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ABSTRACT OF THE DISSERTATION

Interannual Variability of the South American Monsoon in a climate change context

By

Ana Claudia Thome Sena

Doctor of Philosophy in Earth System Science

University of California, Irvine, 2021

Professor Gudrun Magnusdottir, Chair

The South American Monsoon System (SAMS) is characterized by a well-defined wet and

dry season, which is connected to the reversal of anomalous low-level winds east of the

Andes. Driven by local and remote processes, the intensity and duration of the SAMS can

vary considerably from year-to-year. Improving the understanding of the variability in the

SAMS is important not only for the planning of water resources, but also for the global

carbon budget due to the presence of the Amazon rainforest. Here, I investigate the

mechanisms associated with interannual variability and long-term trends of the SAMS,

which can impact the local circulation and precipitation anomalies over South America.

The broad objective of this dissertation is to understand the physical mechanisms of the

intraseasonal and interannual variability of the South American Monsoon and how it may

change in a warmer climate. This dissertation explores three different aspects of that

problem: (1) how the length and intensity of the South American Monsoon may change in

a future climate by examining projections in a large ensemble of climate model simulations;

(2) how the Indian Ocean Dipole affects the large-scale circulation over South America

through extratropical teleconnections and changes in the local Walker circulation; and (3)

the role of the Quasi-Biennial Oscillation, a regular mode of atmospheric variability, in

modulating the remote effects of the Madden Julian Oscillation in the Southern

xvi



Hemisphere.

The results shown in this dissertation find that the response of the SAMS to climate

change in most areas of South America may be characterized by a dryer dry season and a

wetter wet season. However, the Amazon basin is projected to become dryer in all seasons,

with possible impacts to forest productivity. Extreme events of rainfall are also projected

to become more frequent and intense by the end of the century.

Next, by comparing available observations to a set of perturbation experiments in an

atmospheric global climate model forced with the SST anomalies due to both signs of the

Indian Ocean Dipole (IOD), and a historical simulation from a fully-coupled large

ensemble, I analyze the circulation anomalies associated with each phase of the IOD. The

simulations reveal that both phases of the IOD can redirect the low-level winds over South

America, which changes the advection of moisture to Southeastern Brazil and Southeastern

South America. As a result, the response to the positive phase of the IOD is characterized

by a dryer-than-usual South Atlantic Convergence Zone, while wet anomalies are found in

the La Plata basin during the negative phase of the IOD. This occurs through an

extratropical mechanism, composed of Rossby waves excited by the anomalous convection

in the tropics that reach South America and redirect the low-level flux in the area. During

the positive phase of the IOD, the displacement of the local Walker circulation results in

wetting over the Amazon basin.

Finally, I show that the Quasi-Biennial Oscillation (QBO) can modulate the response of

the SAMS to the Madden-Julian Oscillation (MJO). When there are easterly winds in the

lower stratosphere, the convection anomalies within the MJO are intensified and there are

significant anomalies in structure of the extratropical wave train. Therefore, the anomalies

associated with the MJO in South America are intensified and extend to greater areas of

the subtropical South Atlantic. These results may highlight a new mechanism that can

improve subseasonal to seasonal forecasts in South America.

xvii



Chapter 1

Introduction

1.1 The South American Monsoon

The South American Monsoon System (SAMS; Zhou and Lau, 1998; Vera et al., 2006;

Marengo et al., 2012b) is characterized by a strong seasonal cycle of precipitation over

South America. During the austral spring and summer, the trade winds intensify, bringing

moisture from the tropical Atlantic Ocean to the continental South America. This

moisture is recycled over the Amazon, and transported poleward by a northwesterly low

level jet that forms east of the Andes. The South Atlantic Subtropical High (SASH)

weakens and moves west, increasing moisture influx from the South Atlantic into

Southeastern Brazil (Raia and Cavalcanti, 2008).

SAMS onset occurs during austral spring (September to November), months before the

Intertropical Convergence Zone (ITCZ) crosses the Equator. While the moisture moves

gradually southwards over Central America, it appears suddenly over the northeast

Amazon, and then moves southwestward over continental South America. The reason for

this sudden jump is still not completely understood. Tanimoto et al. (2010) suggested that
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advection of cold air from the tropical Atlantic cold tongue suppresses convection over

equatorial South America. Meanwhile, the continent continues to heat up through

radiative processes. Temperature increase in the austral spring strengthens the Chaco Low,

a thermal low pressure system located over northern Argentina, strengthening the low level

wind (Grimm, 2019a). By the end of the wet season, the low level wind anomalies are

reversed. As the ITCZ moves north, the maximum convection moves smoothly northward

over the continent, reaching Central America without jumps.

The Amazon rainforest is also suggested to play a key role in the initiation of the SAMS.

The latent heat released by evapotranspiration is suggested to increase the pressure

gradient between the Amazon and the tropical Atlantic Ocean, strengthening the trade

winds (Wright et al., 2017; Gandu and Silva Dias, 1998). It also contributes to the

formation of a northwest-southeast directed band of precipitation between the Amazon and

the subtropical south Atlantic, known as the South Atlantic Convergence Zone (SACZ)

(Nilo Figueroa et al., 1995). The SACZ is the main source of precipitation and extreme

rainfall in Southeastern Brazil (Carvalho et al., 2002, 2004).

On the other hand, the forest relies on the rainfall provided by the SAMS. During extreme

droughts, the forest productivity is reduced and so is photosynthetic activity (Yang et al.,

2018). Meanwhile, increased fire activity and events of tree die-off (Phillips et al., 2009;

Lewis et al., 2011; Nepstad et al., 2004) as a consequence of water deficit also occur during

droughts. Droughts are also associated with changes in deforestation, that can feedback

into a drying of the forest (Staal et al., 2020; Hilker et al., 2014). This has possible effects

in the forest composition and its role in the global carbon cycle. It is estimated that the

carbon emissions due to the Amazon deforestation is around 0.18 PgC/yr (Song et al.,

2015).

Previous studies have shown that drought events in the Amazon are projected to become

more common, as the dry season is projected to be stronger and longer lasting by the end
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of the century (Fu et al., 2013; Boisier et al., 2015; Lehner et al., 2017; Cook et al., 2014).

Similarly, extreme wet events over the Amazon are also projected to become more common

in a warmer climate (Duffy et al., 2015). These trends are replicated in other parts of the

continent. An increase in meteorological drought is already seen over southeastern Brazil,

and it is projected to intensify in a warmer climate (Avila-Diaz et al., 2020). Extreme wet

events are also increasing over the continent. There is a consistent positive trend in

extreme rainfall over southeastern Brazil (Zilli et al., 2019). In Sao Paulo, the most

populated city in South America, the number of days with rainfall higher than 50mm/day

has increased from almost non-existent in the early twentieth century to up to 5 times a

year in the beginning of the twenty-first century (Marengo et al., 2020).

Both wet and dry extreme events affect the river discharge over the Amazon basin

(Marengo et al., 2012c; Espinoza et al., 2011), affecting mobility in the region and

displacing local communities. Moreover, as the region’s energy matrix relies mostly on

hydroelectric energy, the droughts may also cause an energy supply issue.

Therefore, it is important to improve understanding about the mechanisms that drive

precipitation in the area and their variability in present and future climate.

1.2 Interannual Variability of the SAMS

The most important source of interannual variability of the SAMS is the El Niño Southern

Oscillation (ENSO) (Cai et al., 2020; Grimm, 2011; Marengo et al., 2012a). The positive

phase of ENSO, also called El Niño, is defined by positive anomalies of sea surface

temperature in the tropical Pacific, associated with a weakening of the trade winds in the

Pacific. The warm SST anomalies off the coast of Peru favor convection in the area. This

anomalous convection causes an eastward shift in the local Walker circulation. As a result,
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its descending branch is located closer to the Amazon basin (Cai et al., 2020; Yoon and

Zeng, 2010)and there is a drying over the region. El Niño has been suggested as the cause

of major droughts over the Amazon. Meanwhile, the weaker Walker circulation generates

subsidence over the northern Atlantic, warming SST in the region and generating a

northward migration of the Atlantic ITCZ. (Enfield et al., 1999; Wang et al., 2019; Cai

et al., 2019; Giannini et al., 2001). As a result, the northwestern coast of South America

receives less rainfall during these events and droughts in the region are common (Costa

et al., 2021; Brito et al., 2018).

The anomalous convection associated with ENSO also triggers an extratropical Rossby

wave train that reaches South America. This teleconnection pattern is usually called the

Pacific-South American (PSA) pattern (Mo and Paegle, 2001; Mo, 2000). Over South

America, this extratropical mechanism is responsible for the strengthening of the moisture

transport by the South Atlantic Low Level Jet to southern Brazil and Uruguay during El

Niño events. This results in more rainfall over the area and floods are common (Bell et al.,

1999; Barros et al., 2008; Barreiro, 2010).

In summary, El Niño events are typically related to droughts over the Amazon region and

wet anomalies over the northwestern coast and southeastern South America. The opposite

happens during the negative phase of ENSO, also called La Niña. The Walker circulation is

displaced westward and the Atlantic ITCZ is located southward of its climatological

position. As a result, Amazon and Northeastern Brazil receive more rainfall during La Niña

events and floods are common in both regions (Grimm and Tedeschi, 2009; Towner et al.,

2020; Andreoli et al., 2012; De Oliveira et al., 2014). Meanwhile, there is a weakening of

the southward moisture transport to Southeastern South America, causing droughts over

the region (Cai et al., 2020; Barros et al., 2008; Grimm and Tedeschi, 2009; Barreiro, 2010).

As ENSO is such a strong factor in contributing to the interannual variability of the

SAMS, and due to the short record of observations, less attention has been given to other
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teleconnections.

Among the other causes of interannual variability of the SAMS, we can mention the South

Atlantic Dipole (SAD) (Nnamchi et al., 2015; Morioka et al., 2011). The SAD is

characterized by alternating SST anomalies in the tropical and subtropical South Atlantic

Ocean. Its positive phase is characterized by warm tropical/cold extratropical anomalies.

