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Abstract

Influence of multi-year La Nifia and soil moisture feedback on the Australian
Monsoon

by Quentin Rossier

Australian rainfall intensifies during the third year of the triple year La Nifia, but
the reason for this enhancement is not fully understood. This study investigates
the extreme rainfall observed during triple year La Nifia in the Australian monsoon
region. We show that soil moisture plays a key role in the intensification of the
monsoonal circulation. Two hypotheses are evaluated: an inter-monsoonal, multi-
year, precipitation enhancement through soil moisture memory; and another one
examines an intra-monsoonal enhancement, with earlier rainfall setting an earlier,
and intensified, internal monsoonal circulation. The intensification of the internal
circulation of the Australian monsoon during triple-year La Nifia is also visible in
NCAR-CESM2, and MIROC6 models and to a certain extent in the ACCESS-CM?2
model. Our findings suggest that the intensification of Australian rainfall occurs
one or two months before the usual onset of the monsoon associated with an earlier
peak of the third year of La Nifia. The increased rainfall in austral spring intensifies
soil moisture feedback and increases rainfall recycling in the following season. This
intensifies the monsoon season during the third year of triple La Nifia.
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Abbreviation Meaning

ACCESS-CM2 Australian Community Climate and Earth System Simulator,
Coupled Model 2

AUM Australian Monsoon

AWRA-L v.6 Australian Landscape Water Balance model, version 6

CMIP Coupled Model Intercomparison Project

CSIRO Commonwealth Scientific and Industrial Research Organisation

ENSO El Nifio Southern Oscillation

EP Eastern tropical Pacific Ocean

ERA5 European Centre for Medium-Range Weather Forecasts, reanaly-
sis 5

ERSSTv.5 Extended Reconstructed Sea Surface Temperature, version 5

GCM General Circulation Models

HadISST Hadley Centre Global Sea Ice and Sea Surface Temperature

IMC Internal Monsoonal Circulation

10 Indian Ocean

IPCC Intergovernmental Panel on Climate Change

ITCZ InterTropical Convergence Zone

MIROC6 Model for Interdisciplinary Research on Climate, version 6

MJO Madden-Julian Oscillation

NA Northern Australia

NCAR-CESM2 National Center for Atmospheric Research, Community Earth
System Model 2

NCI Australian National Computational Infrastructure

NDJFM November-December-January-February-March

NOAA National Oceanic and Atmospheric Administration

ONI Oceanic Nifio Index

SIndo Southern Indonesia

SO September and October

SSP1-2.6/SSP5-8.5

SST
WoA

Shared Socioeconomic Pathway number 1 or 5, radiative forcing
of 2.6 or 8.5 W/m?

Sea Surface Temperature

West of Australia




1 Introduction

Most of Northern Australia (NA) experiences above 75% of its annual precipita-
tion between November and March (NDJEM), with a peak occurring in January and
February (Figure 1.1). In NA, approximately North from 20°S5-25°S (Heidemann et
al., 2023; Sekizawa et al., 2023; Yu and Notaro, 2020), this pronounced wet season is
attributed to the Australian Monsoon (AUM), a crucial climatic phenomenon of the
Australian continent. Year-to-year variability in the AUM rainfall can be strong and
have important implications for NA’s population, agriculture, and livestock indus-
tries which are prominent in these regions (Mollah and Cook, 1996).

The monsoon is characterized by a seasonal reversal of winds and associated rain-
fall. While its dynamics have been the subject of extensive study, the relationship
between the AUM and the El Nifio Southern Oscillation (ENSO) remains a subject
of significant scientific interest.

1.1 The Australian Monsoon

The AUM'’s onset is thought to be driven by various factors. The main one is the
southward shifts of the InterTropical Convergence Zone (ITCZ), during austral sum-
mer. Due to stronger solar radiation in the Southern Hemisphere, the ITCZ shifts
southward, following the warm Sea Surface Temperature (SST). The result is a shift
of wind patterns over Indonesia and NA, bringing moisture into the Australian con-
tinent (Gadgil, 2018).

Another large-scale phenomenon often assimilated with the monsoon is the land-sea
thermal wind. The land heats up during spring and summer due to stronger solar
radiation. As Australia is warmer than the surrounding ocean, due to lower thermal
inertia over the continent, air rises, creating a pressure gradient between land and
ocean, and inducing low-level winds from the ocean to Australia. However, the role
of the land-sea thermal wind in the monsoon onset has been recently questioned.
Indeed, recent studies have shown that stronger differential heating is sometimes
related to weaker monsoons (Gadgil, 2018; Geen et al., 2020).

The rainfall during the AUM has a low correlation with the rainfall anomaly of NA
during the rest of the year (Sekizawa et al., 2023). This indicates that the AUM op-
erates as an independent system and high rainfall outside the monsoon season does
not necessarily predict a strong monsoon. Figure 1.2 shows the circulation patterns
usually seen during the AUM season during active phases. The monsoon trough is
where low pressure converges, creating convection and rainfall. The AUM is gen-
erally separated in two to three monsoon cycles. Each cycle has an active and an
inactive phase. During the inactive phase, the monsoon trough moves northward,
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Figure 1.1: a) Sea surface temperature average in NDJFM b) Australian an-
nual mean rainfall in mm. c) Percentage of the yearly precipitation accumu-
lated between November and March. The black box represents the Australian
Monsoon region considered in this study. d) Average monthly rainfall in the
Australian Monsoon region. The data comes from the ERA5 reanalysis be-
tween 1940 and 2023.

and the rainband moves to Indonesia. During the active phase, the monsoon trough
goes over NA (Figure 1.2, Hung and Yanai, 2004).

Active phases of the monsoon are marked by bursts, which correspond to the arrival
of large-scale weather systems over NA. Bursts are defined as short periods within
the monsoon characterized by excessively wet conditions, in contrast to breaks, as-
sociated with excessively dry conditions. The rainfall associated with the AUM
primarily results from monsoon disturbances propagating across NA. The origin
of these disturbances is influenced by external factors, such as extratropical Rossby
wave breaking along the eastern coast of Australia (Berry et al., 2012), or the Madden-
Julian Oscillation (MJO, Berry and Reeder, 2016).
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Figure 1.2: Schematic of the circulation patterns typically associated with the
AUM in its active phase.

1.2 The ENSO phenomenon

The ENSO phenomenon originates in the Eastern tropical Pacific Ocean (EP) and is
known for its capacity to disrupt weather patterns across the globe. During a neu-
tral phase, easterly trade winds flow over the Pacific Ocean, resulting in upwelling
on the South American coast and relatively warmer waters in the Western Pacific
Ocean, and convective activity and rainfall over there (Figure 1.3). During the La
Nifia phase, the circulation strengthens with stronger trade winds and more up-
welling in the EP. At the surface, the air travels westward where the SST is warmer,
in the Western Pacific Ocean. In this region, the air converges and rises, leading to
abnormally strong precipitation, while EP encounters drier than usual conditions.

In the case of an El Nifio event, there is a weakening or, in extreme cases, reversal of
the trade winds in the Pacific Ocean and a slowdown or stopping of the upwelling
in the EP. In such an event, SST in the EP rises due to the weak upwelling. The air
converges and rises over the warmer SST in the central-eastern Pacific, leading to
convection and precipitation over the EP. The rising motion of the air leads to con-
vection and precipitation over the EP, which disrupts the Walker cell. As a result of
this disruption, in the upper troposphere, the air, which has lost moisture, travels
back to its initial location and descends over Indonesia and South America (Fig-
urel.3). Consequently, this subsidence significantly lowers the precipitation over
these regions (Hendon, 2003).

