associated with
increased (decreased) eastern Australian rainfall during the established period of La Nifa-related (El Nifo-related) low-
frequency teleconnections. However, it should be noted that, under El Nifio conditions, a localized increase in rainfall
associated with non-cyclone days appears along the northeastern coast of New South Wales (Fig. 13g, h). This feature is also
manifested in the pattern-day results but confined to a relatively small region (Fig. 13a, b), and this is reminiscent of the “Wet
East Coast Cluster 3” identified by Hauser et al. (2020), which is argued to be linked to enhanced blocking south of Australia
and the occurrence of upper-level cut-off lows affecting the East Coast. In addition, this localized rainfall response is also
consistent with previous studies suggesting that ENSO’s impacts on the eastern seaboard of Australia can be affected by Indian

Ocean-related teleconnections (Pepler et al., 2014a).

Sensitivity tests using alternative grid-points thresholds (e.g., 15% or 20%) for defining Tasman Sea cyclone days yield similar
results (Fig. S3), indicating that the findings are robust to the choice of threshold within a reasonable range. Taken together,
these results suggest that, within ENSO-related teleconnection pattern periods, eastern Australian rainfall anomalies are closely
associated with in Tasman Sea cyclone changes, though non-cyclone variations (e.g., low-frequency circulation anomalies or

other synoptic weather systems) also play a role.
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4 Summary and discussion
4.1 Summary

In this study, we use a teleconnection pattern-based approach to detect ENSO-related signals in Australian extratropical
cyclone activity. By projecting daily low-frequency circulation fields onto composited teleconnection patterns associated with
EP El Nifio, CP El Nifio, and La Nifia events, we identify persistent periods during which ENSO-related teleconnection patterns
are well established in the Southern Hemisphere extratropics and use these as a refined sample space for calculating cyclone
day frequency. Through validating the identified pattern periods from both statistical and dynamical perspectives, together
with comparing the results across different sample spaces and examining associated environmental factors, we demonstrate
that the emerging signals captured by the pattern-based approach are physically meaningful rather than methodological
artifacts. Overall, this approach effectively enhances the signal-to-noise ratio of ENSO-related cyclone variability relative to
conventional seasonal-window analyses, revealing significant signals of cyclone activity changes that are episodically

modulated by ENSO when the associated low-frequency teleconnection patterns are well established.

The results conditioned on ENSO-related teleconnection pattern days reveal significant cyclone activity anomalies across the
Southern Hemisphere extratropics, with the signal emerging over the Tasman Sea, where the changes in cyclone day frequency
reach up to about 10% relative to climatology. Specifically, under La Nifia pattern days, enhanced cyclone activity over the
Tasman Sea is manifested in both increased local cyclogenesis frequency and prolonged cyclone residence time, favoured by
anomalous ascent and moisture convergence over the region associated with the La Nina-related large-scale circulation pattern.
In contrast, El Nifio pattern days exhibit a decrease in cyclone day frequency over the Tasman Sea, particularly for the Central
Pacific type, which is consistent with an unfavourable cyclone development environment characterized by anomalous descent
and moisture divergence there. Furthermore, a simple decomposition of rainfall anomalies between Tasman Sea cyclone and
non-cyclone days highlights the importance of cyclone activity changes in eastern Australian rainfall variability during ENSO-
related teleconnection pattern periods. Based on these results, a process-based storyline of ENSO impacts on Australian spring
rainfall can be outlined from a combined perspective of weather and climate dynamics: ENSO affects the low-frequency
teleconnection patterns, which in turn modulate synoptic cyclone activity over the Tasman Sea, contributing to rainfall

anomalies over eastern Australia.
4.2 Discussion

As a key contrast, the absence of regional ENSO-related signal in Australian extratropical cyclones under conventional
seasonal analyses can be understood in terms of the intermittent nature of ENSO’s extratropical teleconnections on daily
timescale. As shown in this study, unsurprisingly, ENSO-related low-frequency circulation patterns are not maintained
throughout the whole season but episodically occur with significant regional signatures during specific periods, which is