The SAD is suggested to affect circulation in South America by modulating the location

and intensity of the South Atlantic Subtropical High (Venegas et al., 1997). During the

negative phase, cyclogenesis is favored over the subtropical South Atlantic, generating more

convection over Southeastern South America (Bombardi et al., 2014). Meanwhile, positive

SAD is associated with a stronger SASH, late onsets of the SAMS and a less active SACZ

(Bombardi and Carvalho, 2011; Bombardi et al., 2014).

Another cause of interannual variability of the SAMS is the Indian Ocean Dipole (IOD).

The IOD consists of the alternating positive and negative SST anomalies over the tropical

Indian Ocean (Saji et al., 1999). The positive phase of the IOD features warm anomalies in

the western portion of the tropical Indian Ocean, while cold anomalies are registered in the

eastern portion of the basin. The signs are reversed during the negative phase. Chan et al.

(2008) suggested that the positive phase of the IOD can affect precipitation over South

America through an extratropical wave train, similar to the PSA, during austral summer.

In chapter 3, I show that this extratropical mechanism affects South American circulation

during both the positive and negative phases of the IOD and find a tropical mechanism not

previously described in the literature.

In chapters 3 and 4, I investigate some of the causes of interannual variability of the South

American Monsoon. In particular, chapter 3 focuses on the effect of the Indian Ocean

Dipole on the interannual variability of precipitation in South America. In chapter 4, I

investigate how an interannual mode of climate variability, the Quasi-Biennial Oscillation,

affects the intraseasonal variability of precipitation in the Southern Hemisphere.
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1.3 Intraseasonal Variability of the SAMS

Among the causes of intraseasonal variability of rainfall over the SAMS, we can mention

two main processes: the South American Rainfall Dipole and the Madden Julian

Oscillation.

The South American Rainfall Dipole (SARD) is characterized by an alternation of rainfall

anomalies over the SACZ and Southeastern South America due to variation on the

direction of the low level flow in South America (Boers et al., 2014; Nogués-Paegle and Mo,

1997). As described before, the low level wind in South America is characterized by

northwesterly winds, located east of the Andes. When these winds have a stronger

meridional component, they bring more moisture to Southeastern South America, favoring

rainfall over the region. When the westerly component of the winds strengthen, they

contribute to a greater influx of moisture to central and southeastern Brazil. This

contributes to the formation of the South Atlantic Convergence Zone, but reduces rainfall

over Southeastern South America. The source of the anomalies in the low level flow that

generates the SARD can be either local or remote.

The main source of intraseasonal variability in the tropics is the Madden-Julian Oscillation

(MJO, Madden and Julian, 1971, 1972; Zhang, 2013). The MJO consists of an organized

area of anomalous convection and circulation anomalies that propagate eastward from the

Indian Ocean to the western Pacific at an approximate rate of 5m/s. Although the MJO

can develop in any season, it is most intense during the austral summer.

Similar to ENSO, the MJO can influence the precipitation over South America through a

tropical and an extratropical pathway. The extratropical pathway consists of Rossby wave

train arching eastwards through the extratropics and reaches South America (Grimm,

2019b; Ambrizzi and Hoskins, 1997; Liebmann et al., 1999). Meanwhile, some studies

suggest that the tropical pathway is defined by the influence of both Kelvin and Rossby
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tropical waves forced by the latent heat released by the anomalous convection in the

tropics (Grimm, 2019b). The convection anomalies found in the tropical western portions

of South America has also been associated with the modulation of the Walker circulation

by the propagation of the main convective core of the MJO (Recalde-Coronel et al., 2020).

These processes work together to generate the observed circulation anomalies in South

America. It is estimated that about 25% of the precipitation anomalies over Amazon

cannot be attributed to the tropical pathway, suggesting a contribution of the extratropical

wave train (Mayta et al., 2018).

Convection anomalies over the maritime continent are particularly efficient in generating

these extratropical wave trains. When convection is enhanced in the maritime continent,

there is anomalous cyclonic flow over Southeastern South America and positive height

anomalies over the SACZ in the upper levels. The low-level flow becomes more zonal,

forming the pattern of wet-SACZ, dry-SESA representative of the SARD (Grimm, 2019b;

Alvarez et al., 2016; Carvalho et al., 2004). Enhanced convection is also registered in the

northern portion of the continent, with enhanced convection over southeastern Amazon

and northeastern Brazil and suppressed convection over northwestern tropical South

America (Recalde-Coronel et al., 2020; Mayta et al., 2018, 2020; De Souza and Ambrizzi,

2006). The opposite anomalies are registered when convection is suppressed over the

maritime continent. In this case, the SACZ is suppressed and there is a drying over the

Northeastern Brazil and Amazon. The convection anomalies over the Northeastern Brazil

and Amazon are maintained even in the presence of ENSO, and MJO can intensify or

relieve extreme events in the tropics (Shimizu et al., 2017; Shimizu and Ambrizzi, 2016).

Recent studies have suggested that the state of the stratosphere, specifically the

Quasi-Biennial Oscillation (QBO), can influence the intensity of the MJO. The QBO is a

downward propagating signal of alternating zonal winds with an approximate frequency of

28 months (Baldwin et al., 2001). During easterly QBO, the upper troposphere becomes
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more unstable, favoring the vertical propagation of the wave trains generated by convection

in the tropics. As a result, the anomalous convection that characterizes the MJO becomes

stronger during easterly QBO (Klotzbach et al., 2019; Hendon and Abhik, 2018; Lim et al.,

2018; Son et al., 2017). The consequences of this modulation for the intraseasonal

variability of precipitation in the Southern Hemisphere has not yet been studied. Chapter

4 of this dissertation discusses the influence of the QBO in the MJO teleconnections in the

Southern Hemisphere, including the SAMS.

1.4 Objectives and organization of the dissertation

This dissertation aims to improve our understanding of the mechanisms of natural and

anthropogenic variability of the South American Monsoon. We focus on the impact of

climate change on the rainfall distribution in South America and on the mechanisms by

which remote modes of climate variability can impact the large-scale circulation in the area.

The introduction provides a broad overview of the South American Monsoon and the

sources of climate variability, as well as the climate change impacts in the area. Each of the

following chapters include more specific introductions to each of the topics addressed in

this thesis.

In Chapter 2, I use the CESM Large Ensemble (LENS) simulations to investigate how the

South American Monsoon is projected to change by the end of the twenty first century.

LENS consists of 40 simulations using the same climate model (CESM1.1), that differ only

by round off errors in the initial conditions of surface temperature. LENS is available with

the historical forcing from 1920 to 2005 and uses the RCP8.5 from 2006 to 2100. First, I

compare the initiation dates and rainfall patterns of the South American Monsoon in

LENS with ERA interim reanalysis and satellite-based precipitation observations
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(CHIRPS). After validating the model in the present climate, I evaluate how the

circulation features over South America are projected to change in a warmer climate.

Overall, the following aspects are addressed in chapter 2:

• What is the projected change in the length of the wet season of the South American

Monsoon?

• How is the dry season precipitation projected to change and what are the effects on

the net primary productivity over the Amazon?

• How is rainfall during the wet season projected to change?

• Are extreme events of rainfall projected to become more frequent in the future?

• Are droughts projected to become longer in the future?

This work is published in the Journal of Climate:

Sena, A. C. T., and G. Magnusdottir (2020). Projected End-of-Century Changes in the

South American Monsoon in the CESM Large Ensemble, Journal of Climate, 33(18),

7859-7874.

Building up on those results, LENS is used to investigate how the sea surface temperature

anomalies found during Indian Ocean Dipole events can influence the circulation over

South America. The circulation anomalies found in LENS are compared to what is found

in observations and in perturbation experiments forced with the SST patterns found during

positive and negative phases of the IOD. In chapter 3, we test the hypothesis that there are

two main mechanisms by which the IOD can influence the large-scale circulation over

South America:

1. The anomalous convection over the tropical Indian Ocean generates a Rossby wave

9



train that propagates through the southern extratropics and eventually reach South

America.

2. The latent heat released by the anomalous convection excites tropical waves that per-

turb the local Walker circulation and result in precipitation anomalies over tropical

South America.

This work has been accepted for publication in Journal of Climate as:

Sena, A. C. T., and G. Magnusdottir (2021). Influence of the Indian Ocean Dipole on the

large-scale circulation in South America, Journal of Climate (in press).

In Chapter 4, I address the role of the stratosphere in modulating the intraseasonal

variability of rainfall in the Southern Hemisphere in austral summer. Using a

state-of-the-art reanalysis dataset, the ERA5, I investigate how the Quasi-Biennial

Oscillation influences the remote effects of the Madden Julian Oscillation. We examine a

particular season and a particular MJO event that took place in 2012/2013 under easterly

QBO. To examine mechanisms, we examine this case in a perturbation experiment. For

comparison, we conduct a second perturbation experiment, but this time use the state of

the stratosphere as it was in the following year, under a westerly QBO. The following

questions are addressed in the chapter:

• What is the role of the QBO in modulating the remote effects of the MJO?

• How does the QBO affect the development and propagation of the MJO in the Pacific?

Chapter 5 concludes with a summary of the main results of this thesis and suggestions for

future work. The results shown in Chapters 2, 3 and 4 are reformatted versions of published

papers or works that are currently either accepted for publication or in preparation.
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Chapter 2

Projected end-of-century changes in

the South American monsoon in the

CESM Large Ensemble

Adapted from Sena, A. C. T., and G. Magnusdottir (2020). Projected End-of-Century

Changes in the South American Monsoon in the CESM Large Ensemble, Journal of

Climate, 33(18), 7859-7874.

© American Meteorological Society

Abstract

Projected changes in the South American Monsoon System by the end of the twenty-first

century are analyzed using the Community Earth System Model Large Ensemble

(CESM-LENS). The wet season is shorter in LENS when compared to observations, with

the mean onset occurring 19 days later and the mean retreat date 21 days earlier in the
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season. Despite a precipitation bias, the seasonality of rainfall over South America is

reproduced in LENS, as well as the main circulation features associated with the

development of the South American Monsoon. Both onset and retreat of the wet season

over South America are delayed in future compared to current climate by 3 and 7 days

respectively, with a slightly longer wet season. Central and Southeastern Brazil are

projected to get wetter as a result of moisture convergence from the strengthening of the

South American Low Level Jet and a weaker South Atlantic Subtropical High. The

Amazon is projected to get drier by the end of the century, negatively affecting rainforest

productivity. During the wet season, an increase in the frequency and intensity of extreme

precipitation events is found over most of South America, and especially over Northeastern

and Southern Brazil and La Plata. Meanwhile, during the dry season an increase in the

maximum number of consecutive dry days is found over Northeastern Brazil and Northern

Amazon.