1.2.1 Defintion of La Nifa/El Nifio events

There are different ways to define La Nina and El Nifio events. One of the most
common methods is when the SST in the central Pacific surpasses a certain thresh-
old. This temperature anomaly is calculated with many different indices (Nifio 1,
Nifio 3.4,...), but the Oceanic Nifio Index (ONI) is the one used by the National
Oceanic and Atmospheric Administration (NOAA) to issue ENSO warnings which
are widely used by the scientific community (Kousky and Higgins, 2007). The ONI
averages the SST between 5°N-5°S, and 120°-170°W (NOAA, 2023). For instance,
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Figure 1.3: Scheme of ENSO interaction between the SST and the Walker cell
(Australian Bureau of Meteorology, n.d.-a).

the NOAA sets the La Nifia (El Nifio) warning when five consecutive overlapping
seasons have a temperature lower than -0.5°K (higher than +0.5°K). ENSO tends to
be highly irregular and can result in two consecutive years of La Nifia or El Nifio, or
even three consecutive years in rarer cases. Since 1940, three consecutive years of La
Nifia events have happened three times (in 1973-76, 1998-2001, and 2020-2023). Dou-
ble events in La Nifia are more common than double El Nifio events, as they have
happened in about 50% of La Nifia events (Figure 1.4). On the other hand, triple El
Nifio events are uncommon due to ENSO asymmetry (Dommenget et al., 2013), and
only one triple event has been recorded since 1940 (1939-1942)

Indeed, although El Nifio events are typically more intense than the La Nifia events,
they tend to dissipate sooner. This is due to the low-level wind forcing from the
Indian Ocean (IO) on the Western Pacific Ocean, counteracting and slowly terminat-
ing the El Nifio events (Okumura and Deser, 2010). The duration of El Nifio events
is mainly phased to the seasonal cycle and on the timing of its onset, whereas the
duration of a La Nifia is more linked to the strength of the warm event preceding.
Therefore, a La Nifia can be longer than an El Nifio (Wu et al., 2019), and multi-year
La Nifia can be influenced by a strong El Nifio event preceding (DiNezio et al., 2017).

The most recent projection of ENSO in a warming climate tends to indicate that
stronger El Nifio and more multi-year La Nifia will occur during the twenty-first
century (Cai et al., 2021). Multi-year La Nifia can lead to a reinforcement of the
rainfall patterns as seen in the USA (Okumura et al., 2017) but they can also lead to
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diverse patterns between the first and the second year of the event as seen in South
America (Lopes et al., 2022).
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Figure 1.4: ONI since 1940 with ERSSTv.5 SST reanalysis. In blue are La Nifia
events and in red are El Nifio events.

1.2.2 Influence of ENSO on the Australian climate

ENSO has a very important impact on the interannual rainfall variability of the Aus-
tralian continent. ENSO directly impacts NA through a difference in pressure linked
to this phenomenon. This pressure change has been identified and measured since
the 1870s with the Southern Oscillation Index, representing the difference in pres-
sure between Darwin and Tahiti (Australian Bureau of Meteorology, n.d.-a). South-
east Australia is also widely impacted by ENSO but in an indirect way. Indeed,
ENSO'’s influence is felt for instance through Rossby wave trains (Cai et al., 2012;
Gillett et al., 2023) and the Southern Annular Mode (Hendon et al., 2014). During
El Nifio events, southern Australia is usually experiencing warmer than usual tem-
peratures. In eastern Australia, reduced precipitation is generally seen (Australian
Bureau of Meteorology, n.d.-a). In extreme cases, the Australian continent can be hit
by severe drought conditions and heatwaves over a large part of the country (Chiew
et al., 1998). During La Nifia events, higher rainfall tends to occur in spring in most
of Australia, and colder temperatures are recorded in the South (Australian Bureau
of Meteorology, n.d.-a).

The impact of ENSO is generally stronger during winter and spring seasons as the
large-scale atmospheric circulation is more prone to Rossby wave generation and
propagation (Gillett et al., 2023). Multi-year ENSO events also play a role on the
Australian continent. Indeed, second-year El Nifio events are drier than average
El Nifio in the center and northern part of the continent in summer. Third-year La
Nifia events seem to produce extreme conditions, with strong precipitation in north-
ern and eastern Australia (A. T. Huang et al., 2024).

The shape of the ENSO event also has an impact on the Australian climate (Freund
et al., 2021; Taschetto et al., 2009; Taschetto and England, 2009). Indeed, studies have
shown that ENSO events acting on the central Pacific Ocean have a different impact
on the precipitation than ENSO events developing in the EP. During strong central
Pacific El Nifio, Australia tends to be drier during winter and early spring. However,



from October, more rainfall is recorded in the southeastern regions (Freund et al.,
2021).

1.3 Different mechanisms affecting AUM rainfall variability

AUM rainfall has strong interannual variability, up to 80% difference between the
years (Sekizawa et al., 2023). Much research has been done to identify the reasons
for such an important variability. A part of this variation can be attributed to the
ENSO phenomenon. However, ENSO is not the only process that influences the
AUM. The AUM is affected by many internal and external processes, making it very
complex to predict.

1.3.1 ENSO

The consequences of an El Nifio on the AUM have been well-documented since the
1980s (McBride and Nicholls, 1983) and often lead to lower-than-average AUM rain-
fall. A stronger El Nifio event does not necessarily mean a drier than usual AUM
(Figure 1.5), but it reduces the chances of wet events. Indeed, compared to a weak
El Nifio, a strong El Nifio does not necessarily lead to a drier AUM (as shown by the
yellow linear regression in 1.5) but it reduces the likelihood of above-average AUM
rainfall (McGregor et al., 2024; Tozer et al., 2023). Conversely, La Nifia events are
associated with anomalously wet conditions and stronger La Nifia tends to result
in more abundant AUM rainfall (Figure 1.5, Chung and Power, 2017). It has been
shown that northeastern Australian rainfall tends to be more correlated to ENSO
than northwestern Australian one due to its direct proximity with the Pacific Ocean
(Sharmila and Hendon, 2020). The ENSO phenomenon is the atmospheric feature
that explains most of NA rainfall variability with a correlation of -0.57 (Figure 1.5).
This correlation can vary depending on the region and the ENSO index used (Tozer
etal., 2023).

The AUM onset is also widely influenced by ENSO. Indeed, during an El Nifio (La
Nifia) phase, the onset of the AUM is usually later (earlier) than average (Australian
Bureau of Meteorology, n.d.-d). Examining the rainfall and ONI during the extended
austral summer (NDJFM), we observe that a stronger La Nifia often correlates with
heavier rainfall (Figure 1.5). However, the three third-year La Nifia recorded since
1940 are well above what linear regression suggests, although they were linked with
weaker La Nifia, indicating the influence of other factors.

As seen earlier, central and eastern ENSO events can lead to various rainfall patterns
in Australia. Those different events also affect the AUM region (Taschetto et al., 2009;
Taschetto and England, 2009). For instance, El Nifio events located in central Pacific
Ocean, also known as El Nifio Modoki (Ashok et al., 2007), are generally associated
with a decrease in rainfall in northwestern and NA, with a stronger decrease in aus-
tral autumn (Taschetto and England, 2009).

1.3.2 The Indian Ocean

While the Pacific Ocean SST patterns explain in part the AUM rainfall variability
with ENSO and the Interdecadal Pacific Oscillation, the IO, also plays a major role
in the AUM. As a direct influence of the IO, most of the moisture brought over NA
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during the AUM comes from the IO (Figure 1.2, Holgate et al., 2020). For example,
wind-evaporation feedback over the Southeastern IO is an important feature of the
AUM (Sekizawa et al., 2018).

The IO basin-wide warming (Chambers et al., 1999) also influences the AUM. Dur-
ing an El Nifio event, anomalous subsidence is observed over NA and Indonesia
(Figure 1.3). This subsidence strengthens the trade winds over the eastern IO, which
in turn enhances upwelling in this region. The resulting upwelling often leads to a
positive IO dipole, characterized by cooler SST in the eastern IO and warmer SST
in the western IO. This SST gradient across the IO induces an easterly flow that can
delay the onset of the AUM (Heidemann et al., 2023). However, once the AUM
begins, the winds reverse (Figure 1.2), halting the upwelling and advecting warm
water into the eastern IO, creating a basin-wide warming. When this IO basin-wide
warming appears after an El Nifio event, AUM rainfall tends to decrease (Taschetto
etal., 2011).

