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Abstract  

Atlantic Multidecadal Variability (AMV) modulates El Niño-Southern Oscillation 

(ENSO) dynamics. Here, we explore the effect of warm (AMV+) and cold (AMV-) AMV 

conditions on the austral summer teleconnection of ENSO to Australia using idealized 

simulations performed with the NCAR-CESM1 model. AMV+ strengthens the mean 

and extreme precipitation and temperature responses to El Niño in south-western 

Australia and weakens the mean precipitation and temperature impacts in north-

eastern Australia. The modulation of La Niña impacts by AMV is asymmetric to El 

Niño, with a weakening of the mean and extreme precipitation and temperature 

responses in eastern Australia. Decomposing the total difference in ENSO response 

between AMV phases, we find that the signals are mainly explained by the direct AMV 

modulation of ENSO and its teleconnections rather than by changes in background 

climate induced by AMV. The exception is ENSO-driven fire impacts, where there is a 

significant increase in burned area in south-eastern Australia only when El Niño and 

AMV+ co-occur. However, modulation of ENSO between AMV+ and AMV- does offset 

~37% of the decrease in burned area extent during La Niña summers. The altered 

surface climate response to ENSO in Australia by AMV is attributed to variations in 

large-scale atmospheric circulation. Under AMV+, there is increased subsidence over 

western Australia during El Niño associated with a westward shift of the local Walker 

circulation. A weakening of the upwelling branch of the local Hadley circulation over 

north-eastern Australia is responsible for the weakening of La Niña impacts in AMV+, 

accompanied by a strengthening of subsidence in south central Australia due to a 

weakening of the local Hadley circulation, amplifying La Niña impacts over this region. 

The results suggest the potential for AMV to drive multidecadal variability in ENSO 

impacts over Australia. 
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1. Introduction 

 

El Niño-Southern Oscillation (ENSO) is the dominant mode of interannual climate 

variability in the tropics. ENSO impacts remote ecosystems and populations through 

anomalous atmospheric circulation originating from changes in deep convection in the 

equatorial Pacific. Anomalous upper-level divergence in the tropics during ENSO 

alters the Hadley (Trenberth et al. 1998) and Walker circulations, with the upward 

branch shifting to the central Pacific during El Niño and intensifying over the Maritime 

continent during La Niña (Walker and Bliss, 1932).  

 

Climate in Australia is strongly influenced by ENSO, especially the northern and 

eastern regions (Chung and Power, 2017). During El Niño, there is a precipitation 

deficit in austral spring and summer across Australia. Reduced cloud cover over south-

east Australia increases downward shortwave radiation leading to an increase in 

surface temperature (Arblaster and Alexander, 2012). Higher daily temperatures 

combined with decreased precipitation under El Niño increases the likelihood of 

droughts and heatwaves (King et al., 2013). In contrast, during La Niña there is above 

normal precipitation in northern Australia in austral spring and summer due to the early 

onset of the monsoon (Drosdowsky et al. 2014). The increase in cloud cover during 

La Niña leads to cooler temperatures and a weakening of extreme heat episodes 

during austral summer (Perkins et al. 2015). Australia is one of the most susceptible 

regions to wildfires in the world (Archibald et al. 2013). While human activity is a 

dominant source of wildfires in Australia (Marcos et al. 2015), ENSO is an important 

driver of interannual variability (Abram et al. 2021), which may be superposed onto 

long-term climate trends (e.g., Dowdy et al. 2019) and multidecadal variability 

(Canadell et al. 2021). 

 

Recent studies show that decadal climate variability can modulate ENSO behaviour 

(Ham and Kug, 2015; Levine et al. 2017; Trascasa-Castro et al. 2021). For example, 

the Interdecadal Pacific Oscillation (IPO) alters the mean background state of the 

tropical Pacific and modulates ENSO-related impacts over Australia, including 

changes to seasonal mean impacts (Power et al. 1999), the frequency of extreme 

precipitation and its potential to lead to flooding events (King et al 2013) and drought 

risk (Kiem and Franks, 2004). Multidecadal variations in ENSO characteristics may 

manifest in wildfire frequency and intensity, but the importance of this mechanism is 

not well quantified due to limited observational records (Liu et al. 2023). 