2.1 Introduction

South America’s climate has well characterized wet and dry seasons due to the influence of

the South American Monsoon System (SAMS; Zhou and Lau, 1998; Vera et al., 2006;

Marengo et al., 2012b). The onset of this regime is characterized by the reversal of the

anomalous low level moisture flux over Central South America. During the austral spring,

the trade winds over the tropical Atlantic intensify and enhance the moisture influx to

tropical continental South America. This moisture is recycled over the Amazon and

eventually brought to the continental and Southeastern South America by a northwesterly

low level jet, known as the South American Low Level Jet (SALLJ). Meanwhile, the South

Atlantic Subtropical High (SASH) over the ocean basin weakens and moves west,

increasing moisture influx from the South Atlantic into Southeastern Brazil (Raia and
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Cavalcanti, 2008). In austral fall, the low level wind anomaly reverses, which marks the

end of the SAMS wet season.

The presence of the Amazon rainforest over the region is crucial for SAMS development.

Latent heat released by convection fed by Amazon evapotranspiration forms a pressure

gradient that strengthens the trade winds, providing the conditions for SAMS initiation

(Wright et al., 2017; Gandu and Silva Dias, 1998). Nilo Figueroa et al. (1995) argue that

the latent heat released over the Amazon leads to the atmospheric disturbances that

generate and maintain a northwest-southeast directed convergence zone, known as the

South Atlantic Convergence Zone (SACZ). The SACZ is the main source of precipitation

and extreme rainfall in Southeastern Brazil (Carvalho et al., 2002, 2004), and its failure

may cause drought in the most populated region of Latin America (Coelho et al., 2016).

The Amazon is also important for the SALLJ development. This raises concerns about the

consequences of deforestation over the Amazon on the climate over tropical and subtropical

South America, especially its water cycle. A recent modeling study (Boers et al., 2017)

suggests that there is a tipping point on deforestation that, once crossed, shuts down the

SALLJ, drying continental South America.

Previous studies found that the Amazon is projected to get drier by the end of the century

(Lehner et al., 2017; Cook et al., 2014). In the present climate, longer and more intense dry

seasons reduce atmospheric water vapor content over the southern Amazon during the

transition to the wet season (Agudelo et al., 2018). This affects moisture recycling over the

area. Meanwhile, the SALLJ is intensified, but it carries less moisture to the center of

South America (Collini et al., 2008). In contrast, in this work we find that the

end-of-the-century climate is marked by increased atmospheric moisture content through

thermodynamic effects. We find that in a warmer climate, evaporation over the Atlantic

ocean makes more moisture available to be carried by the trade winds and SALLJ.

In this study, we analyze how the SAMS wet season length and precipitation intensity over
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South America are projected to change by the end of the 21st century using the

Community Earth System Model (CESM) Large Ensemble Simulations (LENS; Kay et al.,

2015). LENS provides valuable means to isolate anthropogenic influences from internal

variability. Changes in the intensity and frequency of rainfall extremes are also analyzed.

By analyzing multiple realizations from the same climate model, we can infer the role of

model internal variability in the projections.

Previous studies have shown different results regarding the SAMS length and intensity in

the future, depending on the model analyzed and methodology used (Pascale et al., 2019).

Over the Amazon, studies show both a projected lengthening of the wet season (Jones

et al., 2013), a lengthening of the dry season (Boisier et al., 2015; Fu et al., 2013) or no

significant changes in the onset, retreat and length of the SAMS (Bombardi et al., 2009).

Extreme events are also projected to become more frequent in South America, and the

Amazon is especially responsive to those changes (Xu et al., 2019). Drought events over

the Amazon are projected to become more frequent and widespread by the end of the 21st

century under climate change scenarios (Duffy et al., 2015). Drought events are known to

cause a net carbon loss due to tree mortality (Feldpausch et al., 2016; Lewis et al., 2011;

Phillips et al., 2009; Mahli et al., 2009). This has lasting effects for years to come (Yang

et al., 2018) in the present climate, raising concerns about reduced Amazon productivity in

the future due to meteorological drought. Meanwhile, extreme wet events are expected to

increase due to the intensification of the hydrological cycle, both over wet and dry areas

(Donat et al., 2016). This trend is also seen in South America with extreme wetness

projected to become more frequent over the Amazon in a RCP8.5 scenario (Duffy et al.,

2015). An increase in wet extreme events over South America have already been noted in

observations, but the attribution of these trends to climate change is difficult due to the

connection between rainfall over this area and long term modes of climate variability, such

as the Interdecadal Pacific Oscillation, Pacific Decadal Oscillation and Atlantic
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Figure 2.1: Spatial domain covered by each of the areas: Northern Amazon (N Amazon),
Southern Amazon (S Amazon), Northeastern Brazil (Nordeste), Central South America
(CSA), Southeastern Brazil (SEB), and La Plata Basin (La Plata). The cross-section of
central South America where the wind is used to calculate SAMS onset date is also shown
(red x), as well as the Amazon (black heavy contour).

Multidecadal Oscillation (Grimm, 2019a; Marengo et al., 2013; Skansi et al., 2013; Haylock

et al., 2006).

Our objective is to examine how circulation features associated with rainfall in the South

American Monsoon region is projected to change in a warmer climate using multiple

realizations of the same global climate model. This allows us to isolate the internal

variability from the anthropogenic signal. We focus on the changes in total rainfall, as well

as wet season onset and retreat dates at the end of the 21st century. Since South America

includes areas from the equatorial region to the subtropics and extratropics, representing

different climates, the area is divided into five domains (Fig. 2.1): Northern Amazon (N

Amazon), Southern Amazon (S Amazon), Northeastern Brazil (Nordeste), Central South

America (CSA), Southeastern Brazil (SEB), and La Plata Basin (La Plata). For each area,

we analyze changes in the total precipitation during the wet and dry seasons, as well as

changes in the frequency and intensity of extreme wet and dry events.
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This chapter is organized as follows. Section 2.2 describes the LENS simulations and

introduces the methodology and data we used in the analysis. Section 2.3 describes the

results obtained for the projected changes in SAMS length and rainfall over South

America, as well as changes in extreme events of precipitation. Finally, section 2.4

concludes by summarizing the findings presented in this chapter. Supporting information

for this chapter is included in Appendix A.

2.2 Data and methods

2.2.1 Data

The Community Earth System Model (CESM) Large Ensemble project (LENS; Kay et al.,

2015) consists of 40 realizations of the same climate model, the CESM 1.1 fully coupled

global climate model. LENS uses the Community Atmospheric Model version 5.2 (CAM

5.2) as its atmospheric component and the Community Land Model version 4.0 (CLM 4.0)

as its land component. A random round-off error in the surface temperature field was

introduced in each ensemble member that was branched off in 1920. The spatial resolution

is 1o x 1o. Each simulation is performed with historical greenhouse gas and aerosol forcing

from 1920 to 2005, and with the representative concentration pathway 8.5 (RCP 8.5)

emissions scenario from 2006 to 2100.

LENS performance over the region of the South America Monsoon for the historical period

is compared with satellited-based observations and the ERA-interim reanalysis. The

ECMWF’s (European Centre for Medium-Range Weather Forecasts) ERA-interim (Dee

et al., 2011) reanalysis data are available daily from 1979 to present at a 0.75o spatial

resolution.
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Rainfall from the Climate Hazards Group InfraRed Precipitation with Station data

(CHIRPS; Funk et al., 2015) were used in this project. CHIRPS estimates rainfall over

land using geostationary satellites’ infrared measurements along with rainfall measured at

stations. They are available daily between 1981 and present at a 0.05o spatial resolution

between 50oN and 50oS.

2.2.2 Data analysis

SAMS onset is defined as the first day with precipitation greater than 4 mm/day over the

Amazon (depicted by the heavy black contour in Fig. 2.1), persisting for at least two thirds

of the following 40 days, and associated with westerly 850 hPa wind over central South

America (60oW, 10oS − 20oS, the cross section is highlighted in Fig. 2.1). The first date

when these conditions are no longer met is defined as SAMS retreat (Gan et al., 2005).

Both precipitation and wind data are smoothed with a 5-day running mean prior to

analysis. SAMS onset, retreat, and length are computed for each year and each ensemble

member in LENS. These quantities are computed from 1981 to 2017 in observations, using

ERA-interim 850 hPa wind and precipitation from CHIRPS.

We assess the ability of LENS to reproduce the rainfall over South America by comparing

it to CHIRPS and ERA interim. We analyze three main rainfall characteristics:

• The model bias in precipitation. Subtracting the ensemble mean, annual average pre-

cipitation in LENS over each area in South America from the annual average pre-

cipitation in CHIRPS in the same area and over a common time period 1981-2017

(corresponding to availability of observational product). When comparing to ERA

interim, we use the period 1979-2017.

• Monthly precipitation anomalies over each area of South America (subtracting the
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annual mean precipitation over the area), again referring to the period of each product.

• The spatial distribution of precipitation anomalies averaged over the peak of the wet

season (December to February) and the peak of the dry season (June to August).

We analyze the effect of SAMS onset on rainfall over South America by comparing to

observations the amount and spatial distribution of precipitation for a composite from

LENS during the 15 days prior to SAMS onset, and 5 to 20 days after SAMS onset. In this

analysis, we remove the annual cycle by subtracting the average precipitation for each

calendar day.

Projected changes in South American hydroclimate are defined as the difference between a

thirty-year period in the late 21th century (2070 to 2100, hereafter future) and a thirty-year

period in the late 20th century (1970 to 2000, hereafter present). Two methods were used

in order to determine the significance of the response: a two-tailed Student’s t-test was

used to determine the significance of the ensemble mean response, and a two-sample

Kolmogorov-Smirnov test (KS-test) was performed in order determine the significance of

the changes in the distribution of events.