1.3.3 Terrestrial processes

Soil moisture plays a crucial role in the climate through its impact on water and en-
ergy cycles. In case of high soil moisture, the energy induced by solar radiation is
more likely to be transformed into latent heat through evaporation. The enhanced
moisture in the atmosphere can trigger more convection and therefore more precip-
itation (Bui et al., 2023). Previous studies have shown that soil moisture can affect
monsoons, with a deeper and stronger low-pressure coming inland when soil mois-
ture is higher than average (Berg et al., 2017; Hunt and Turner, 2017). This land-
ocean-atmosphere interaction is also considered to be relatively important during
the AUM, especially in northwestern Australia (Bui et al., 2023; Sharmila and Hen-
don, 2020). Recent research have shown that around 25% of the monsoonal rainfall
are coming from terrestrial contribution (Holgate et al., 2020).

In their research, Sekizawa et al. (2023) show that soil moisture at the beginning of
February has a stronger correlation with February-mean rainfall than the correla-
tion between February-mean rainfall and January-mean rainfall. It suggests that soil
moisture may positively influence the subsequent precipitation anomalies. This in-
dicates that while previous precipitation affects soil moisture, the current soil mois-
ture conditions can enhance the persistence of rainfall anomalies.

There is also a link between soil moisture and rainfall over the years, especially in
northwestern Australia. Indeed, Sharmila and Hendon (2020) have demonstrated
that over a 5-year period, the variability of the AUM appears to be primarily influ-
enced by interactions between soil moisture and precipitation, as well as a localized
feedback loop involving precipitation, wind, and evaporation. Furthermore, terres-
trial processes such as leaf area index and soil moisture are believed to account for
21% to 36% of the variation of the AUM rainfall between January and March, con-
siderably more than oceanic influences, which represent 14% of this variation (Yu
and Notaro, 2020). Additionally, Martius et al. (2021) demonstrated that adding soil
moisture across the Australian continent during summertime results in lower tem-
peratures and higher precipitation over NA.



1.3.4 Other factors influencing the AUM rainfall variability

Other large-scale atmospheric phenomena can influence the onset or burst of the
AUM. We can cite the MJO which is an eastward-moving system of convective activ-
ity that propagates through the tropical regions, generally along the ITCZ (Madden
and Julian, 1972). It is described as “a pulse of wind, enhanced cloud, and rainfall
that cycles eastwards around the globe near the equator.” (Australian Bureau of Me-
teorology, n.d.-b). It can occur at any moment of the year and has a life cycle between
30 to 60 days. The MJO has eight phases, which depend on its location. It usually
emerges over Africa or the western IO and shifts eastward above NA after two or
three weeks. It then shifts toward the Pacific Ocean and South America. During
phases 4 and 5, the MJO is between the eastern IO and the western Pacific Ocean,
the perfect longitude to transport moisture above NA, which stimulates the onset
and burst of the AUM (Australian Bureau of Meteorology, n.d.-c; Hung and Yanai,
2004; Yu and Notaro, 2020).

Another factor influencing the onset of the AUM is the Convectively Coupled Equa-
torial Waves (Ida et al., 2020) which is similar to the MJO, except that it has a weaker
signal and is generally associated with westward motion. The mid-latitude trough
intrusions also play an important role in the AUM, especially during bursts (Berry
and Reeder, 2016; S. Narsey et al., 2017).

Oceanic multi-decadal variability has an important impact on the AUM as well. The
positive, or negative, phase of the Interdecadal Pacific Oscillation is important in
the response of the Australian rainfall depending on the ENSO phase (Heidemann
et al., 2022). The Australian rainfall - ENSO relationship is usually stronger during
the negative phase of the Interdecadal Pacific Oscillation (Power et al., 1999). Also,
past positive events have coincided with lower AUM rainfall.

1.4 Past and future trends of the AUM

Between 1920 and 2021, there was an increase in the AUM region of 18mm per
decade of precipitation (Heidemann et al., 2023) between December and March. This
trend has accelerated since 1950, with an average of 24mm per decade. In northwest-
ern Australia, the acceleration is even stronger in austral summer, with some areas
having more than 50 mm per decade increase (Dey et al., 2019). Furthermore, the
duration of the wet season has lengthened over time, with an important increase
of 3.4 days per decade (Uehling and Misra, 2020). However, in some northeastern
regions, there are almost no changes in precipitation or the length of the AUM, es-
pecially along the coast.

There has been growing interest in understanding this rainfall increase for long-term
planning and mitigating the possible impacts of extreme events associated with it as
the climate warms. Due to this increasing trend, northwestern Australia tends to
have earlier monsoon onset with more frequent westerly bursts, tropical cyclones,
and monsoon lows (Heidemann et al., 2023). The reasons for those changes can be
diverse. Research by Ha et al. (2020) shows that the high concentration of anthro-
pogenic aerosols over Asia induces a North-South thermal gradient. This thermal
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gradient leads to a southward flow, bringing more rainfall over the AUM. Other fac-
tors could influence this rainfall enhancement such as the warming of the western
Pacific Ocean (Roxy et al., 2019) and the warming of the tropical Atlantic Ocean (Lin
and Li, 2012).

Due to greenhouse gas emissions, the Australian climate is changing fast. It is im-
portant to use climatic models to understand the climate and to predict it. The
most accurate simulations of the climate come from the models part of the Cou-
pled Model Inter-comparison Project phase six (CMIP6). They incorporate the latest
advancements in understanding the Earth’s climate system and are part of the latest
Intergovernmental Panel on Climate Change (IPCC). The CMIP6 models provide a
standardized framework for results across research groups, improving the reliability
of climate projections on both global and regional scales. In the CMIP6 there are 23
models with each one there bias in the representation of the climate. The general
representation of the Australian climate by the CMIP6 models also shows some bi-
ases, with precipitation higher than in reanalysis over the center, and lower than in
reanalysis along the eastern coast and in NA (Grose et al., 2020). Despite persistent
biases, there has been an overall improvement from CMIP5 to CMIP6 to represent
Australian rainfall and its relationship with climate modes of variability (Chung et
al., 2023; Grose et al., 2020)

CMIP5 and CMIP6 models on a very high fossil fuel scenario, with a radiative forc-
ing of 8.5W/m? (SSP5-8.5), show a decrease in precipitation on the western coast
and an increase on the southeast coast during summer and autumn. In winter and
spring, rainfall is projected to decrease strongly on the western and eastern coasts
(Grose et al., 2020). CMIP5 and CMIP6 models show a low agreement concerning
rainfall over the AUM region. By 2100, half of the CMIP6 models project a decrease
and the other half an increase in precipitations in the AUM (S. Y. Narsey et al., 2020).
Due to global warming, temperatures over the AUM region are projected to rise four
to five degrees by 2100, compared to the mean for 1995-2014 (S5P5-8.5). Stronger pre-
cipitation bursts are projected, with annual maximum one-day rainfall increasing by
five to twenty millimeters over NA (Grose et al., 2020). With lower fossil fuel usage
scenarios (SSP1-2.6), no significant increase or decrease in precipitation can be seen
in the CMIP6 models (Lee et al., 2021).
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2 Article - Influence of multi-year
La Nina and soil moisture feedback
on the Australian Monsoon

The following article was submitted to the Journal of Climate on the 10th of October
2024. The figures’ number as well as the layout has been changed for this thesis. The
whole text has been written by myself and has been rewarded and corrected by the
two co-authors Ass. Prof. Andréa S. Taschetto and Prof. Stefan Bronnimann.

2.1 Abstract

Australian rainfall intensifies during the third year of the triple year La Nifia, but the
reason for this enhancement is not fully understood. This study investigates the ex-
treme rainfall observed during triple year La Nifia in the Australian monsoon region.
We show that soil moisture plays a key role in the intensification of the monsoonal
circulation. Two hypotheses are evaluated: an inter-monsoonal, multi-year, precip-
itation enhancement through soil moisture memory; and another one examines an
intra-monsoonal enhancement, with earlier rainfall setting an earlier, and intensi-
fied, internal monsoonal circulation. The intensification of the internal circulation of
the Australian monsoon during triple-year La Nifia is also visible in NCAR-CESM2,
and MIROC6 models and to a certain extent in the ACCESS-CM2 model. Our find-
ings suggest that the intensification of Australian rainfall occurs one or two months
before the usual onset of the monsoon associated with an earlier peak of the third
year of La Nifia. The increased rainfall in austral spring intensifies soil moisture
feedback and increases rainfall recycling in the following season. This intensifies the
monsoon season during the third year of triple La Nifia.