 

Multidecadal variability in North Atlantic sea surface temperatures (SSTs) can also 

modulate tropical climate by altering large-scale overturning circulation (Meehl et al., 

2020; Liu et al, 2021). Model studies show that the warm phase of Atlantic 

Multidecadal Variability (AMV+) can drive tropical Pacific cooling (Ruprich-Robert et 

al. 2017, 2021), although this signal might be overestimated in model simulations with 

prescribed SSTs in the tropical North Atlantic (O’Reilly et al. 2023). Trascasa-Castro 

et al. (2021) examined idealised experiments with imposed AMV anomalies and found 
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that AMV+ damped the amplitude of ENSO by around 10% compared to AMV-. This 

raises the prospect that the remote impacts of ENSO could be modified by AMV. Past 

studies found a link between AMV+ and increased precipitation in north-western 

Australia (Lin and Li 2012). However, there remain uncertainties in the modulation by 

AMV of ENSO impacts on Australian climate due to the relatively short observational 

record and the challenge of isolating causal factors in coupled simulations.  

 

This study aims to understand the AMV modulation of ENSO-driven climate impacts 

in Australia using idealised coupled climate model simulations with imposed AMV 

conditions. Our results investigate changes in mean surface climate, extreme 

precipitation and temperature responses to ENSO, and burned area over south-

eastern Australia. We further explore the physical mechanisms leading to AMV 

modulation of ENSO impacts over Australia by decomposing atmospheric circulation 

changes into contributions from local Hadley and Walker circulations. The paper is laid 

out as follows: Section 2 describes the simulations and analysis methods. Section 3 

presents the results and Section 4 contains the discussion and conclusions of the 

study. 

 

2. Data and methods 

 

2.1 Climate model simulations 

 

The relatively short observational record hinders the possibility of robustly attributing 

changes to ENSO variability and teleconnections to AMV, since reliable records cover  

just one full positive and negative AMV cycle . To overcome this issue, we use 

idealized experiments performed with the NCAR-CESM1 coupled climate model (Kay 

et al., 2015), in which time invariant anomalies corresponding to observed warm 

(AMV+) and cold (AMV-) AMV conditions (Fig. S1) are imposed in the North Atlantic. 

The model is constrained towards the target AMV SST pattern through Newtonian 

relaxation of the turbulent surface fluxes, with the ocean and atmosphere being freely 

coupled outside of the constrained North Atlantic region (from 0 ° to 73° N, with a 8° 

buffer zones over the northern and southern boundaries. The full restoring is 

performed between 8° and 65° N. Each simulation lasts for 10 years and a 30 member 

initial condition ensemble is used, giving a total of 300 years per AMV phase (270 full 

boreal winter seasons). Further details about the ensemble initialisation are described 

in Castruccio et al. (2019). The experiments were introduced in Ruprich-Robert et al. 

(2017) and have been used in several studies (Ruprich-Robert et al. 2018, Castruccio 

et al., 2019, Meehl et al. 2021, Ruprich-Robert et al. 2021, Trascasa-Castro et al. 

2021). The experimental design largely follows the Decadal Climate Prediction Project 

(DCPP; Boer et al. 2016) Component C experiments within the Coupled Model 

Intercomparison Project Phase 6 (CMIP6; Eyring et al. 2016). 
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Zhang et al. (2017) evaluated the performance NCAR-CESM1 in simulating ENSO. 

The model overestimates SST anomalies associated with La Niña but simulates 

ENSO skewness relatively well. NCAR-CESM1 captures the sign of ENSO 

teleconnection to Australia in agreement with observations, although it overestimates 

the amplitude of precipitation and temperature anomalies particularly in western 

Australia (Fig. S2). 

 

2.2 Composite analysis 

 

We define the reference climatological state, 𝜇, as the ensemble mean across both 

AMV+ and AMV- experiments. We define El Niño (La Niña) events in AMV+ or AMV- 

as austral summers (December-February) where the Niño3.4 index is at least 0.5 K 

warmer (colder) than in 𝜇. Note this incorporates differences in mean state between 

AMV+ (𝜇+) and AMV- (𝜇−) into the identification of ENSO events. The 𝜇+ minus 𝜇− 

climatological DJF Niño3.4 anomaly is -0.23 K. This is larger than the direct modulation 

of ENSO amplitude between AMV+ and AMV-, which shows an average Nino3.4 

anomaly of -0.17 K for El Niño and +0.09 K for La Niña (Trascasa-Castro et al., 2021). 

The 𝜇+ minus 𝜇− difference means that El Niño (La Niña) events will be relatively less 

(more) frequent, in AMV+ than in AMV-. We adopt this definition because it more 

closely reflects how observations would be interpreted where interannual variability is 

superposed on multidecadal variability. 