In order to determine the changes in the source of the moisture in the region we calculated

the vertically integrated moisture flux ( ~MF ) from 1000 hPa to 700 hPa, defined as:

~MF (λ, φ, t) =
1

g

∫ P

Ps

q(λ, φ, p, t) ~V (λ, φ, p, t) dp (2.1)

Where g is the acceleration of gravity, q is the specific humidity at each level, ~V is the

horizontal wind velocity.

We analyzed changes in precipitation, net primary productivity (NPP) and surface latent
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heat flux for each area introduced in Fig. 2.1.

We analyzed the contribution of dynamic, thermodynamic and evaporation changes to the

projected precipitation based on the linearized moisture budget equation (Trenberth and

Guillemot, 1995). We define the contribution of each term to the response to climate

change following Endo and Kitoh (2014). Each term is defined by:

δP = δE + δTH + δDY +Res (2.2)

δTH = − 1

gρ

∫ 1000hPa

0

~∇ · (~Vpresentδq)dp (2.3)

δDY = − 1

gρ

∫ 1000hPa

0

~∇ · (qpresent ~δV )dp (2.4)

where δ represents the difference between the term in future and present climate, ρ is the

density of water, P is the precipitation, E is the evaporation, TH is the thermodynamic

term, and DY is the dynamic effect. In our analysis, the residual includes the contribution

of the changes in the transient system.

For each of the areas considered, extreme events of precipitation were analyzed using two

main metrics:

• The number of consecutive dry days, which is defined as the maximum number of

consecutive days with area-averaged precipitation below 1 mm/day for each year and

ensemble member;

• The maximum daily precipitation, which is defined as the magnitude of the maximum
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area-averaged rainfall event for each year and each ensemble member.

The maximum daily precipitation was analyzed by fitting a generalized extreme value

distribution (GEV), used to determine the changes in the wet events extremes. This

distribution is the most suitable to determine changes in extreme events, and its

probability density function is defined as:

pr(x) =


exp

[
−
(
1 + ξ

(
x−µ
σ

))]− 1
ξ 1
σ

[
1 + ξ

(
x−µ
σ

)]− 1
ξ
−1

ξ 6= 0

exp
[
−exp

(
−x−µ

σ

)]
1
σ
exp

[
−
(
x−µ
σ

)]
ξ = 0

(2.5)

(Kotz and Nadarajah, 2010)

Where µ is the location parameter, ξ is the shape parameter and σ is the scale parameter

of the distribution. A GEV was fitted to the maximum daily precipitation for the present

and future climate. These results are discussed in section 2.3.3.

2.3 Results

2.3.1 The representation of SAMS in LENS

We examine the following characteristics of the SAMS: the seasonal precipitation anomaly

and its spatial distribution, SAMS onset and retreat dates as well as wet season length in

LENS and observations. The ensemble mean of LENS captures the spatial distribution of

the rainfall anomaly during both the peak of the SAMS (DJF) and during the peak of the

dry season (JJA), as shown in Fig. 2.2. We show precipitation from ERA interim as well as

for CHIRPS as the latter is limited to land areas only. The spatial pattern of rainfall
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anomalies in ERA interim is similar to the satellite products (Fig. A.1). During the peak

of the wet season, the ensemble mean of LENS (Fig. 2.2b) shows an increase in rainfall

over South America that is directed as a northwestern-southeastern band of precipitation

anomaly in Brazil, extending to the Southern Atlantic Ocean. This suggests that the main

characteristics of SACZ are reproduced by LENS. Although the ITCZ over the eastern

portion of the Atlantic Ocean is weaker in LENS than in ERA interim (Fig. 2.2c), the

increase in rainfall over the western tropical Atlantic and Northeastern Brazil is captured

by the model. During the peak of the dry season, rainfall is reduced over most of South

America. The area where the SACZ generally occurs is dry both in the ensemble mean of

LENS (Fig. 2.2e) and in observations (Figs. 2.2d and 2.2f). In JJA, the ensemble mean of

LENS is dryer than observations over the Equatorial South America, particularly over

Colombia (Figs. A.2d and A.2e).

Consistent with observations, the wet season in LENS starts during the austral spring and

ends during the austral fall. Figure 2.3 shows the distribution of SAMS onset and retreat

dates in LENS and in observations for all available years. Note that each ensemble member

of LENS represents 97 years and we have 40 members available, thus 3880 seasons are

considered in LENS whereas we only have 36 seasons in CHIRPS. Generally, SAMS onset

date occurs later in the year in LENS than in observations. The mean onset date in LENS

is October 12, 19 days later than in observations (September 23). SAMS retreat is earlier

in the season in LENS by 21 days compared to observations (April 24 and May 15,

respectively). When considering just the 1970-2000 period, the mean onset and retreat

dates in LENS are October 14 and April 23. The bias in the SAMS length in previous

generation climate models (Bombardi et al., 2009) was linked to biases in the

representation of the Atlantic ITCZ and rainfall over northern South America as we discuss

below. The later onset and earlier retreat of the wet season in LENS results in a shorter

wet season in LENS than in observations. This may be a result of a dry bias that exists in

LENS over most of South America. This dry bias is especially relevant over North and
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Figure 2.2: Mean precipitation (in mm/day) averaged over December, January and February
(DJF) minus the mean annual precipitation (a) for 1981-2017 in CHIRPS; (b) for ensemble
mean, 1920-2017 in LENS; (c) for 1979-2017 in ERA interim. Mean precipitation averaged
over June, July and August (JJA) minus the mean annual precipitation for the same period
(d) in CHIRPS; (e) ensemble mean in LENS; (f) in ERA interim.
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Figure 2.3: (a) The distribution of SAMS onset date for 1920 to 2017 in all 40 ensemble
members of LENS; (b) same as a, but for SAMS retreat date; (c) SAMS onset date distri-
bution between 1981 and 2017 using CHIRPS precipitation and ERA interim 850 hPa wind;
(d) same as c, but for retreat date. For each plot, the 25th and 75th percentile is shown in
red. The mean of each distribution is shown in the top left. Their standard deviation is
shown in the top right. Each bin corresponds to 5 days.

South Amazon throughout the year. The mean and standard deviation of the precipitation

bias in each region are shown in Table 2.1.

The precipitation bias of rainfall over South America is shown in Fig. A.2. LENS

overestimates rainfall over Nordeste during DJF, mainly due to a southern position of the

ITCZ and a double ITCZ bias in the Atlantic. These biases exist in many CMIP5 climate

models and have been linked to biases in meridional heat transport, that originate from

tropical and extratropical SST and cloud parametrization biases (Hawcroft et al., 2017; Li

and Xie, 2014; Adam et al., 2016, 2018b).
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Table 2.1: Mean and standard deviation of the precipitation bias (in mm/day) between 1981
and 2017 for each region analyzed, calculated as the difference between LENS and CHIRPS,
LENS and ERA interim, and ERA interim and CHIRPS.

LENS - CHIRPS LENS - ERA interim ERA interim - CHIRPS

mean std mean std mean std
N Amazon -1.65 0.45 -1.53 0.64 -0.12 0.50
S Amazon -1.70 0.37 -2.19 0.49 0.49 0.47
Nordeste 1.39 0.58 0.29 0.80 1.10 0.41

CSA -1.27 0.28 -1.23 0.41 -0.04 0.39
SEB -0.91 0.37 -0.36 0.40 -0.55 0.22

La Plata -1.36 0.68 -0.64 0.51 -0.72 0.43

LENS underestimates rainfall over the Amazon in all seasons, with stronger biases during

the dry season. These biases have been linked to a too far south displaced ITCZ during JJA

and during the transition to the wet season in the models. The southward displacement of

the ITCZ, as well as a double ITCZ bias, displace the Walker circulation, weaken the trade

winds, and generate subsidence over the Amazon (Adam et al., 2018a; Richter et al., 2014;

Siongco et al., 2015). In LENS, there is a subsidence bias that inhibits deep convection over

the Amazon (not shown). Another possible explanation for the dry bias over vegetated

regions is a positive feedback in the land model due to a lack of precipitation, with the soil

moisture reacting unrealistically to drying (Sakaguchi et al., 2018; Lin et al., 2017). In an

ensemble of climate models, Yin et al. (2013) showed that biases in evapotranspiration,

Bowen ratio, cold air intrusion, and strength and position of the Pacific ITCZ can result in

biases in rainfall over South America. Deep convective parameterization was also suggested

in generating dry bias over the Amazon in the CESM model (Sakaguchi et al., 2018).

Despite a dry bias that is accentuated during the dry season, when we examine the

seasonal cycle of precipitation, or the values after removing the annual mean, the seasonal

cycle of precipitation is remarkably similar in LENS as in observations as seen in Fig. 2.4.

Even with the delay in SAMS onset, LENS is able to reproduce the large-scale spatial

distribution of rainfall in the days preceding and following SAMS onset. Figures 2.5a-b
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Figure 2.4: Monthly mean precipitation (in mm/day) minus the mean annual precipitation
over (a) N Amazon; (b) S Amazon; (c) Nordeste; (d) CSA; (e) SEB and (f) La Plata.
The mean precipitation is computed for 1981-2017 in CHIRPS (in black); for 1979-2017 in
ERA interim (in gray) and for 1920-2017 in LENS (in pink). The ensemble mean in LENS is
highlighted by a bold contour. The mean annual precipitation (in mm/day) for each product
is shown in the bottom left of each panel.
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show a composite of the mean daily rainfall anomaly over South America 15 days

immediately before SAMS onset for observations and the ensemble mean of LENS. The

same is shown for the mean daily rainfall anomaly 5 to 20 days after SAMS onset in Figs.

2.5c-d. Prior to SAMS onset, the observed rainfall anomaly is negative over the Amazon.