2.2 Introduction

The Australian monsoon (AUM) is an important climatic feature of the Australian
continent. It traditionally spans during the austral summer months, typically com-
mencing around November and continuing until March (NDJEM). During the mon-
soon, most of Northern Australia (NA) receives more than 75% of its annual pre-
cipitations (Figure 2.1). During the austral summer, the InterTropical Convergence
Zone (ITCZ) shifts south following the intensification of solar radiation in the South-
ern Hemisphere. This displacement of the ITCZ and the resulting meridional shift in
the Hadley circulation alter the wind patterns favoring a reversal of the wind from
southeastern to northwestern over NA. This sudden change creates a zone of con-
vergence and a low-level cyclonic circulation over NA (Figure 2.2). This cyclonic
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circulation transports moisture from the southeastern Indian Ocean and creates the
AUM.
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Figure 2.1: a) Australian mean annual rainfall in mm. b) Mean percentage
of the yearly precipitation accumulated between November and March. The
black box represents the Australian Monsoon region considered in this study.
¢) Climatology of monthly rainfall averaged in the Australian Monsoon re-
gion. The data comes from the ERAS reanalysis between 1940 and 2023.

Year-to-year variations in the AUM rainfall can have important implications for the
local population, agriculture, and livestock industry which are prominent in NA
(Mollah and Cook, 1996). Furthermore, the AUM variability can influence other
regions’ climates. For instance, the variability in AUM can significantly affect the
severity of the East Asian winter climate, resulting in notable anomalies in temper-
ature and precipitation across East Asia and the Western North Pacific (Sekizawa
et al., 2021). Understanding and assessing these interactions and climatic repercus-
sions is essential for both regional and global climates.

While the dynamics of the AUM variability have been the subject of extensive re-
search, the relationship between the AUM and El Nifio Southern Oscillation (ENSO)
events remains a subject of significant scientific interest. It is known that Australian
rainfall is strongly associated with ENSO (Heidemann et al., 2023; McBride and
Nicholls, 1983). The influence of ENSO on Australian rainfall varies seasonally, be-
ing more consistent during austral winter and spring (McBride and Nicholls, 1983).
During summer, this relationship is generally weaker as it varies substantially de-
pending on ENSO types (Freund et al., 2021; A. T. Huang et al., 2024; Taschetto et al.,
2009; Taschetto et al., 2010), multidecadal oscillations (Heidemann et al., 2022, 2023),

Percentage of precipitation in NDJFM
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Figure 2.2: Schematic of the circulation patterns typically associated with the
Australian monsoon. In red the internal monsoonal circulation such as de-
scribed by Sekizawa et al. (2023) and in green the sampling zone.

and nearby air-sea and local land-atmosphere feedbacks (Hendon, 2003; Sharmila
and Hendon, 2020). In addition, the ENSO - Australian rainfall relationship is asym-
metric with La Nifia having a stronger influence on rainfall than El Nifio (Chung
and Power, 2017; Power et al., 2006). During La Nifia events, Australia typically ex-
periences more rainfall as temperatures in the Central Pacific get lower (Figure A1).

Multi-year La Nifia can have diverse effects on regional climate. For instance, Oku-
mura et al. (2017) show that it can reinforce precipitation patterns in the USA. It can
also lead to different patterns between the first and second year of La Nifia as seen
in South America (Lopes et al., 2022). A recent study by A. T. Huang et al. (2024) has
shown that very intense rainfall occurs generally in the third year of La Nifia in the
eastern and northern parts of Australia during austral spring and summer. The rea-
sons for this rainfall enhancement are unclear since La Nifia is generally weaker in
the last year of multi-year events, and this is what we aim to investigate in this study.

In addition to ENSO, local processes can also have an impact on the AUM, such
as soil moisture. Indeed, previous studies have shown that soil moisture can af-
fect monsoons, with usually deeper and stronger low-pressure developing over NA
when soil moisture is high (Rahmati et al., 2024; Timbal et al., 2002). This land -
atmosphere interaction plays an important role in modulating the AUM rainfall,
especially in northwestern Australia (Holgate et al., 2020; Sharmila and Hendon,
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2020). Sekizawa et al. (2023) show a stronger correlation between soil moisture
on the first of February and February rainfall than between January rainfall and
February rainfall. This suggests that rainfall in the second part of the monsoon pe-
riod depends more on soil moisture than on large-scale atmospheric systems. This
intra-monsoonal rainfall enhancement occurs through localized feedback, where in-
creased soil moisture leads to higher evaporation rates and further precipitation.
A soil moisture influence in year-to-year rainfall has been suggested to exacerbate
rainfall in northwestern Australia (Sharmila and Hendon, 2020), leading to inter-
monsoonal rainfall enhancement as well. This inter-monsoonal rainfall enhance-
ment is not a feature seen for every monsoon system (Douville et al., 2007; Rahmati
et al., 2024). Soil moisture recycling significantly impacts Australian rainfall, par-
ticularly in the northwestern and southeastern regions (Holgate et al., 2020). It is
estimated that, during summer, terrestrial processes account for 21% to 36% of the
variation of the AUM rainfall, considerably more than oceanic influences, which
represent 14% of its variation (Holgate et al., 2020; Yu and Notaro, 2020).

During years with strong rainfall, an Internal Monsoonal Circulation (IMC) can ap-
pear over Australia and Eastern Indian Ocean. This IMC is driven by enhanced con-
vective heating over NA, which creates low-pressure areas that intensify monsoonal
winds. This process is further supported by wind-evaporation feedback, where in-
creased oceanic evaporation from the southeastern Indian Ocean supplies moisture
to sustain convection. Additionally, soil moisture memory contributes to the per-
sistence of rainfall anomalies, reinforcing the internal dynamics of the AUM system
(Sekizawa et al., 2023). This mechanism described by Sekizawa et al. (2023) is in-
dependent from ENSO. Here we show that a similar mechanism can operate on the
last year of multi-year La Nifia events.

This study investigates the increased Australian rainfall in multi-year La Nifia. Our
hypothesis is separated into two parts. The first one is an inter-monsoonal enhance-
ment via land-atmosphere positive feedback involving rainfall and soil moisture
memory in the third year of triple La Nifia events. The second part is an intra-
monsoonal enhancement of the IMC within the same monsoon season, similar to
Sekizawa et al. 2023 mechanism. We show that the two hypotheses are compati-
ble with each other, and suggest they are linked. As recent projections of ENSO
in a warming climate indicate increased ENSO variability and higher occurrence of
multi-year La Nifia events will occur in the near future (Cai et al., 2021; Geng et al.,
2023), it is crucial to understand the mechanisms that lead to increased AUM for a
better management of the water and the agriculture in NA.

The rest of the study is organized as follows: Section 2.3 describes the data analyzed
and the models used; Section 2.4 details the methods used for this research; Sec-
tion 2.5 describes and discusses the monsoonal changes during multi-year La Nifia
events, as seen in the reanalysis and the models; And finally, Section 2.6 concludes
this research.
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2.3 Data

2.3.1 Observations and reanalysis

To investigate the mechanisms involved in the interaction between multi-year La
Nifa and the AUM, different fields in the atmosphere, ocean, and land are analyzed.
Those fields are necessary to identify patterns between consecutive years of La Nifia,
how they differ from the mean state, and explore possible feedback happening be-
tween land, atmosphere, and ocean.

ERA 5

We use the gridded reanalysis from the European Centre for Medium-Range Weather
Forecasts (ERA5) to analyze monthly mean atmospheric fields during La Nifia events.
ERADJ is available from 1940 to 2024, so our analysis concentrates on this period. The
ERA5 combines model data with observations to create 4D-Var assimilation fields
and model forecasts based on the Integrated Forecasting System Cy41r2. ERA5 has
a horizontal resolution of 0.25 x 0.25 degrees for the atmosphere and 137 vertical
levels up to 80 km (Hersbach et al., 2023). The variables used here are: horizontal
wind at 10 m height, taken to understand the different patterns of the AUM and its
changes during multi-year La Nifia; evaporation and vertically integrated moisture
divergence, studied to better understand the land-ocean-atmosphere feedback, and
identify the different sources of humidity enhancing the AUM; sea level pressure,
used to understand the underlying mechanisms of the AUM interaction with the
ENSO; temperature is assessed, as it could play a role in the setting the monsoon,
and modulating water vapor in the atmosphere and, finally, precipitation, which is
used to quantify the importance of the AUM rainfall and its variability.