 

For a given variable, X, we define the mean ENSO impact as the average over all 

ENSO events in AMV phase 𝜂 (either “+” or “-”) minus the reference state 𝜇, such that: 

𝑋𝜂 = ∑ 𝑋𝑖
𝜂𝑁

𝑖=1 − 𝜇  (1) 

 

where 𝑋𝑖
𝜂
 is the ith El Niño or La Niña event. For each ENSO phase, we estimate the 

average climate impact independent of AMV, �̅�, as: 

 

�̅� =
𝑋+̅̅ ̅̅ +𝑋−̅̅ ̅̅

2
 (2) 

 

We define the overall difference in ENSO climate response between AMV+ and AMV-

, called hereafter “total modulation of ENSO impacts by AMV” 𝛥�̅�, as: 

 

𝛥�̅� = 𝑋+̅̅ ̅̅ − 𝑋−̅̅ ̅̅  (3) 

 

Conceptually, 𝛥�̅� can be understood as the sum of the change in mean state driven 

by AMV (𝛥𝜇) and the “direct impacts of ENSO modulated by AMV” (𝛥𝑋𝐸𝑁𝑆𝑂
̅̅ ̅̅ ̅̅ ̅̅ ): 

 

𝛥�̅� = 𝛥𝜇 + 𝛥𝑋𝐸𝑁𝑆𝑂
̅̅ ̅̅ ̅̅ ̅̅  (4) 

 

where 
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𝛥𝜇 =  𝜇+ − 𝜇−  (5) 

 

and 

 

𝛥𝑋𝐸𝑁𝑆𝑂
̅̅ ̅̅ ̅̅ ̅̅ = (𝑋+̅̅ ̅̅ − 𝜇+) − (𝑋−̅̅ ̅̅ − 𝜇−) (6) 

 

We note that 𝛥𝑋𝐸𝑁𝑆𝑂
̅̅ ̅̅ ̅̅ ̅̅  encompasses the modulation of ENSO impacts due to both 

changes in ENSO teleconnections pathways (because of altered background 

circulation) and changes in ENSO characteristics (amplitude and/or spatial pattern). 

 

We stress that our decomposition between mean state background changes and 

modulation of ENSO impacts is not exact (see Supplementary Information). In 

particular, we implicitly assume that there are no differences in the mean state AMV 

impact across ENSO phases and attribute those changes to direct ENSO impacts 

modulated by AMV.  

 

We test for statistical significance by performing a nonparametric bootstrap test 

subsampling 70% of the 270 austral summer seasons with replacement on each 

iteration repeated 104 times. Differences are estimated to be significant at the 95% 

confidence level where the ensemble mean anomaly lies outside of 2.5-97.5th 

percentile range of the bootstrap samples. 

 

2.3 Extreme climate response to ENSO  

We analyse the following climate extreme indices (Donat et al. 2013):  

• Warm days (TX90p): Number of days per summer season when daily maximum 

temperature exceeds the local 90th percentile;  

• Warm nights (TN90p): Number of days per summer when daily minimum 

temperature exceeds the local 90th percentile; 

• Wet days (R90p): Number of days when precipitation exceeds the local 90th 

percentile; 

• Maximum number of consecutive dry days (CDD) per summer with daily 

precipitation less than 1 mm. 

2.4 Empirical fire model 

 

Burned area (BA) is a widely used metric of wildfire activity that integrates the total 
number of wildfires occurring over a season and their intensity (Andela et al. 2017). In 
Australia, the absence of a centralised national database has resulted in the 
aggregation of data from various fire management agencies in each state and territory 
(see Data Availability) to construct a comprehensive overview of the countrie’s burned 
areas (Canadell et al. 2021). The data provided by these agencies are represented as 
polygons in vector files, obtained through diverse sources such as terrestrial mapping, 
aerial photography, GPS boundary plotting from ground assessments, and remote 
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sensing. Extensive validation of this data has been conducted, and it has been 
previously utilized as a reference in numerous studies (e.g., Russell-Smith et al., 2007; 
Bradstock et al., 2010; Murphy et al., 2013; Canadell et al., 2021). The datasets 
encompass various types of fires, including both prescribed fires and wildfires. 
Wildfires are commonly referred to as bushfires in the metadata of these data sources. 
The term "bushfire" is frequently used to describe vegetation fires in general. Within 
databases or public warning systems, "bushfires" are categorised as "unplanned fires" 
or "wildfires," contrasting with "planned fires," "hazard reduction burns," or "prescribed 
fire". We focus on changes in BA in the eastern Australian temperate forest region 
(Dinerstein et al. 2017), which is highly populated, vulnerable to wildfires and has a 
50-year fire data record. We aggregate all the wildfires whose centre of gravity falls in 
the study domain and which start in the fire season from September-February 
(Canadell et al., 2021). A fire year is defined by the year in which the fire season ends.  
 