associated with the transience of anomalous tropical convection modulated by ENSO, the time required for Rossby wave
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propagation, and the interference of atmospheric internal variability. Importantly, given that the pattern-based results retain
the large-scale structure of conventional seasonal anomalies composited by ENSO events, the regional signals (e.g., over the
Tasman Sea) that emerge under the pattern-based conditioning should be interpreted as a refinement of the seasonal-based
results, rather than a contradiction. This interpretation is supported by previous studies that have documented similar ENSO-
related signal. For example, Favre et al. (2012) showed that the frequency of cut-off lows is related to ENSO on interannual
timescales, with more systems occurring during La Nifia events, particularly at lower latitudes (17.5°S-30°S) in the Australia-
South Pacific sector. The increased cyclone frequency over the Tasman Sea during La Nifia-related pattern days identified in
this study, to some degree, is in agreement with their finding. Therefore, this teleconnection pattern-based approach provides
a useful perspective on the weather-climate linkage study which can also be applied to examine the modulation of other large-

scale climate modes on extratropical weather systems.

However, unlike conventional seasonal analyses, the present approach does not offer a seasonal estimate of cyclone statistics,
since the cyclone day frequency examined here represents a conditional probability restricted to periods when ENSO-related
teleconnection patterns are well established in the extratropics. This raises concerns regarding the subseasonal dynamics and
predictability of extratropical low-frequency teleconnections under different ENSO backgrounds. In terms of dynamics, as
noted in the introduction, low-frequency variability in the extratropical atmosphere is inherently coupled with high-frequency
synoptic eddies, forming a two-way interaction. This highlights the need to deepen the understanding of the respective roles
of tropical diabatic heating forcing and extratropical transient eddy feedback in the development, maintenance, and decay of
ENSO-related low-frequency circulation regimes in the Southern Hemisphere. In terms of predictability, it is necessary to
systematically assess the subseasonal predictability and forecast skill of ENSO-related extratropical teleconnections to the
Southern Hemisphere in state-of-the-art climate prediction systems (e.g., ACCESS-S2). Overall, improving the representation
of ENSO-related extratropical teleconnection patterns in models, together with strengthening the monitoring of tropical
convection anomalies, would be beneficial for a better long-range forecast of occurrence probability of high-impact weather

events under ENSO conditions.

It is also of value to evaluate ENSO impacts on Southern Hemisphere cyclones using high-resolution model simulations, which
is part of our ongoing work. On this basis, it will be particularly interesting to examine how the diverse ENSO teleconnection
patterns in the Southern Hemisphere extratropics may change in a warmer climate, and whether their associated modulation
on Australian extratropical cyclones could become stronger, to the extent that ENSO-related signals in cyclone activity become

more detectable even within seasonal windows.
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Code and data availability

The surface cyclone dataset used in this study is attributed to Sprenger et al. (2017) and is available from the authors upon
request. AGCD rainfall dataset (Evans et al., 2020) can be obtained from the Australian Bureau of Meteorology
(https://www.bom.gov.au/climate/austmaps/about-agcd-maps.shtml). ERAS reanalysis data (Hersbach et al., 2020) are
publicly available from the European Centre for Medium-Range Weather Forecasts (ECMWF) at
https://www.ecmwf.int/en/forecasts/dataset/ecmwf-reanalysis-v5. The HadISST dataset (Rayner et al., 2003) is available at
https://www.metoffice.gov.uk/hadobs/hadisst/data/download.html. ONI can be accessed at
https://www.cpc.ncep.noaa.gov/data/indices/oni.ascii.txt. The interpolated OLR dataset (Liebmann and Smith, 1996) is
available at https://psl.noaa.gov/data/gridded/data.olrcdr.interp.html. Data analysis and figure plotting were performed using
the NCAR Command Language (NCL) and Python. The associated code scripts are available at https://github.com/Linyuan-
Sun/ENSO-AUS-cyclone-WCD-paper.git.
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