Meanwhile, the rainfall anomalies over Southern Brazil are positive before SAMS onset

(Fig. 2.5a). After SAMS onset, this rainfall dipole switches signs (Fig. 2.5c). Rainfall

increases over the Amazon, while southern Brazil becomes dryer. This signal relates to

compensating subsidence related to the establishment of the heat source over the SACZ,

and is one of the main features of the SAMS onset, as shown in earlier studies (Gandu and

Silva Dias, 1998; Raia and Cavalcanti, 2008). LENS successfully reproduces this rainfall

dipole, both before and after onset (Figs. 2.5b and 2.5d). This dipole-like pattern is related

to the moisture transport by the SALLJ (Marengo et al., 2012b). In the period leading up

to SAMS onset, there is an increase in moisture transport to Southern Brazil, contributing

to rainfall over the region. After SAMS onset, moisture transport from the Amazon to

Southeastern Brazil increases, establishing favorable conditions for the development of the

SACZ.

Overall, there is a good agreement between the seasonality and spatial distribution of

rainfall over South America in LENS, reanalysis and observations. This is especially

encouraging in light of the significant bias in total rainfall in the region that was discussed

above.

2.3.2 Future projections of SAMS

Now that we have established that LENS can simulate important characteristics of the

SAMS, we analyze how SAMS precipitation and wet season length are projected to change.

Figure 2.6 shows the distribution of the SAMS onset date, retreat date, and length in
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Figure 2.5: Rainfall anomaly of the daily mean rainfall averaged over 15 days immediately
prior to SAMS onset in (a) CHIRPS and (b) LENS; and rainfall anomaly averaged between
5 and 20 days after SAMS onset in (c) CHIRPS and (d) LENS. Hatched areas represent
regions where the differences are statistically significant at or above the 95% confidence
interval according to the t-test.
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Figure 2.6: Distribution of SAMS onset date (a), retreat date (b) and wet season length
(c) in present (1970-2000, distribution in the left of each panel, in green) and future (2070-
2100, distribution in the right of each panel, in orange) climate, in LENS. The mean of the
distribution and the 25th and 75th percentiles are marked for each case. The distributions
shown in each of the panels in this figure are significantly different according to the KS-test.

current climate and by the end of the 21st century. There is a delay both in the mean onset

date and retreat date, of 3 and 7 days, respectively. As a result, the average wet season

lengthens by about 4 days. All differences are significant according to the

Kolmogorov-Smirnov test.

The delay in SAMS retreat is associated with a longer persistence of the SALLJ over South

America. Figure 2.7 shows the evolution of the 850 hPa zonal wind in the tropical (20oS to

5oS) South America and adjacent oceans (longitude sector 20oW to 140oW ) for present

and future climate. From late October, the mean flow is dominated by westerly winds, that

spread eastward as the wet season evolves. This represents the development and evolution

of the SALLJ. In the future period, the westerly 850 hPa zonal wind becomes more

pronounced over the SAMS development area and throughout the wet season, suggesting a

more robust SALLJ. This is especially relevant during the late wet season, when the

westerlies remain active for longer in future climate, and delay SAMS retreat. Along the

cross-section highlighted in Fig. 2.1, the ensemble average for the future has a westerly

anomaly of the zonal component of the 850 hPa wind that is 0.76 m/s stronger when

compared to present during the month of April, which is the most common month for
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Figure 2.7: Time evolution of the zonal wind at 850hPa averaged between 20oS and 5oS for
longitudes 20oW -140oW in the present (a) and future (b) climate. The zero-line is marked
in black.

SAMS retreat in LENS. In fact, the zonal component of the wind becomes more westerly in

all seasons analyzed with the exception of the transition to the wet season (averaged

between July and September), when there is a strengthening of the easterlies over the area.

This result is consistent with the delay in the beginning of the wet season, as shown in Fig.

2.6. Moreover, the total wind speed significantly increases for all seasons except for the

beginning of the dry season (averaged between April and June), when it remains the same.

The increase in wind speed in the future climate ranges from 0.36 m/s (January to March)

and 0.59 m/s (July to September). It is important to note that the westerly winds are

underestimated in the model when compared to the ERA-interim reanalysis.
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As the SALLJ strengthens, it also carries more moisture to continental South America.

Due to thermodynamical effects, the future atmosphere is able to hold more moisture and

there is an increase in the total moisture carried by the winds. Prior to the transition to

the wet season (JAS), the vertically integrated moisture flux from the tropical Atlantic to

the Amazon is increased in the future, generating more moisture convergence over the

region (Fig. 2.8a). As the wet season develops (OND and JFM), a stronger, wetter SALLJ

carries more moisture from the Amazon to the subtropics. As a result, more moisture

reaches the continent, especially in the areas corresponding to CSA, SEB and La Plata

(Figs. 2.8b and 2.8c).

Meanwhile, the SASH weakens in future climate (not shown), contributing to increased

moisture flux to the continent, also partially due to increased evaporation over the South

Atlantic. As a result, there is an increase in moisture influx from the South Atlantic ocean

into SEB. The confluence of the moisture from the SASH and SALLJ contributes to the

formation of the South Atlantic Convergence Zone. Figure 2.9a shows the contributions of

the evaporation, dynamic and thermodynamic terms to the changes in rainfall during the

peak of the wet season (see the budget terms in eq. (2)-(4)). We can see that the

thermodynamic term contributes the most to the increased rainfall over SEB and CSA,

followed closely by the dynamic term in SEB.

Finally, we find that the ITCZ gets narrower in future climate over the Atlantic, with

rainfall intensifying at its center during the wet season. Moisture convergence increases

over Nordeste during the wet season (not shown), as the area receives more moisture both

from northern and southern tropical Atlantic (Fig. 2.8c), increasing rainfall over the north

and western portion of the Nordeste region, especially during JFM. Meanwhile, rainfall

over the east coast of the region decreases, due to the narrowing of the ITCZ and the

increased subsidence associated with the strengthening of the ITCZ at its center.

The wet season rainfall increases over Nordeste, CSA, SEB and La Plata and it is the main
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Figure 2.8: Ensemble mean vertically integrated moisture flux (arrow) and its divergence
(in colors) averaged over (a) July to September, (b) October to December and (c) January
to March for: (i) present climate, (ii) future climate and (iii) difference between future and
present climate in LENS. The statistical significance of the moisture flux anomalies at or
above the 95% confidence interval was calculated using the t-test. The anomalies of the
moisture flux are only shown where where at least one component is significant. Areas
where the moisture divergence anomalies are not significant are shown in white in panels
(iii).
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Figure 2.9: Ensemble mean precipitation change in future climate and the contributions to
that from the terms in the budget equation due to change in dynamic, thermodynamic and
evaporation components in each area averaged between: (a) January to March and (b) July
to September.

32



source of the increase in the annual mean rainfall over those areas (Fig. 2.10a). Meanwhile,

there is less precipitation during the late dry season (July to September, Fig. 2.10b) in all

of the areas analyzed. This suggests that in a warmer climate those areas will become even

more dependent on the wet season strength, with consequences for water and energy

management. Another consequence of these projections is the increase in frequency and

strength of extreme events of rainfall, as we will show in section 2.3.3.

A different pattern emerges over the Amazon with drying in all seasons. This drying has

consequences for rainforest productivity over the region. As the region receives less rainfall,

the total water storage over land is reduced over the Amazon (Fig. 2.11a). As the

vegetation activity over Southern Amazon is water-limited, the mean net primary

productivity (NPP) over the area is reduced during the late dry season (Fig. 2.11b). The

mean NPP over Southern Amazon not only decreases but also changes sign, and the region

becomes a net carbon source. As soil moisture and forest productivity are reduced, so is

the surface latent heat flux over the northeastern South America (Fig. 2.11c). An analysis

of the relative contributions of the thermodynamic and dynamic effects in the precipitation

response shows that the change in evaporation and moisture is responsible for the relative

drying of the Southern Amazon region during JAS, while the dynamics attenuates this

effect, due to the wind convergence over the area (Fig. 2.9b). As the wet season is delayed,

the rising motion associated with deep convection over the Amazon is reduced during the

wet season. As the deep convection over the Amazon decreases, so does the compensating

subsidence over Southern Brazil and Paraguay, contributing to increased rainfall over the

La Plata Basin area during the early wet season (OND, Fig.2.11d).
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(a) Annual (b) JAS

Figure 2.10: Distribution of the present (1970-2000, in green) and future (2070-2100, in
orange) mean annual (a) and July to September (b) precipitation in mm/day in LENS. The
distributions shown in each of the panels in this figure are significantly different according
to the KS-test.
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Figure 2.11: (a) Ensemble mean difference of total water storage between future and present
climate for July to September in LENS. (b) Distribution of the mean net primary production
over Southern Amazon in July to September for the present (top) and future (bottom) in
LENS. These distributions are significantly different according to the KS-test. (c) Ensemble
mean difference in surface latent heat flux between future and present climate for July
to September in LENS. (d) Ensemble mean difference in vertical velocity at the 500 hPa
pressure surface between future and present climate for October to December in LENS.
Hatched areas represent regions where the differences are statistically significant at or above
the 95% confidence interval according to the t-test in panels (a), (c) and (d).
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2.3.3 Extreme events of rainfall

As rainfall both increases during the wet season and decreases during the dry season,

extreme rainfall events are also affected in future climate. In this section, we analyze the

projected changes in the extreme events distribution in LENS by the end of the 21st

century.

Figure 2.12 shows the time evolution of the maximum number of consecutive dry days in a

year and for each region. Due to its dry bias during the dry season, LENS overestimates

the number of consecutive dry days over South Amazon, Nordeste and CSA. In a warmer

climate, extreme dry periods become significantly longer for all the regions analyzed,

except La Plata and S Amazon, where there is no significant change in the future when

compared to the present. For N Amazon, where the dry period is less intense, the

maximum number of consecutive dry days increases from 13 days in the present to 35

days/year in the future climate. Over Northeastern Brazil, a region already affected by

drought in present climate, the mean number of consecutive dry days increases from a

mean of 42 days/year in the present to 100 days/year in the future. Note that increased

temperature will intensify the effects of dry periods.