The Standardized Precipitation Evapotranspiration Index (SPEI) estimates the 

relationship between preconditioning meteorological conditions and the BA during the 

fire season, following Turco et al. (2018). SPEI accounts for total accumulated 

precipitation and potential evapotranspiration (PET). The Hargreaves method is used 

to estimate PET, including temperature and precipitation in its formulation (plus the 

latitudinal correction factor). We calculate the observed SPEI over 1971–2020 using 

monthly mean maximum near-surface temperature and precipitation from the Climate 

Research Unit dataset (CRU_TS4.06, Harris et al., 2020). Climate variables are 

spatially averaged over the southeast Australia domain for the analysis (Fig. 5a). 

As in Turco et al. (2018), we express the SPEI-BA model as: 

𝑙𝑜𝑔[𝐵𝐴(𝑠𝑐, 𝑚)] = 𝛽1 + 𝛽2 ⋅ 𝑆𝑃𝐸𝐼(𝑠𝑐, 𝑚) + 𝜀(𝑠𝑐) (eq. 7), 

where sc is the timescale (varying from 1 to 12 months) used to compute the SPEI, m 

is the month for which the SPEI is computed (varying from September to February) 

and 𝜀 refers to noise caused by sources of BA variability other than the SPEI. 

To find the highest fraction of variance explained, we calculate all the possible 

regression models by varying sc and m. The selected model explains 56% of the BA 

variability based on the SPEI5,Jan, i.e. the climate data aggregated from September to 

January. We apply the empirical observed relationship from Eq. 7 to the NCAR-

CESM1 AMV+ and AMV- output to determine effective changes in BA by AMV.  

2.5 Atmospheric circulation decomposition into local Walker and Hadley 

components 

To match regions of anomalous veritcal motion to changes in the large-scale 

circulation we perform a Helmholtz decomposition of the flow after Schwendike et al. 

(2014). Recognising that the tropical circulation is dominated by large-scale zonal 

(Walker) and meridional (Hadley) overturning circulations, which may have distinct 

mechanisms, this approach enables us to quantify the relative importance of Walker 
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and Hadley circulations for the local circulation response, and associated climatic 

changes, over Australia.  

 

We use spherical harmonics to isolate the divergent wind field from the full wind field. 

Then we use the kinematic method to calculate the component of ascent due to 

meridional (or zonal) overturning from the divergence of the meridional (or zonal) 

component of the divergent wind. This decomposition gives us the local Hadley and 

Walker components of large-scale ascent (Schwendike et al. 2014). 

 

 

3. Results 

 

3.1 AMV modulation of ENSO mean climate impacts over Australia 

 

 
Figure 1. El Niño-related impacts over Australia in DJF. Top: precipitation (mm day-1) in shading and vertical 

velocity at 500 hPa (Pa s-1) with contours at ±0.02 Pa s-1 (a) and ±0.01 Pa s-1 (b, c and d).  Bottom: near-surface 

temperature (K) in shading and net surface shortwave radiation with contours ±30 W m-2 (e) and ±10 W m-2 (f, g 

and h). Columns show: (a,e) Mean El Niño impacts (eq. 2); (b,f) the total El Niño modulation by AMV (eq. 3); (c,g) 

the mean background change due to AMV (eq. 5); and (d,h) the direct AMV modulation of El Niño impacts (eq. 6). 

Dotted areas denote absence of statistical significance in the precipitation (top) and near-surface temperature 

(bottom) at the 95% confidence level.  

 

El Niño leads to a precipitation deficit and increased subsidence over Australia (Fig. 

1a). Higher mean surface temperatures occur alongside increased net surface 

shortwave (SW) radiation (Fig. 1e). The strong spatial resemblance between 

anomalous surface SW radiation and mid-level vertical velocity (Fig. 1e) suggests 

anomalies in mean surface temperature are related to changes in large-scale 

atmospheric dynamics rather than local processes. During La Niña, the anomalies are 

of a similar amplitude but opposite sign (Figs. 2a, e). 

 

The total El Niño modulation by AMV (Eq. 3) (Fig. 1b and f) shows a weaker 

precipitation decrease above 0.6 mm day-1 over north-east Australia, along with a 

damping of the local subsidence seen in the mean El Niño response (compare 

contours between Fig. 1b and Fig. 1a). Alongside the weakening of El Niño-related 
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precipitation, there is a weakening of mean near-surface warming of -0.6 K associated 

with reduced incoming SW radiation (Fig. 1f). In contrast, there is a slight strengthening 

of the El Niño impacts over south-central Australia under AMV+, with an increase in 

temperature of up to 0.4 K and a small but significant increase in precipitation deficit. 