ERSSTv.5

Monthly Sea Surface Temperature (SST) from the National Oceanic and Atmospheric
Administration (NOAA) Extended Reconstructed SST, version 5 (ERSSTv.5) dataset
is used in this study to better understand the feedback between wind, evaporation,
and SST over the southeastern Indian Ocean and its consequences on the AUM rain-
fall during a multi-year La Nifa. It is also used to calculate the Oceanic Nifio Index
(ONI). The ERSSTv.5 dataset starts in 1854 and is based on a 2 x 2 degrees grid (B.
Huang et al., 2017). The ERSSTV.5 reconstruction was chosen over the Hadley Centre
Global Sea Ice and Sea Surface Temperature (HadISST; Titchner and Rayner, 2014)
to be consistent with the SST data used in the NOAA for the ONIL. The ERSSTv.5
is available at https://psl.noaa.gov/data/gridded/data.noaa.ersst.v5.html. How-
ever, both datasets are similarly accurate (B. Huang et al., 2018) and give similar
ENSO events, except for a slightly smaller variability in the ONI during the early
20th century in the HadISST (Figure A2).

AWRA-L v.6

For the soil moisture, we use the Australian Landscape Water Balance model (AWRA-
L v6, available via https:/ /github.com/awracms/awra_cms). This model takes the
daily precipitation and temperature information provided by the Australian Water
Availability Project (AWAP) on a 0.05 x 0.05 degrees grid and reconstructs Australia’s
water resources from 1911 until now (Frost et al., 2018). In AWRA-L v6 the monthly
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soil moisture is given in cubic meters of water present per cubic meter of soil in the
tirst meter of the soil.

2.3.2 Climate models

Both observational data and reanalysis have limited sample size, as only a few multi-
year La Nifia have been observed since 1940 (A. T. Huang et al., 2024). Therefore, it
is important to look at models to test our hypothesis. For this research, we use the
preindustrial control run of three General Circulation Models (GCM) to investigate
the AUM rainfall variability. These global models are readily available at the Aus-
tralian National Computational Infrastructure (NCI) facility at the time of this anal-
ysis and they are part of the sixth Coupled Model Intercomparison Project (CMIP6,
Eyring et al., 2016). They also represent each one specific characteristics of ENSO,
important for the analysis of multi-year La Nifia. The preindustrial control run is
a fully coupled simulation that does not take into account external forces such as
greenhouse gases or aerosols. This way this run allows us to investigate the natu-
ral processes related to internal variability of the climate system without the inter-
ference of external forcing which complicates the interpretation of the mechanisms
behind ENSO and Australian rainfall relationship. In addition, each of these runs
provides between 500 and 1200 years of simulation allowing for a large sample size
of multi-year ENSO events.

ACCESS-CM2

The Australian Community Climate and Earth System Simulator, Coupled Model 2
(ACCESS-CM2) is a GCM developed by the Australian Bureau of Meteorology, and
the Commonwealth Scientific and Industrial Research Organisation (CSIRO). The
ACCESS-CM2 includes atmosphere, land, ocean, and sea-ice components as detailed
in Table 1 (Dix et al., 2019). The ACCESS-CM2 is one of the best when it comes to
the simulation of the amplitude, the structure, and the seasonality of ENSO (Figure
A3, Hou and Tang, 2022, Planton et al., 2021). This model also adequately represents
the teleconnection between ENSO and the Australian rainfall (Chung et al., 2023).
It is well known that the ACCESS-CM2 has a marked biennial ENSO (Rashid et al.,
2022), which could complicate its accuracy in recreating triple-year La Nifia events.

MIROC6

The Model for Interdisciplinary Research on Climate (MIROC) model is also part
of the CMIP6 initiative. The sixth version of this model is provided by the Japan
Agency for Marine-Earth Science and Technology, the Atmosphere and Ocean Re-
search Institute at the University of Tokyo, the National Institute for Environmental
Studies, and the Institute of Physical and Chemical Research (RIKEN) Center for
Computational Science. It was released in 2017 and presents the components seen
in Table 1 (Tatebe and Watanabe, 2018). This model has been shown to be one of the
best CMIP6 models when it comes to the representation of the amplitude and asym-
metry of the interannual variability of ENSO. It also recreates well the magnitude of
La Nifia (Zhao and Sun, 2022). As we aim for a realistic representation of La Nifia
phenomena, and its interannual variability the MIROC6 seems to be well suited for
the analysis.
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TABLE 1: Component of the different model used with their horizon-
tal and vertical resolution.

ACCESS-CM2 MIROC6 NCAR-CESM2
Component and
lon/lat — levels /
Models
Aerosols / Chem- || UKCA- SPRINTARS6.0 MAMA4
ical processes GLOMAP-mode | 256x128 288x192
192x144 81 levels (0.9°x1.25°)
85 levels 32 levels
Atmospheric pro- || MetUM- CCSR AGCM CAMo6
cesses HadGEM3-GA7.1 | 256x128 288x192
192x144 81 levels 32 levels
85 levels
Land processes CABLE2.5 MATSIRO6.0 CLM5
192x144 256x128 288x192
Land ice - - CISCM2.1
320x384 with
varying grid
60 levels
Ocean processes GFDL-MOMS5 COCO4.9 POP2
360x300 (tripolar | 360x256 (tripolar | 320x384 with
grid) grid) varying grid
50 levels 63 levels 60 levels
Biochemical pro- || - - MARBL
cesses 320x384 with
varying grid
60 levels
Sea Ice CICES5.1.2 COCO4.9 CICE5.1
360x300 (tripolar | 360x256 (tripolar | 320x384 with
grid) grid) varying grid
NCAR-CESM2

The Community Earth System Model 2 (CESM2) from the National Center for At-
mospheric Research (NCAR) was released in 2018 (Danabasoglu et al., 2019) with
the components shown in Table 1. The choice of this model has been made as it is
one of the best models for the representation of ENSO characteristics and its effects
on the global climate (Capotondi et al., 2020). It incorporates land ice and biochem-
ical processes, making it a very complete model compared to the other two used in
this study.

2.4 Methods

24.1 Detrending climate data for short-term variability analysis

As we are interested in understanding processes related to short-term internal vari-
ability of the climate system, we remove the long-term trend to climate change using
a 20-year moving average. This technique removes trends due to climate change,
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and alleviates other fluctuations on a multi-decadal time scale. If a smaller win-
dow period was taken, the average would have been too influenced by single-year
extremes. The last (and first) 10 years of the data are deducted from the 20-year
average of 2003-2023 (and 20 first years), which can create a slight difference de-
pending on the strength of the climate change signal. We calculate anomalies rela-
tive to monthly means and when necessary, data is seasonally averaged in winter
(JJA), spring (SON), summer (DJF), autumn (MAM), or over the monsoon period
(NDJEM).

2.4.2 Definition of the Australian Monsoon region and related areas

The AUM affects the tropical regions of Australia, however, there is no unique def-
inition in the literature of what characterizes the monsoon area. We define a region
affected by the monsoon as an area where there is a seasonal reversing of the major
wind system (Krishnamurti et al., 2023). The monsoonal wind bringing moisture to
NA comes mainly from southern Indonesia (Figure 2.2; see SIndo box) with a strong
correlation between wind over southern Indonesia and precipitation over NA (Fig-
ure A4). The region of strong correlation delimited in Figure A4 is used in this study
as the area affected by the AUM. This area also corresponds to the region described
in previous research (Heidemann et al., 2023; Sekizawa et al., 2023; Yu and Notaro,
2020). However, due to varying grid resolution in the models and the reanalysis,
this area was adjusted to fixed longitudes and latitudes that correspond best to the
previous research and the correlation observed between wind and precipitation. The
region chosen is the Australian land between 11 to 23° S and 122 to 149° E (Figure
2.2). Consequently, it was decided to separate the IMC into three distinct zones (Fig-
ure 2.2). One of those areas is the AUM region, with the dimension given above.
The others are Southern Indonesia (SIndo, 10-14° S, 106-123° E) and West of Aus-
tralia (WoA, 15-28° S, 90-100° E).