Meanwhile, the extreme wet days become more frequent and extreme in all regions

analyzed. Figure 2.13 shows the probability density functions of the maximum daily

precipitation for each region analyzed. The location parameters of all the distributions are

shifted to the right, suggesting an increase in the most common value. Meanwhile, the

scale parameter also increases, suggesting that the distribution spreads in the future, and

favors greater values. This increase in the extreme wet days is especially clear for Nordeste

(Fig. 2.13c) and La Plata (Fig. 2.13f).
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(a) (b)

Figure 2.12: (a) Evolution of the annual maximum number of consecutive dry days for
each area in ERA interim (in gray), CHIRPS (in black) and LENS (colors). Each ensemble
member is depicted, and the ensemble mean is highlighted by a bold contour. (b) Distribution
of the annual maximum number of consecutive dry days for the present (top, in green) and
future (bottom, in orange) climate for each area. The distributions are significantly different
according to the KS-test for North Amazon, Nordeste, CSA and SEB.
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Figure 2.13: Probability density function of the annual maximum area-averaged daily pre-
cipitation. A GEV distribution was fitted for the present (1970-2000, in blue), and future
climate (2070-2100, in red) for: (a) Northern Amazon, (b) Southern Amazon, (c) Northeast-
ern Brazil, (d) Central South America, (e) Southeastern Brazil, and (f) La Plata Basin. All
the distributions are significantly different according to the KS-test.
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2.4 Summary and Conclusions

In this paper we analyzed future projection of the South American Monsoon system, as

well as precipitation in specific areas of South America in the CESM Large Ensemble.

Both the onset and retreat of the South American monsoon are delayed in future climate.

Since the SALLJ remains active for longer during the transition to the dry season, the

averaged date of SAMS retreat is delayed by 7 days. SAMS onset is also delayed by 3 days,

mostly due to local processes, such as the decrease in latent heat release over the Southern

Amazon during the transition to the wet season. The net effect is a modest, but significant

increase in the length of the wet season. Note that the mean date of SAMS onset in LENS

is 19 days later in the season and the mean retreat in LENS occurs 21 days earlier in the

season when compared to observations.

Although the length of the SAMS wet season increases, the Amazon becomes dryer in all

seasons. The increase in atmospheric CO2 generally increases the rainforest’s net primary

productivity through carbon fertilization, however this process is water limited. During the

peak of the dry season, the drying over Southern Amazon reduces the total water storage

in the soil and NPP is reduced, making the area a net carbon source.

When interpreting these results, it is important to note that rainfall over the Amazon is

underestimated by LENS, and there is a known positive feedback between lack of rainfall,

soil moisture and temperature. CESM has this bias over the Amazon, and that is one

possible reason for the dry rainfall biases in the region (Sakaguchi et al., 2018). Since soil

moisture is known to mediate the impacts of drought caused by El Nino into the dry

season (Levine et al., 2019), the effects of this bias on the rainfall trends should be

addressed in future studies. Moreover, important components for estimating the forest

activity in the future are not included in most climate models. For example, phosphorus is

an important limiting nutrient over large parts of the Amazon, and its low availability
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limits CO2 fertilization (Fleischer et al., 2019; Yang et al., 2014).

The lengthening of SAMS, as well as the increase in moisture influx by the SALLJ and

SASH into Southeastern and Central Brazil, result in an increase in wet season rainfall over

those regions. Rainfall also increases over Northeastern Brazil during the wet season, as

the ITCZ over the tropical Atlantic intensifies and narrows equatorward in future climate,

increasing rainfall at the northwestern portion of the region during JFM, while rainfall over

Nordeste’s eastern coast is reduced due to an increase in the associated subsidence.

Meanwhile, the dry season gets dryer in all of the regions analyzed, thus these regions will

depend more on the wet season’s rainfall. While previous studies (Seth et al., 2013) related

the delay of SAMS onset to a decrease in moisture convergence over South America in

austral spring, this was not found to be the case in LENS. An increase in moisture

transport from the Atlantic ocean to South America was found in the spring, and the delay

in SAMS onset is mostly related to local processes, due to the decreased latent heat release

over the rainforest.

Extreme rainfall events become more frequent in future climate. Wet events become more

frequent and extreme in future climate for all regions analyzed, and dry events become

longer and more frequent by the end of the 21st century. Northern Amazon, that in the

present climate has virtually no dry periods in LENS, sees a significant increase in

meteorological drought occurrence in future climate. The dry events are further

exasperated by increased temperature in future climate. Northeastern Brazil is a

particularly interesting area, registering both an increase in dry and wet extreme events,

along with a greater dependence on wet season rainfall in future climate. The results from

this study have important consequences for vegetation dynamics and fire occurrence, as

well as effects on waterway transportation and water and electricity supply.
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Chapter 3

Influence of the Indian Ocean Dipole

on the large-scale circulation in South

America

Adapted from Sena, A. C. T., and G. Magnusdottir (2021). Influence of the Indian Ocean

Dipole on the large-scale circulation in South America, Journal of Climate (in press).

© American Meteorological Society

Abstract

The influence of each phase of the Indian Ocean Dipole (IOD) on the large-scale circulation

in South America is investigated using rainfall observations, fully-coupled, large-ensemble,

historical simulations (LENS), and forced experiments using the coupled model’s

atmospheric component. IOD events often occur when El Niño Southern Oscillation

(ENSO), the largest source of interannual variability of precipitation in South America, is
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active. To distinguish from effects of ENSO, only cases during neutral ENSO conditions

are analyzed in LENS and observations. During the positive IOD polarity, a perturbation

in the local Walker circulation leads to increased convection over equatorial South America,

resulting in wet anomalies in the Amazon basin. This signal, which is opposite of what is

expected during El Niño events, has not been noted previously. Tropical convection

anomalies over the Indian Ocean also force an extratropical Rossby wave train that reaches

subtropical South America. During positive IOD, the moisture flux from the Amazon to

central and southeastern Brazil weakens, resulting in a drying of the area associated with

the South Atlantic Convergence Zone. Meanwhile, the South Atlantic Subtropical High

strengthens, contributing to a drying in southeastern Brazil. During negative IOD, the

induced wave train from the Indian Ocean leads to increased moisture transport to the La

Plata basin, leading to wet anomalies in the region.

3.1 Introduction

The Indian Ocean Dipole (IOD) consists of a dipole in sea surface temperature (SST)

anomalies in the Indian Ocean. During its positive phase, warm SST anomalies are

observed in the western part of the Indian Ocean, while cool SST anomalies occur in the

eastern sector. During the negative phase, these anomalies are reversed (Saji et al., 1999).

The IOD usually starts developing around June, peaks in September and October, and

rapidly decays during the austral summer (Lim and Hendon, 2017).

IOD events often occur when the El Niño Southern Oscillation (ENSO) is active. Positive

IOD is often concurrent with the positive phase of ENSO, while the negative phases of IOD

and ENSO often occur in the same years (Sun et al., 2015; Wang and Wang, 2014). There

is an ongoing debate whether or not IOD and ENSO are really two separate physical

phenomena. Some studies suggest that the IOD develops not as an independent process,
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but as a consequence of the wind anomalies in the eastern sector of the Indian Ocean

generated by ENSO (Stuecker et al., 2017; Zhao and Nigam, 2015). However, Wang et al.

(2016) argue that IOD can be generated even in the absence of ENSO as a result of

anomalies in Indonesian convection amplified by surface wind response to the precipitation

anomalies and subsurface conditions. There is also evidence that IOD may precede ENSO’s

development and contribute to it (Wang et al., 2019; Izumo et al., 2010; Annamalai et al.,

2005). In this chapter, we examine the remote effects of the SST pattern in the Indian

Ocean corresponding to the IOD on the South American circulation, regardless of how the

IOD pattern may have been generated. Henceforth, we will refer to IOD events during

ENSO neutral conditions as pure IOD events.

ENSO is the dominant source of interannual variability of rainfall over South America and

it is challenging to isolate the influence of other modes of climate variability in the short

observational record. El Niño is commonly associated with drought over the Amazon and

wetting over Southern Brazil. The opposite signals are associated with La Niña (Cai et al.,

2020; Grimm, 2011).

In addition to climate influences in adjacent areas such as the Indian Monsoon region

(Ashok et al., 2004) and Australia (Ashok et al., 2003; Cai et al., 2011), convection

associated with SST anomalies over the Indian Ocean can generate Rossby waves that

disturb the atmospheric circulation over remote locations such as Antarctica (Nuncio and

Satheesan, 2014; Li et al., 2015; Feng et al., 2019) and South America (Drumond and

Ambrizzi, 2008; Chan et al., 2008; Saji et al., 2005).

Earlier studies have shown that the circulation in South America is influenced by SST

anomalies in the Indian Ocean. During the austral summer, Drumond and Ambrizzi (2008)

found in modeling experiments that a monopole of warm SST anomalies in the Southern

Indian Ocean is associated with drier conditions in the areas commonly related to the

South Atlantic Convergence Zone (SACZ) and wetter conditions in Southern Brazil. Chan
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et al. (2008) found that the positive phase of the IOD is linked to negative rainfall

anomalies over the areas commonly associated with the SACZ in a coupled

ocean-atmosphere global climate model. They isolate the IOD from ENSO influences by

selecting only years with an active IOD during neutral ENSO. As ENSO and IOD SST

anomalies often occur simultaneously, the number of cases analyzed in that study is

reduced and no significant anomalies were found during negative IOD events. These

studies did not find significant precipitation anomalies in tropical South America.

Although the above studies are focused on effects during the austral summer, the IOD

usually reaches its peak during the austral spring, which coincides with the onset season of

the South American Monsoon (Sena and Magnusdottir, 2020; Gan et al., 2005). The IOD

has also been linked to surface temperature anomalies in South America during the austral

spring, with warm anomalies in the subtropical South America during positive IOD events

and cold anomalies in the area during negative events (Saji et al., 2005).