 

The total modulation of La Niña by AMV (Fig. 2b,e) displays a similar amplitude but 

opposite sign to that found for El Niño (Fig. 1b,e). However, the spatial locations of the 

anomalies differ, highlighting the asymmetry in the AMV modulation of ENSO impacts 

in Australia. In particular, the total modulation pattern in near-surface temperature 

during La Niña is shifted by 5 to the east compared to El Niño. 

 

As explained in Section 2.2, the total modulation of ENSO impacts by AMV can be 

understood as the sum of the change in background climate between AMV phases 

(Eq. 5) and the direct modulation of ENSO characteristics and/or its teleconnections 

by AMV (Eq. 6). The mean state difference between AMV+ and AMV- is characterised 

by wetting and cooling over western and eastern Australia of up to 0.2 mm day-1 and 

0.2 K, respectively (Fig. 1c,g). Therefore, the mean climate response to AMV+ tends 

to offset the total El Niño impacts over Australia compared to AMV-. This is consistent 

with the fact that, on average, in these experiments AMV+ drives tropical Pacific 

cooling, pushing the climate state towards a La-Niña like background state (Ruprich-

Robert et al. 2017, Trascasa-Castro et al. 2021). Once the mean state changes are 

subtracted from the total modulation, we observe an east-west dipole pattern 

characterising the direct modulation of ENSO impacts by AMV (Figs. 1d,h; 2d,h), with 

a strengthening of the surface response to ENSO over southwestern Australia and a 

weakening of ENSO impacts over eastern Australia in austral summer. 

 

Overall, the differences in the total modulation of ENSO impacts over Australia by AMV 

are primarily driven by the direct modulation of ENSO impacts by AMV and not mean 

state changes.  

 

 
Figure 2. As in Figure 1 but for La Niña. Panels c and g are identical to Fig. 1 by construction. 
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3.2 AMV modulation of ENSO-driven climate extremes over Australia 

 

 
Figure 3. El Niño-related extremes over Australia in DJF. Top: change in no. wet days (R90p; shading) and 

consecutive dry days per summer (CDD; contours. Contour interval is 1 day). Bottom: change in no. warm days 

(TX90p; shading) and warm nights (TN90p; contours. Contour interval is 1 night). Columns show: (a,e) Mean El 

Niño impact (eq. 2); (b,f) the total El Niño modulation by AMV (eq. 3); (c,g) the mean change due to AMV (eq. 5); 

and (d,h) the direct AMV modulation of El Niño impacts (eq, 6). Stippled areas show non-significant anomalies in 

R90p (top) and TX90p (bottom) at the 95% confidence level. 

 

After showing that AMV modulates the summer mean ENSO-climate signals in 

Australia in NCAR-CESM1, primarily by modulating ENSO impacts, we now explore 

changes in daily precipitation and temperature extremes. 

 

During El Niño, eastern Australia experiences a decrease in the number of summer 

wet days (Fig. 3a). There are up to 3 more warm days per summer in the north and 

north-west of Australia (Fig. 3e), and the period with CDD extends by one day. La Niña 

summers are characterised by anomalies that are equivalent in amplitude but opposite 

in sign to El Niño (Figs. 4 a and e).  

 

The total modulation of El Niño-driven extremes by AMV shows a signal of 1 extra wet 

day per summer over eastern Australia associated with a decrease in CDD (Fig. 3b), 

and a decrease in R90p over the central part of Australia between 125°E-135°E, where 

there is also an increase of 1 extra warm day and night per summer (Fig. 3f). The total 

modulation of La Niña temperature extremes by AMV is stronger, with 2 more warm 

days and nights in eastern Australia (Fig. 4f). The magnitude of the total modulation 

of ENSO-driven changes in extremes by AMV is comparable to the mean ENSO signal 

in NCAR-CESM1, representing a substantial modification that may manifest on multi-

decadal timescales. 