2.4.3 ENSO index and the definition of multi-year La Nifia events

We used the ONI from A. T. Huang et al. (2024). The index was calculated back to
1900 using the ERSSTv.5 data, following the instructions from NOAA available at:
origin.cpc.ncep.noaa.gov/products/analysis_monitoring/ensostuff/ONI_v5.php.
Nine multi-year La Nifia have been observed since 1940, with double events in 1954-
56, 1970-72, 1983-85, 2007-09, 2010-12, 2016-18, and triple events in 1973-76, 1998-
2001, and 2020-2023 (A. T. Huang et al., 2024). In addition, two other triple La Nifia
have been identified in (A. T. Huang et al., 2024) dating back to 1900: one event be-
tween 1907 and 1910, and another one between 1914 and 1917. To be considered a
La Nifa (El Nifio) event, the ONI must be lower (higher) than -0.5 °C (0.5 °C) for
at least five consecutive months; this threshold is approximately equivalent to 3.
One of the main challenges in the representation of ENSO by the CMIP6 models is
the amplitude of this phenomenon. Each model has a different amplitude of ENSO
which can have important repercussions on the representation of the real climate.
Therefore, to minimize the inner model amplitude, and to be able to clearly compare
the models and the reanalysis, it has been decided to use a standardized ONI.

The observed 0.5 °C threshold cannot be taken for the models, as the ONI’s stan-
dard deviation varies with each model (Figure A3). The NCAR-CESM2 has the
biggest standard deviation with Jo at 0.54°C, MIROCS is at 0.47°C and ACCESS-
CM2 at 0.42°C. To avoid considering single La Nifia overlapping over two years as
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multi-year events, at least one month of the La Nifia usual peak (NDJFM) must be
below -10. Therefore, a double-year La Nifia will usually start at the end of year one
and end at the beginning of year three. It will overlap three different years but only
have two peaks. Multi-year La Nifia is not considered as multiple years of constant
La Nifia but rather consecutive years where La Nifia has developed.

2.5 Results

2.5.1 Internal monsoonal circulation and its intensification

Our first goal is to examine the IMC during La Nifia years. To do that, we use dif-
ferent indicators in the three key regions shown in Figure 2.2. It is expected that in
an intensified IMC (Figure 2.2), higher wind speed, and higher evaporation should
stand out on the whole IMC area (Figure 2.2), as well as higher precipitation and
higher soil moisture above the AUM region.

The relationship between precipitation in the AUM region and IMC can be seen in
Figure 2.3. This figure shows an internal intensification of the monsoon with high
soil moisture and evaporation in the AUM region, high wind speed, and evapora-
tion over the Indian Ocean. More specifically, rainfall in NA shows a strong correla-
tion with underlying soil moisture (coefficient of 0.9, Figure 2.3 f)) and evaporation
(correlation of 0.89, Figure 2.3 c¢)). NA rainfall during the monsoon is also signifi-
cantly correlated with evaporation and winds in Sindo and WoA (Figure 2.3 a), b),
d), e)). This is consistent with the findings of Sekizawa et al. (2023) which describes
an enhanced monsoonal system linked with soil moisture and evaporation in the
eastern Indian Ocean. As expected, the correlation diminishes for the wind and the
evaporation as we go further from the AUM region, with the lowest (yet significant)
correlation seen in comparison with WoA. Third-year La Nifia seems also suscepti-
ble to this circulation, with some specific characteristics. Indeed, even though it is
challenging to come to any conclusion with three events, abnormally high soil mois-
ture and evaporation are observed over the AUM region (Figure 2.3).

Figure 2.4 presents the precipitation and soil moisture in the AUM region averaged
over the entire period and during multi-year La Nifia events, alongside the average
values and the ONI for these events. Each year of the multi-year events precipitation
and soil moisture are more intense than the climatology. However, we can see that
the first year has a strong peak in January and the third year sees intense rainfall be-
tween December and February. We can also note an important rainfall accumulation
in the premises of the third monsoon. This could also play a role in the higher than
expected soil moisture and evaporation found in the third year of La Nifia (Figure
2.3 ¢), f)).

The evaporation enhancement is a consequence of high soil moisture and high rain-
fall in the AUM region rather than a temperature increase, as the temperature is
abnormally low during the third year of La Nifia in the AUM region (Figure 2.5 c)).
Wind speed and consequently evaporation increases over Southern Indonesia and
the Indian Ocean in the first year of La Nifia (Figure 2.3 a), d)). These features are
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Figure 2.3: On the top row, the relationship between rainfall in mm/day in
the Australian monsoon and evaporation in mm/day in a) West of Australia
(WoA), b) South Indonesia (SIndo), and c) Australian monsoon (AUM) re-
gions. In the middle row, the wind speed in m/s in d) WoA e) SIndo; and,
f) soil moisture in mm of water per m of soil in AUM. Regions are identified
by green boxes in 2.2. All of them have been detrended by a 20-year moving
average and are represented during the monsoonal period NDJFM. On the
bottom row is the rainfall anomaly in percentage in NDJFM during the first
year, h) second year, and i) third year of multi-year La Nifia.

amplified in the third year of triple La Nifia over WoA, including a strong equator-
ward displacement of moisture (Figure 2.5 d)). This moisture is then brought back
over NA via the IMC (Figure 2.5 d)). In the SIndo region, the circulation is stronger
than the mean state during the third-year La Nifia (Figure 2.5 c) d)). However, linked
to the amount of rainfall produced in the AUM region during the third-year La Nifia,
the circulation is not stronger than what the linear regression curve would suggest.
It is seen in Figure 2.3 b), e) with wind speed and evaporation of third-year La Nifia
close to the linear regression curve.

One possible explanation for the IMC being stronger than expected during the third
year of La Nifia in the AUM region and WoA, but not in the SIndo, is the influence of
higher soil moisture. Increased soil moisture from preceding rainfall events before
the monsoon could provide additional energy, facilitating the onset of the IMC. This
would create a more intense circulation during the monsoon and the whole circula-
tion would be enhanced. However, this circulation slightly weakens in the northern
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year La Nifia.

part compared to what the linear regression suggests (Figure 2.3 b), e)). It is possibly
because the initial fuelling is not reinforced enough in this area due to lower SST in
SIndo (Figure 2.5 c)).

During the three third-year La Nifia events in ERA-5, precipitation tends to be no-
tably stronger. The abnormally high spike during the first year of La Nifia can be
explained by the very low values of ONI leading to high precipitation, especially
in 1973 with record-breaking rainfall (Figure A1). The increased monsoon rainfall in
the first year of La Nifia typically initiates in November, exhibiting a peak in January
(Figure 2.4).

During the third year of La Nifia in NA, higher precipitation in October is observed
(Figure 2.4), suggesting an earlier monsoon onset. This earlier monsoon onset could
increase soil moisture one season ahead of the monsoon peak. This could trigger an
IMC intensification, which is in line with Sekizawa et al. (2023) findings. The earlier
rainfall could be due to the length of the La Nifa episode or the low ONI during the
austral winter between the second and third La Nifia event. Indeed, usually La Nifia
events peak during austral summer as observed in the first year (Figure 2.4). How-
ever, between the second and third events, the ONI stays around -1° C, which could
also have some repercussions on rainfall in NA before the start of the monsoon.
In the third year of a triple-year La Nifia, the ONI quickly returns to neutral, with
ENSO conditions becoming neutral before March. The strength of La Nifia in the
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Figure 2.5: The left row represents the anomalies of wind speed (in contours),
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year of La Nifa. c) and d) use the anomalies during the third year of La Nifia.
e) and f) represent the difference between the third year and the first year of
La Nina (Year 3 - Year 1).

third year is weaker compared to the first and second year (Figure 2.4), which sug-
gests a decoupling of the monsoonal rainfall with ENSO. Furthermore, soil moisture
seems to go nearly back to average at the end of winter (June-September) despite
enhanced precipitation in the previous years. During the third year La Nifia, a rapid
increase in precipitation earlier in the calendar year acts to enhance soil moisture in
spring, which in turn enhances precipitation at the peak of the monsoon (Figure 2.4).