The objective of this study is to get a better understanding of the mechanisms by which

the sea surface temperature patterns associated with the IOD and the associated perturbed

convection can influence the large-scale circulation in the South American Monsoon during

austral spring and summer. First, we analyze how rainfall over South America responds to

pure IOD events in observations. As the observational record is short and an extended

record is only available over land areas, we proceed to analyze the response in historical

simulations of the Community Earth System Model’s Large Ensemble Simulations (LENS,

Kay et al., 2015). LENS consists of 40 realizations of the same coupled climate model, that

only differ in initial conditions consisting of random round off error perturbations in the

initial temperature field. Sena and Magnusdottir (2020) evaluated the representation of the

South American Monsoon System (SAMS) in LENS compared to observations. They

examined the seasonal precipitation anomaly and its spatial distribution, SAMS onset and

retreat dates, and wet-season length in LENS and observations. They found that the
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ensemble mean of LENS captures the spatial distribution of the rainfall anomaly both

during the peak of the wet season (DJF) and the peak of the dry season (JJA). This gives

us confidence to examine LENS in terms of the South American response to the remote

forcing of the IOD. The large number of realizations increases the sample size and allows us

to compare the responses in LENS with the ones found in observations. Finally, we use the

atmospheric component of LENS (the Community Atmospheric Model, version 5 or CAM5;

Hurrell et al., 2013) to run forced experiments where we prescribe the dipole of sea surface

temperature associated with both positive and negative IOD. These forced experiments

allow us to isolate the response to the IOD SST pattern.

This chapter is organized as follows. Section 3.2 describes the data and methods used. The

results are described in section 3.3, and summarized and discussed in the conclusions

(section 3.4). Supporting information for this chapter is included in Appendix B.

3.2 Data, Models and Methods

3.2.1 Observations

We examined the IOD and South American rainfall in observations using the following

datasets. The Hadley Centre Sea Ice and Sea Surface Temperature (HadISST, Rayner

et al., 2003) dataset is used to determine the conditions of the IOD and ENSO. The data

are available monthly, from 1870 to near-present at a 1o spatial resolution. Monthly

estimates of precipitation from the Global Precipitation Climatology Centre (GPCC,

Schneider et al., 2014) are used to examine rainfall patterns in observations. GPCC is

available globally over land from 1901 to near-present, at a 0.5o spatial resolution. In this

paper, we use both observational datasets from 1901 to 2017.
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The IOD state in observations was determined using the Dipole Mode Index (DMI; Saji

et al., 1999), defined by the difference between SST anomalies over the eastern Indian

Ocean (10oS-10oN , 50oE-70oE) and western Indian Ocean (10oS-Equator, 90oE-110oE).

In order to compare the IOD state in observations and models, we consider IOD positive

events when the DMI averaged over September, October and November is greater than its

climatological mean plus one standard deviation. Similarly, IOD negative events are

defined by years with DMI lower than the mean minus one standard deviation. We isolate

years with ENSO neutral conditions by considering SST anomalies over the Nino 3.4 area

(5oS-5oN , 120oW -170oW ) that are within one standard deviation from the mean. The SST

pattern associated with IOD events depends on the dataset used in the analysis (Yang

et al., 2020). HadISST was chosen due to the availability of a long continuous record and

the similarities with other SST datasets in terms of magnitude and evolution of the DMI

index (Fig. B.1) and SST patterns associated with the IOD (Fig. B.2). We will discuss

results in section 3.3.

It is important to point out that due to the association between IOD and ENSO there is

only a small number of cases of IOD active during ENSO neutral conditions. This makes it

difficult to attribute any response found in observations to IOD. In order to interpret the

observational record, we also looked for a response in global climate models both fully

coupled and in atmosphere only experiments as we describe in the following sections.

3.2.2 Large Ensemble Simulations

The Community Earth System Model (CESM) Large Ensemble (LENS, Kay et al., 2015) is

used to examine variability and to determine how the anomalies found in observations are

reproduced in a fully-coupled ocean atmosphere global climate model (OAGCM). LENS

consists of 40 realizations of the CESM1.1 model. Each ensemble member is run with
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historical radiative forcing from 1920 to 2005 and then follows the Radiative Concentration

Pathway (RCP) 8.5 from 2006 to 2100. The ensemble members differ only in initial

conditions of the surface temperature by a random round-off error. LENS is available daily

and monthly at a 1o spatial resolution. In this project we only analyze the historical period

(1920 to 2005). In a previous study (Sena and Magnusdottir, 2020) we found that LENS

captures the evolution of the South American Monsoon System including the seasonal

distribution of rainfall anomalies, in spite of a mean rainfall bias in the model. The main

circulation characteristics of the monsoon are captured in LENS. ENSO’s seasonality is

also well reproduced in CESM1 (Bellenger et al., 2014).

Pure IOD cases were isolated in each ensemble member. The ENSO state was determined

based on SST over the Niño 3.4 area. Cases with the Niño 3.4 index within 0.6 standard

deviation of the mean in each ensemble member were defined as ENSO neutral events.

Note that due to the large number of cases in LENS, we chose a more restricted definition

of neutral ENSO in LENS than in observations to further reduce the impact of ENSO in

the final results. This threshold was chosen arbitrarily, as a way to maintain at least 250

cases for each phase of the IOD. The IOD state was calculated based on the DMI index for

the ENSO neutral conditions, averaged between September and November. Cases with

DMI index greater than the mean plus one standard deviation were considered positive

IOD events, while cases with the DMI index lower than the mean minus one standard

deviation were considered negative IOD events.

3.2.3 Forced CAM5 experiments

When we analyze observations and LENS, the responses we find may have been influenced

by other perturbations concurrent with the IOD. Although by confining the analysis to

ENSO neutral events reduces the effect of ENSO, some significant SST anomalies remain in
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the Pacific in LENS (Fig. B.3), similar to what is found in the transitions between ENSO

phases (Lin and Qian, 2019). To isolate the IOD response, we performed forced

atmospheric global climate model experiments using CAM5 to investigate the remote

effects of the SST patterns associated with the IOD on the atmospheric circulation in the

absence of other forcing. As CAM5 is the atmospheric component of LENS, we have a

direct comparison with a fully-coupled model, however neglecting any response in surface

turbulent flux.

A control experiment was performed, initialized with the annual cycle of the climatological

SST from HadISST for the 1979-2008 period and run for 100 model years. We obtained the

forcing field corresponding to the positive and negative IOD from the observed SST.

Following Saji et al. (1999), we performed an empirical orthogonal function (EOF) analysis

using the monthly (Sept, Oct, Nov) HadISST SST anomalies in the Indian Ocean

(30oS-30oN; 30oE-120oE) for the 1901-2017 period. We define IOD positive events as cases

where the second EOF’s reconstructed time series is greater than the mean plus one

standard deviation. Similarly, the IOD negative events are cases where the reconstructed

time series is less than the mean minus one standard deviation. In this way, we composited

the SST anomalies over the Indian Ocean for each month between April and December.

The IOD positive (negative) experiment was forced by two times the composite of the SST

anomalies for each month, as shown in Fig. 3.1. Hereafter, we will refer to these

experiments as IODp (for positive IOD) and IODn (for negative IOD). One hundred

realizations were performed for each experiment, with a 1o horizontal spatial resolution.

Each experiment was run from April 1st to December 31st. Each ensemble member of the

two perturbation experiments was initialized by branching from the control run on April

1st of each model year. That year of control was paired with the corresponding ensemble

member to calculate the response.

The IOD develops in austral winter (Fig. 3.1), and rapidly decays after December. We
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(a) (b)

Figure 3.1: Sea surface temperature forcing for each month for the (a) IOD negative exper-
iment and (b) IOD positive experiment.

chose to start our modeling experiment in April to provide two months of spin-up time

before the first signs of the SST dipole pattern starts to appear in June. In this study, we

focus on the responses found from September to December.

3.2.4 Magnitude of the Walker circulation

The magnitude of the Walker circulation in each case was calculated based on the zonal

component of the effective wind for water vapor transport, hereafter termed effective wind.

The effective wind was determined following Sohn and Park (2010), and it is given by:

~VE =

p∑
i=p0

W (i) ~Vχ(i) (3.1)

where ~Vχ is the divergent part of the horizontal wind field and W is the layerwise

contribution of the water vapor amount to the total precipitable water in the atmospheric
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column, p0=1000 hPa and p=50hPa.

3.2.5 Rossby wave source

We quantified the Rossby wave source (RWS; Sardeshmukh et al., 1988) in the

extratropics following James (1994), defined as:

S = −~∇ · (ζ ~Vχ) = −(ζ ~∇ · ~Vχ + ~Vχ · ~∇ζ) (3.2)

where ~Vχ is the divergent component of the horizontal wind and ζ is the absolute vorticity.

In this study, the RWS is calculated at 200 hPa.

3.3 Results

3.3.1 IOD representation in LENS

The seasonality of IOD is well reproduced in CESM (Fig. B.1b), with the greatest

variability occurring between September and November. The frequency of occurrence of

IOD events is also well reproduced in LENS. The averaged period between two IODn years

is 6.3 years in HadISST and 7.6 years in the ensemble mean of LENS for 1920-2005. For

IODp, the mean period between two events is 7.9 years in observations and 8.4 years in the

ensemble mean of LENS. In both observations and LENS, IODp events become more

frequent at the end of the 20th century. In the ensemble mean of LENS, there are 7 IODp

events and 2 IODn events during the 1979-2005 period. Cai et al. (2009) linked the
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increased frequency of IODp events to the strengthening of the easterly winds in the

equatorial Indian Ocean due to a weakening of the Pacific Walker Circulation and a

stronger land-ocean temperature contrast in the Asian monsoon region.

The difference between the SST anomalies in the eastern and western Indian Ocean,

measured by the DMI amplitude, is overestimated in LENS (Fig. B.1a). CMIP5 climate

models have a similar bias in the IOD amplitude, mainly due to an unrealistic

representation of the thermocline slope, resulting in a thermocline-SST feedback (Cai and

Cowan, 2013; Ng et al., 2014; Yao et al., 2016). The current state-of-the-art CMIP6 models

have similar overly strong biases (McKenna et al., 2020).

IOD is the first mode of variability for the September-November SST in LENS,

corresponding to 31% of the explained variance. The spatial pattern of the IOD is

reasonably well represented in LENS (Fig B.2) with a dipole between the SST in the

eastern and western Indian Ocean.

Considering only neutral ENSO years, we found five years with positive IOD events (1961,

1963, 1967, 2012, 2017), ten negative IOD events (1901, 1903, 1906, 1912, 1917, 1947, 1958,

1960, 1974, 1996) and 63 cases of IOD neutral in observations. During ENSO neutral, we

found 290 model years with negative IOD, 260 model years with positive IOD and 1094

model years with neutral IOD during ENSO neutral in the 40 ensemble members of LENS

from 1920 and 2005.