 

The changes in precipitation extremes attributable to the mean climate response to 

AMV extend rather homogeneously across Australia (Fig. 3c); however, changes to 

temperature extremes are largest over northern and eastern regions (Fig. 3g). AMV 

modulation of the direct ENSO impacts on extreme precipitation and temperature 
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(Figs. 3d, h and 4d, h) resemble the apparent differences in ENSO impacts shown in 

Figs. 3b, f and 4b, f, but with stronger relative amplitudes. In AMV+, the El Niño signal 

intensifies over central and southern Australia, evidenced by a decrease of 2 in R90p, 

and an increase in CDD. There is also an overall increase of up to 3 warm days and 2 

warm nights per summer, peaking over the North of Australia. The AMV modulation of 

La Niña consists of a weakening of the mean La Niña response (Figs. 4a,e), with a 

significant decrease in R90p over eastern and Western Australia (Fig. 4d), and a larger 

increase of up to 3 warm and nights over eastern Australia (Fig. 4. h).  

 

 

 
Figure 4. As in Fig. 3 but for La Niña. Panels c and g are identical to Fig. 3 by construction. 

 

 

In comparison to the direct modulation of ENSO impacts by AMV (Figs. 1 and 2, right 

column), changes in extreme precipitation and temperature do not show a clear dipole 

with intensification over the west and weakening over the east (Fig. 3 and 4, right 

column). This reveals that the AMV modulation of ENSO extremes is not only 

asymmetric as ENSO mean impacts, but it is also nonlinear. Comparing Figs. 1h and 

3h one can see a different pattern of the AMV modulation of ENSO TAS in DJF (Fig.  

1h) and TX90P (Fig. 3h). In Fig. 1h the dipole consisting of an amplification of the 

surface temperature response to El Niño in DJF is very noticeable, with an 

amplification of warm conditions over the south-west and a decrease in temperature 

over the north-east. In contrast the AMV modulation of warm days during El Niño 

consists of an overall amplification of the mean signal, with an increase in warm days 

that is strongest in the north. The mean El Niño impacts in Figs. 1a,e and 3a,e show 

that areas where seasonal mean anomalies are strongest do not necessarily coincide 

with the changes in extreme diagnostics. A similar situation is shown in Figs. 2 and 4 

(La Niña). Therefore, further investigation is required to understand the differences in 

the spatial patterns of the AMV modulation of ENSO mean and extreme impacts. 
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3.3 AMV modulation of ENSO-driven fire activity over Australia 

 

 
 
Figure 5. a) Focus area for the wildfire study (shaded in red). (b) Boxplots of absolute burned area (km2) in SE 

Australia estimated using NCAR-CESM1 output with the empirical SPEI-BA relationship derived from observations 

using Eq 7. (c) Anomalies in burned area (km2) with respect to the mean state of the matched AMV phase. Red 

(blue) boxplots show values in AMV+ (AMV-). Numbers on top show the % difference between El Niño (or La Niña) 

in AMV+ and AMV- and their associated p-value estimated with a two-sided Student’s t-test. 

 

Given the significant AMV modulation of the ENSO climate impacts over Australia in 

NCAR-CESM1, we make the further step to explore the implication for forest fires over 

south-eastern Australia (Fig. 5a) using the statistical model introduced in Section 2.2. 

The SPEI12 was chosen as an estimator of burned area, meaning that precipitation 

and temperature 12 months prior to the end of the fire season were considered. We 

considered other frequencies of SPEI and found no significant changes in the AMV 

modulation of the ENSO-BA relationship in Australia. Figure 5b shows BA in each 

AMV phase (red AMV+, blue AMV-) and for El Niño (middle column) and La Niña (right 

column) events during each AMV phase. BA decreases significantly by 14.5% in 

AMV+ compared to AMV-. There is also a borderline significant (p-value < 0.07) 

decrease in BA of 16.2% during El Niño in AMV+ compared to AMV-. During La Niña, 

there are no statistically significant BA changes between AMV phases. The fact that 

ENSO and AMV signals are superimposed in Fig. 5b hinders the isolation of the 

proportion of ENSO-driven BA that is actually modulated by AMV.  

 

To quantify the AMV modulation of direct ENSO impacts, we remove the mean 

background AMV signal and show the results as anomalies relative to each AMV mean 

state (Fig. 5c). This shows that the dAMV modulation of the direct El Niño-driven BA 

is not significant, but there is a significant offset of the decrease in BA during La Niña 

of around 37% (p-value < 0.06). As shown in Figs. 2d and 2h, the precipitation and 

temperature anomalies driven by La Niña in the south-east of Australia is damped by 

AMV+. Drier and warmer conditions induced by AMV+ increase the risk of fire weather 

during La Niña summers. During El Niño, the significant reduction in south-east 

Australia BA by AMV is due to the mean background climate effects rather than the 

modulation of the direct El Niño impacts by AMV. 