A more visual approach to differences between first-year and third-year La Nifia is
shown in Figure 2.5. During the third year, the temperature of the Indian Ocean
as well as temperatures over NA are well below the average for this season. The
temperature anomaly over Australia is strongly negative. The low continental tem-
peratures above NA might be explained by the earlier onset of the monsoon, as well
as an already high soil moisture. Higher soil moisture can enhance latent heat flux
to the atmosphere which increases evaporation of water content of the soil; thus
causing anomalous land surface cooling (Hope and Watterson, 2018). Furthermore,
strong northwesterly winds linked to the monsoon low-pressure system during the
third year, bring moisture from the eastern Indian Ocean to the Northern Territory
and northern Queensland. We can note that Figure 2.5 shows all first-year La Nifia,
however, Figure 2.4 considers only the three years of triple La Nifia.
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2.5.2 Models’ representation of multi-year La Nifia

The models included in this study all had difficulties adequately reproducing the fre-
quency and/or the variations of multi-year La Nifia events. Indeed, the ERSSTv5 re-
analysis shows a frequency of triple La Nifia events of around 2.9 events per century
(5 events since 1854; see Methods section 2.4.3)). In the models, this frequency varies
considerably with MIROC6 having 3.6 events per century (29 events in 800 years),
1.3 events per century for NCAR-CESM2 (15 events in 1200 years), and ACCESS-
CM2 having none. It is well known that the ACCESS-CM2 has a marked biennial
ENSO (Bi et al., 2022; Rashid et al., 2022). The ACCESS-CM2 model does not catch
triple-year La Nifias due to its marked biennial ENSO. It is, therefore, not surprising
that it does not simulate multi-year La Nifias. Considering a lower threshold of -o
for the ACCESS-CM2 identifies 8 events in 500 years (1.6 events per century). This
will be used as an indication of weak multi-year La Nifia.

The ONI composite of multi-year La Nifas of the models is shown in Figure 2.6.
All models have different amplitudes and evolution when reproducing the triple
La Nifia. MIROC6 simulates a weaker first-year La Nifia and a stronger second-
year. This model recreates the peak of La Nifia during austral spring (SON) which
could cause a biased simulation of monsoonal rainfall (Figure 2.6). Then, the triple-
event simulated by the NCAR-CESM2 is essentially a La Nifia slowly fading away
year by year, peaking in December in all three years. Finally, triple-year La Nifias
in the ACCESS-CM2 model has a weak second year and go back to a neutral state
between the second and third year due to its biennial ENSO (Rashid et al., 2022).
The representation of the ONI is an important feature of models. Indeed, if the peak
of ENSO is too early, as seen with MIROC6 (Figure 2.6), the impact of ENSO will
also be shifted. If ENSO is generally too strong, with higher deviation as seen with
MIROC6 and NCAR-CESM2, there is a risk of having a stronger impact of ENSO
than in real conditions.
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Figure 2.6: Standardized ONI evolution during triple-year La Nifia
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2.5.3 The La Nifia effect on the AUM

This section examines the modeled AUM during triple La Nifia. The ERA-5 reanal-
ysis shows third-year rainfall enhancement has two main characteristics. The first
is an unusually important precipitation early in the season, as soon as September-
October (SO). The second is enhanced rainfall during austral summer. It is therefore
important to analyze separately those two periods, before the monsoon, in SO, and
during the monsoon (NDJFM), to establish whether the IMC and/or its intensifica-
tion of rainfall can be simulated.

In the premises of the AUM, in early spring (Figure 2.7), we can identify the contour
of a low-pressure system associated with the build-up of the AUM with ERA-5 in
year 3 in northwestern Australia. This circulation is linked with the warm moist
north-westerly monsoon low pressure suggested by Figure 2.2 and visible in Figure
2.5 d), which depicts an IMC set earlier during multi-year La Nifia. This early onset
of the AUM can be identified in the NCAR-CESM2 in years 2 and 3, with year 2
having extreme precipitation in early spring. MIROC6 shows a small rainfall inten-
sification in the same region in year 2 during SO. The ACCESS-CM2 model does not
reproduce the early monsoonal rainfall as expected, due to its low ability to repro-
duce multi-year La Nifia events.
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Figure 2.7: Rainfall in early spring, September and October, in percentage
difference compared to the mean during the first, second, and third year with
ERA-5, NCAR-CESM2, MIROC6, and ACCESS-CM2.

The intensification of the AUM in year 3 is visible in the ERA-5 reanalysis (Figure
2.8), especially in the center of NA. None of the chosen models represent the third-
year AUM rainfall enhancement to the same extent and intensity as the observed.
This could be caused, among other things, by the variation of the triple-year ONI
between the models and the reanalysis. While the NCAR-CESM2 model does not
show an enhancement of the third-year La Nifia rainfall, it successfully simulates an
intensification of the AUM after the intense SO rainfall in the second year. MIROC6
somewhat reflects increased precipitation in the second year but not in the third.
Additionally, it portrays a higher percentage of rainfall in spring but does not prop-
erly show the monsoonal circulation seen in ERA-5. The ACCESS-CM2 model does
not seem to be influenced by multi-year La Nifia. Even though this model repre-
sents ENSO’s westward extension well, it fails to depict the rainfall increase during
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the AUM. The other two models have an excessive westward extension of the pre-
cipitation (Figure 2.8), which is a known bias of the CMIP6 models (Jiang et al., 2021).

ERA-5 NCAR-CESM2 MIROC6 ACCESS-CM2

100 120°E 140°E  160°E 100 120°E M40 160°E 100E 120°E 140 160°E

i m..m d o !!6 "YL\,\\M 1 i’gﬁ' W
o . * 10°s i i 10°S
b= K, 4
©20's % 205 205 4
>30s 30°s 30°s 4
a0°s ] /}7 " 40°s 9 /}7 40°s o
100 120 140 160°E 100°E 120 140°E  160°E 100 120 140 160 80
@
60 &
%L“ - % ' o
” o s 4 ; ] | o C} J <
% ; = — = <]
« L W\ L W\ 203
Nio's 10°s s 10°s & 2
— \ iy 0y
©20°s — 200 <8 205 4 - o 0 ¢
% c
S‘l’zu-s 5 A " 30°s 30°5 o -20 8
®
a0's ) g a0%s ) 40°s ) -40 £
& © o { 403
o
g
&

-
S &

" wlm\ I wﬂ“m\

10°8 10°s 4
v v

20°s s ] 204

30° 30° o

40°5 o

mlﬂ‘S il o 10°s
Ezo's \‘,‘ 20°s
Laos 4 . e )i WY 30s

5 e

100 120°E  140°E  160°E 1006 120°E  L40°E  160°E 100 120°E M40 160°E 100 120 140 160°E

. %&"‘m\ - wﬁ &Q\'\

Figure 2.8: Rainfall in monsoon season (NDJFM) in percentage difference
compared to the mean during the first, second, and third year with ERA-5,
NCAR-CESM2, MIROC6, and ACCESS-CM2.

As described above, an increase in precipitation is visible in the second year with
NCAR-CESM2 and MIROCS6. The shape of this enhancement seems closer to the
year 1 ERA-5 rainfall anomaly than the year 3. We will still try to understand this
second-year enhancement, as the strength of La Nifia weakens (Figure 2.6) but ex-
hibits stronger precipitation, a pattern similar to the third-year rainfall increase ob-
served in ERA-5.

2.5.4 Triple-year La Nifia characteristic of the NCAR-CESM2

This part of the study focuses on the NCAR-CESM2 characteristics of the triple-year
La Nifia (Figure 2.9) as it best represents the AUM patterns. There is a difference in
the magnitude of the ONI between ERA5 (Figure 2.4) and the NCAR-CESM2 (Figure
2.9), and thus it has been standardized to facilitate the comparison with ERA5.