 

3.3 AMV modulation of large-scale circulation leading to climate 

impacts 
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To understand the origins of the modulation of ENSO climate impacts discussed in 

Sections 3.1 and 3.2, we next examine the large-scale circulation response. In 

particular, we explore the physical origin of the modulation of the mid-tropospheric 

subsidence anomalies over Australia using the decomposition into local Hadley and 

Walker circulation components described in Section 2.5. 

 

During El Niño, there is a shift in tropical convection from the warm pool towards the 

central equatorial Pacific resulting in negative 500 hPa pressure velocity anomalies 

and a weakening of the South Pacific Convergence Zone (SPCZ) (Fig. 6a). This 

response is mainly associated with changes in the local Hadley circulation (Fig. 6e), 

with the pressure velocity anomalies associated with the local Walker component (Fig. 

6i) being roughly three times weaker. The total modulation by AMV of the local Hadley 

component response to El Niño (Fig. 6f) shows a weakening of the enhanced upward 

motion in the central equatorial Pacific, especially between 150-180°E. Between 15ºS-

15ºN, this total modulation is explained by a general decrease of the El Niño impacts 

by the mean state change (Fig. 6h) and by a westward shift/extension of the canonical 

El Niño impacts by the AMV modulation of the El Niño impacts (Fig. 6h; see also Fig. 

S3), in agreement with Trascasa-Castro et al. (2021) 

 

Over Australia, the mean El Niño signal in pressure velocity comprises increased 

subsidence particularly over northern regions (Fig 6a). The total modulation of the 

vertical velocity response to El Niño by AMV (Fig. 6b) consists of intensified 

subsidence over central Australia with a similar contribution of the local Hadley and 

local Walker components. The changes in the Walker circulation can be explained 

mostly by the mean state AMV impact (Fig. 6k). Under warm AMV conditions (Figs. 

6g and 7g), the deep convection associated with the ascending branch of the Hadley 

cell in the Pacific is shifted North during boreal winter, and the SPCZ loses strength. 

This is in broad agreement with observational and modelling studies linking AMV to 

changes in Hadley circulation pattern and strength (Zplotnik et al. 2022, Liu et al., 

2020). 

 

Regarding the direct modulation of El Niño impacts, AMV+ enhances subsidence over 

central-western Australia and weakens ascent over Western Australia (Fig. 6d). This 

seems to be driven by a westward shift of the mean El Niño signature over Australia, 

which echoes the westward shift of the vertical velocity in the deep tropics (Fig. S3ac). 

The dipole structure of the vertical velocity anomalies over Australia is reminiscent of 

the dipole anomalies already discussed for surface temperature and precipitation (Fig. 

1a,e).  
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Figure 6. El Niño-related vertical velocity at 500 hPa (Pa s-1) in DJF. Top row: total change, middle row: local 

Hadley component and bottom row: local Walker component. Columns show: (a,e,i) Mean El Niño impact (eq. 2); 

(b,f,j) the total El Niño modulation by AMV (eq. 3); (c,g,k) the mean change due to AMV (eq. 5); and (d,h,l) the 

direct AMV modulation of El Niño impacts (eq, 6). Negative values show ascent and positive values descent. 

Stippled areas show non-significant anomalies at the 95% confidence level. 

 

The mean La Niña signal is reduced upwelling in the equatorial Pacific (Fig. 7a), 

predominantly associated with the local Hadley circulation (Fig. 7e) with only a small 

role for local Walker circulation changes (Fig. 7i). Over eastern Australia, AMV+ 

weakens the total La Niña anomalies causing enhanced subsidence over the eastern 

coast (Fig. 7b), driven by both the direct AMV modulation of La Niña impacts (Fig. 7d) 

and the mean state AMV changes (Fig. 7c). This modulation is mainly caused by a 

weakening of the local Hadley circulation impacts (Fig. 7h vs Fig. 7e), with a minor 

contribution of the local Walker component (Fig. 7l). Over the western part of the 

country, AMV+ enhances the upward motion of air during La Niña summers (Fig. 7bd), 

driven by a strengthening of the zonal overturning circulation by modulating the direct 

La Niña impacts (Fig. 7l). 
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Figure 7. As in Fig. 6 but for La Niña. Panels c, g and k are identical to Fig. 6 by construction. 

 

 

4. Discussion and conclusions 

 

We analysed idealised model experiments to investigate how ENSO impacts on 

Australian climate are modulated by AMV. The large ensemble experiments with 270 

austral summers of perpetual AMV+/- conditions offer a large sample that allows a 

cleaner separation of the effects of AMV-ENSO interactions than can be achieved in 

the limited instrumental record. The total modulation of ENSO impacts by AMV (i.e. 

what one would observe in the real world) can be decomposed into a background 

state change due to AMV and a signal from modulation of the direct ENSO impacts 

by AMV, the latter implicitly includes effects from changes in ENSO characteristics 

and/or changes in teleconnections. 

This is an advance over some earlier studies where these components have not been 

explicitly separated Maher et al. (2022), allowing contributing mechanisms from mean 

state changes and direct ENSO modulation to be distinguished. The study builds on 

the results of Trascasa-Castro et al. (2021) who showed a weakening of ENSO 

amplitude in the simulations by ~10%. We highlight in our decomposition that the 

modulation of ENSO by AMV can include effects from changes in ENSO patterns and 

the altered atmospheric response to this pattern. 

 

An east-west dipole pattern, with warm AMV conditions strengthening (weakening) 

ENSO impacts over western (eastern) Australia, is found for changes in mean summer 

precipitation and temperature. Under El Niño (La Niña), the mean background state 

change due to AMV enhances (diminishes) the direct modulation of impacts by AMV 

in eastern Australia, with the opposite found in western Australia. 

 

The reduction in wet days across most of Australia under El Niño is negated by the 

AMV modulation in eastern regions but is enhanced in central and southern regions. 

Though the background state change by AMV leads to an increase in wet days across 
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Australia, the direct modulation of El Niño impacts by AMV leads to a relatively 

stronger decrease in southern and central regions. In contrast, La Niña increases the 

frequency of wet days across most of Australia, with the total modulation by AMV 

muting this signal in eastern Australia making extreme wet days less likely in this 

region during AMV+. While the canonical El Niño response shows increases in warm 

days and nights confined to northern Australia, the direct modulation of ENSO impacts 

by AMV shows a reduction of warm days and nights in eastern Australia and increase 

in central Australia, and vice versa for La Niña. This east-west dipole resembles the 

pattern seen for seasonal mean precipitation and temperature modulation by AMV.  

 

The east-west dipole across Australia seen in the total modulation of ENSO impacts 

by AMV on several climate indicators can be explained by changes in the equatorial 

Pacific atmospheric circulation. AMV drives background changes that project on a La 

Niña-like state (Ruprich-Robert et al. 2017, Trascasa-Castro et al. 2021), which are 

associated with changes in the Walker and Hadley circulations, mostly weakening the 

total El Niño teleconnections but strengthening the La Niña ones (Figs. 6cgk, 7cgk and 

S3). The AMV also modulates the ENSO characteristics, with weaker ENSO events 

and westward shifted El Niño events (i.e. more Central Pacific like) during AMV+ (Figs. 

6dhl, 7dhl and S3), in agreement with the previous study of Trascasa-Castro et al. 

(2021). The east-west dipole across Australia seen in the total modulation of many 

ENSO impacts appears also explained by the combination of a La Niña-like 

background change and by a westward shift of ENSO teleconnections. We note that 

the AMV modulation of ENSO described here would incorporate the modulation of 

ENSO characteristics, e.g. a change in the frequency of central and eastern Pacific 

events, as well as modulation of ENSO teleconnections by the altered background 

state. Future work could be done to separate these two aspects. 

 

The results show no significant modulation of ENSO anomalies in burned area in 

south-east Australia by AMV, but during AMV- mean burned area is significantly higher 

than during AMV+. This finding contrasts with Liu et al. (2023), who explore the AMV 

modulation of the relationship between the autumn Niño3.4 index and the Fire 

Weather Index (FWI). They find a positive correlation between ENSO and Australian 

FWI in observations, with the relationship being stronger in AMV+ than in AMV-. 

Opposite to what our results show, they suggest that AMV+ reinforces the El Niño-

driven hot and dry conditions over Australia given the warm and dry anomalies driven 

by AMV in austral spring. Therefore, uncertainty remains in the sign of the AMV 

modulation of ENSO-driven burned area variability in Australia and further work is 

needed to understand the sources of uncertainty and constrain the relationship. 

 

The mechanisms proposed here could ultimately contribute to multidecadal variability 

in ENSO impacts, meaning that Australian climate may undergo periods of apparently 

more severe or muted climate variability on interannual timescales. Should such 

variability arise in observations, it would be superposed onto background climate 

trends driven by external forcings like greenhouse gases. Eastern Australia has 
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already experienced a rapid drying trend due to anthropogenic emissions of 

greenhouse gases (Abram et al. 2021). Hence, multidecadal variability may affect 

overall resilience and adaptation to climate extremes in a warming world, and hence 

internal variability should be considered within storylines for Australian climate change 

and stress testing against weather and climate extremes.  
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