The soil moisture in NCAR-CESM2 is accumulated in-depth (Lawrence et al., 2019).
Therefore, its values are bigger than AWRA-L v.6 reanalysis where only the water
in the first meter of soil is taken into account. Therefore, we tend to see a stronger
soil moisture enhancement over the years in the model. It also explains the shift
in soil moisture’s peak of one or two months between Figure 2.4 and Figure 2.9, as
the water accumulates deeper in the soil in the NCAR-CESM2 model. The monthly
precipitation reveals a similar effect to that observed in the reanalysis data. Indeed,
earlier rainfall is discernible during the second and third years of La Nifia events.
The enhanced precipitation in the third year seems to indicate a stronger soil mois-
ture component in the setting of an early IMC.

The soil moisture in deep layers can play a role in rainfall enhancement, as seen with
ERA-5. Indeed, as the deep layers are already saturated before the start of the AUM,
the water cannot go deep and the surface is saturated faster. As the surface is sat-
urated, latent heat production is prioritized, which lowers the surface temperature
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for the NCAR-CESM2 model. On the bottom, the ONI during the triple year
La Nifia.

and favors precipitation. This mechanism would not explain the earlier onset of the
monsoon but could explain the strength of the monsoon in the third year of La Nifia.

2.6 Discussion and Conclusion

The study aimed to understand better what creates intense precipitation in the third
year of multi-year La Nifia, despite La Nifia weakening. In a first step, we identi-
fied an intensified IMC as described by Sekizawa et al. (2023). Third-year La Nifia
appears to have higher soil moisture, evaporation, and precipitation over NA (Fig-
ure 2.3 ¢), f)), and higher wind speed and evaporation in the Indian Ocean, to the
West of Australia (Figure 2.3 a), d)). Together with the earlier precipitation in early
spring, an earlier and intensified IMC is an important feature of the third year of La
Nifa (Figure 2.7). This IMC is strengthened by high soil moisture in NA. The early
onset of the intensified IMC seems to be linked with La Nifia between the second
and third monsoon. Increased precipitation occurs in early spring, thus intensifying
soil moisture, which in turn enhances monsoonal rainfall in NDJEM.

With the analysis of preindustrial control run in three CMIP6 models, we saw that
multi-year rainfall enhancement is also visible, as well as an earlier IMC, even with
lower ONI in the second or third year of La Nifia. Out of the three models tested, the
NCAR-CESM2 represented the IMC as well as rainfall intensification during multi-
year la Nifia. The MIROCS6 has also shown a multi-year La Nifia rainfall increase but
the rainfall patterns and the La Nifia peak are less realistic. The ACCESS-CM2 model
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failed to recreate triple-year La Nifia, compromising the rainfall analysis. Looking
more into the details of the triple-year La Nifia of the NCAR-CESM2, it appears
that earlier rainfall seems to increase soil moisture in early spring and leads to in-
creased rainfall recycling and stronger monsoon in NDJFM. Together with higher
ONI during austral winter, the CESM2 seems to have a strong inter-monsoonal rain-
fall enhancement. This result is consistent with the findings by Sharmila and Hen-
don (2020) who showed that northwestern Australia is sensitive to rainfall-wind-
evaporation feedback. Here we show that the feedback mechanism can extend to
the entire northern and central regions of Australia, in the third year of La Nifia.

The mechanisms involved in the extreme multiple-year La Nifia are summarized in
Figure 2.10. As seen with the reanalysis and the models, a low-pressure anomaly in
northwestern (NW) Australia seems to be an important feature of this strong AUM.
Different factors could explain these early AUM patterns, such as the La Nifia devel-
opment in late winter and spring, and ocean memory. This low pressure brings early
rainfall over the AUM region. As the soil is wetter than usual due to an earlier sea-
son of above-average rainfall, it enhances evaporation and triggers an early onset of
the monsoonal circulation. During the monsoon period, we see an internal positive
feedback as described by Sekizawa et al. (2023) with an intensified monsoonal cir-
culation triggering higher rainfall, leading to more soil moisture and therefore more
evaporation, which intensifies the monsoonal circulation. The early precipitation,
saturated soil, and premature onset of the monsoonal circulation help this positive
feedback to get stronger. The mechanism described by Sekizawa et al. (2023) is, how-
ever, independent of ENSO. Here we show that this mechanism of self-sustaining
monsoon can operate in the third year of multi-year La Nifia as the Central Pacific
SST weakens, allowing for it to act.

Given the limited dataset comprising only three triple-year La Nifia events, it is rea-
sonable to anticipate highly inconsistent outcomes between the models and the re-
analysis data. The biggest flaw of the model comparison is possibly the differences
in ONI between the model and the reanalysis, leading to a difference in the response
of the AUM. Furthermore, this study focuses on the impact of ENSO and soil mois-
ture, but there are multiple factors influencing the duration and the magnitude of
the AUM, such as the Pacific multi-decadal variability (Heidemann et al., 2022) or
the Ningaloo Nino/Nina events (Heidemann et al., 2023; Zheng et al., 2020). What
is probably seen during the triple-year La Nifia is a mix of both inter- and intra-
monsoonal rainfall enhancement, with some external factors, leading to extreme pre-
cipitation. One way of delving deeper into the subject would be to investigate the
results of a model that can reproduce a more realistic, and an earlier La Nifia peak to
explore how rainfall preceding austral summer would affect the AUM. Future work
could also use numerical experiments with idealized SST forcing representation of
observed multi-year La Nifia to understand how the amplitude and timing affect
soil moisture over NA and lead to enhanced monsoon.
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3 Future prospect

This thesis aims to investigate the mechanisms driving increased AUM rainfall in the
third year of a triple La Nifia event. The findings suggest that soil moisture alone
is unlikely to explain the enhanced rainfall observed. Another factor contributing
to the early rainfall is likely the earlier peak of the La Nifia during the winter and
spring preceding the third year of La Nifia, which triggers an earlier onset of the
monsoon.

The ENSO typically peaks in the austral summer. However, this peak can shift to ear-
lier or later in the year. This shifting of the peak can have significant implications for
different regions. The La Nifia peak shifting in early spring instead of mid-summer
seemed to be a key feature of the rainfall enhancement of the triple-year La Nifia.
The consequences of this unusual early La Nifia have not yet been thoroughly stud-
ied but appear to be significant, particularly in NA.

To delve into the subject, we plan to investigate the impact of an early La Nifia peak
and retreat on the AUM using a suite of climate models available from the CMIP6.
Finally, we also plan to design an idealized experiment using the NCAR-CESM1.2
model with an atmospheric-only component and fixed SST. The SST will be tuned
in the tropical Pacific Ocean to simulate an early La Nifia peak and analyze its in-
fluence over Australia and surrounding regions. The adjusted SST corresponds to
the average of all La Nifia events since 1940, with negative anomalies applied over
the tropical Pacific Ocean. Simulations will be conducted from January of year 0
through April of year 3, with one set featuring the La Nifia peak in austral summer,
and another featuring a peak in austral spring. Each scenario will include 10 ensem-
ble members. Additionally, a 30-year control run without external forcing will be
performed to establish the climatology.

By doing this we would like to find out if La Nifia’s peaks can influence the Aus-
tralian summer, especially the AUM. This research aims to deepen our understand-
ing of La Nifia’s overall impact on the Australian climate and improve forecasting
accuracy.
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5 Data availability statement

The gridded monthly reanalysis data from ERA5, available since 1940, can be ac-
cessed on their official website at cds.climate.copernicus.eu/datasets/reanalysis-era5-
single-levels?tab=download (Hersbach et al., 2023). The NOAA ERSSTv.5 dataset (B.
Huang et al., 2017) is publicly available at

https:/ /psl.noaa.gov/data/gridded /data.noaa.ersst.v5.htm.

The AWRA-L model data (Frost et al., 2018) can be obtained through the AWRA
CMS GitHub repository (https://github.com/awracms/awra_cms). Finally, the pre-
industrial control run datasets of the climate models (Danabasoglu et al., 2019; Dix
et al., 2019; Tatebe and Watanabe, 2018) were retrieved from the Australian Na-
tional Computational Infrastructure (NCI) and are available on the NCI's website
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