3.3.2 General circulation anomalies in South America

In this section, we describe the circulation response over South America during IOD events

in rainfall observations, in LENS and in the forced experiments. In the first two cases, the

response of each variable to IOD is defined as the difference between the composite of the
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pure IOD events in each phase and the composite of the cases with both IOD and ENSO

neutral. In the forced experiments, the response is defined as the difference between the

ensemble mean in each phase and the ensemble mean of the control experiment. Statistical

significance of the response is determined by the student t-test at or above the 95%

confidence interval. Because of how few IODp and IODn events there are in the

observational record the responses are not statistically significant.

Figure 3.2 shows the response to each IOD phase for the Sept-Oct average in terms of

precipitation, horizontal wind at 850 hPa and zonal wind at 200 hPa in the forced

experiments (Fig. 3.2a-b), in LENS (Fig. 3.2c-d) and in observations (only rainfall, Fig.

3.2e-f). In Fig. 3.3 we depict the same fields for the November to December average.

During the positive IOD, there is widespread drying of the central and southeastern Brazil

in observations in austral spring (Fig. 3.2f). These anomalies are also found both in LENS

and the forced experiments (Figs. 3.2d and 3.2b) and are maintained through December

(Fig. 3.3), suggesting a drying of the area where the SACZ is commonly observed during

the austral summer. This response is consistent with the anomalies found by Chan et al.

(2008).

During IODp events, the northern portions of the Amazon basin get wetter. In

observations, this signal appears over Northern Brazil during November and December

(Fig. 3.3f). Although the results in observations are not statistically significant, a similar

precipitation response in the Amazon appears earlier in LENS and lasts throughout the

period (Figs. 3.2d, 3.3d). A positive rainfall anomaly begins to develop in Sept-Oct (Fig.

3.2d) and strengthens in Nov-Dec (Fig. 3.3d). The wetting appears in similar geographic

locations in observations and LENS, especially for Nov-Dec. The forced experiments also

feature a significant wetting over the Amazon in Sept-Oct (Fig. 3.2b), in a similar

geographic location as the response found in LENS (Fig. 3.2d). However, this signal

dissipates during Nov-Dec in the forced experiments (Fig. 3.3b). The difference in the
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Figure 3.2: Response of horizontal wind at 850hPa (vectors), zonal wind at 200hPa (contour)
and precipitation (color shading) for (a) IODn and (b) IODp, averaged over September and
October in the forced experiments. The same anomalies are shown in LENS for (c) IODn
and (d) IODp, compared to model years with both IOD and ENSO neutral. Precipitation
anomalies in observations during years with IODn and IODp are shown in (e) and (f),
respectively. They are compared with 63 cases with both IOD and ENSO neutral. Stippling
indicates areas where precipitation anomalies are significant above the 95% confidence level.
Only significant anomalies of wind are shown. The extent of the Amazon basin is shown in
magenta in panel e.
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Figure 3.3: Same as Fig. 3.3, averaged over November and December
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seasonality of this signal may be due to differences between the models. LENS consists of

an OAGCM, whereas our experiments are run in an atmospheric global climate model with

prescribed SST and therefore the ocean feedback that is important in the tropics is not

represented. It is also important to remember that although our method of selecting pure

IOD cases in LENS and observations reduces the influence of ENSO in the final results,

significant SST anomalies remain in the Pacific.

In the forced experiments, the precipitation response to IODp is associated with a

weakening of the low level winds directed from the Amazon to Southeastern South America

and, although the precipitation anomalies are weak, there is indication of increased

convection over Amazon. These signals are examined closer in Fig. 3.4. Figure 3.4 shows

the response of the horizontal wind, vertical velocity (ω) and specific humidity to IODp in

September for a cross-section between and the Amazon and Southeastern South America.

There is anomalous upward motion over the Amazon in the forced experiment, while

downstream areas in Central and Southeastern Brazil show more subsidence and drier

conditions as the low-level winds weaken (Fig. 3.4). This dipole signal is also found during

the early phases of the South American Monsoon and is associated with the compensating

subsidence from an increase in latent heat release over the Amazon (Gandu and Silva Dias,

1998). Meanwhile, the South Atlantic Subtropical High strengthens (Fig. 3.2b), increasing

the moisture flux from the Atlantic Ocean to southeastern Brazil and contributing to the

southeasterly anomalies in the low level flux off the southeastern Brazil. During November

and December, the upper level jet stream strengthens and narrows over South America and

the Atlantic Ocean (Fig. 3.3b).

The precipitation response to IODn is weaker than the one found for IODp. In

observations, it is characterized by increased rainfall over the northern part of the La Plata

basin (around 15oS) especially during Nov-Dec and negative anomalies over Southern

Brazil and Uruguay (Fig. 3.3e). This response is also found in LENS, where it develops
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Figure 3.4: Vertical profile of vertical wind response (color shading), specific humidity anoma-
lies (contours, in g/kg) and horizontal wind anomalies (barbs, in cm/s) for IODp in a cross
section between the points 0o, 75.0oW and 28oS, 35oW , in September in the forced experi-
ments. The insert map shows the path of the cross-section in red. Areas where the vertical
wind response is significant are hatched. Stippling represents areas where the specific hu-
midity response is significant.
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around September and is maintained through December (Figs. 3.2c and 3.3c). In the

forced experiments, a similar wetting appears during IODn (Fig. 3.2a), although the

response is southward shifted compared to the anomalies in observations and LENS. In

both LENS and our experiments there is a small, but significant strengthening of the

northwesterly winds, increasing the moisture flux to the region where we found the positive

precipitation response (Figs. 3.2a and 3.2c). In the following sections, we will explore the

mechanisms that may generate these anomalies.

3.3.3 Extratropical wave train

Both IOD phases are associated with anomalous convection over the Indian Ocean. The

anomalous tropical convection can generate a Rossby wave train (e.g. Sardeshmukh et al.,

1988) that propagates from the subtropics across the Pacific and reaches South America.

Figure 3.5 shows the Nov-Dec Rossby Wave Source response to IODn and to IODp over

the Indian Ocean in the forced experiments. A significant response is found south of the

imposed SST anomalies in both IODp and IODn.

The Nov-Dec response of the meridional wind at 200hPa to IODn and IODp in the forced

experiments is shown in Figure 3.6. In both phases of the IOD, although more robust for

IODp, a wave train arches across the South Pacific from the west to east, reaching South

America (Fig. 3.6a-b). This signal is similar to the results found for September and

October and in LENS (not shown). This wave train has also been linked to rainfall

anomalies in Southern Australia and temperature anomalies in Antarctica (McIntosh and

Hendon, 2018; Li et al., 2015).

In both IODn and IODp, the wave trains reach South America, disturbing the atmospheric

circulation in the subtropics, for example, as shown by a strengthening of the South

Atlantic Subtropical High (SASH) during the IODp, associated with an increased sea level
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Figure 3.5: Rossby wave source response to (a) IODn and (b) IODp, averaged over November
and December in the forced experiments. Stippling represents response significant above the
95% confidence level.

Figure 3.6: Meridional wind response at 200 hPa, averaged over November and December
for (a) IODn and (b) IODp in the forced experiments. Stippling indicates areas where the
anomalies are significant above the 95% confidence level.
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pressure in the Southern Atlantic (Fig. B.4). The persistence of an anticyclonic circulation

in the South Atlantic and southeast Brazil inhibits the northward propagation of low

pressure systems and is associated with extreme drought events in southeast Brazil (Seth

et al., 2015; Rodrigues et al., 2019). In addition, the onset of the South American Monsoon

is usually preceded by a weakening of the South Atlantic Subtropical High (Raia and

Cavalcanti, 2008). However, no significant response in the onset date of the South

American Monsoon was found in the forced experiments (Fig. B.5).

Note that a Rossby wave train directed to the Northern Hemisphere is also excited during

both phases of the IOD. The positive IOD has been associated with delayed circulation

anomalies in the Asian Summer Monsoon (Yuan et al., 2008) and to the forcing of the

North Atlantic Oscillation (Hardiman et al., 2020) in a case study of a recent extreme IOD

event.

3.3.4 Tropical mechanism

The IOD can influence South America through a weakening of the local Walker circulation.

During IODp, the magnitude of the effective wind (Eq 1) in the tropics over South

America and the Atlantic Ocean (10oS-10oN; 80oW-10oW) significantly weakens, on

average, by about 6% in the forced experiments (Fig. B.6).

While the Walker circulation weakens, ascending motion is strengthened over northwestern

South America, favoring rainfall over the Amazon. Figure 3.7 shows the profile of vertical

velocity response averaged between 5oS and 5oN during Sept-Oct. Even though the

response is dwarfed by the local response close to the Indian Ocean, ascending motion over

tropical South America (around 60oW) is significantly increased during IODp. This may be

leading to the increase in rainfall over equatorial South America (Fig. 3.2).
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Figure 3.7: Response of the vertical component of the wind (ω) averaged between 5oS and
5oN for IODp in the forced experiments (shading) and streamlines of the climatological
vertical and zonal wind for September and October. Only anomalies significant above the
95% confidence level are shown.

We can better understand the effect of IODp on the Walker circulation by examining the

evolution of the low-level seasonal wind response, using partially overlapping months.

Figure 3.8 shows the equatorial 925hPa zonal wind response, averaged between 10oS and

10oN , as a function of longitude in a Hovmoller diagram (for partially overlapping months)

for IODp in the forced experiments. Consistent with a weakening of the Walker circulation,

the trade winds weaken over the western portion of South America. The low-level wind

response diverges in the eastern Indian Ocean, around 100oE, throughout the season. The

trade winds weaken, starting around western Africa (0o longitude) in June-July-August

and this signal spreads westward to the Atlantic Ocean up to 20oW in December.

Meanwhile, the trade winds in the Pacific strengthen starting in August and this response

spreads eastward with time.

This supports the hypothesis that the response of the Walker circulation to the IOD may

be mediated by Kelvin waves, as suggested by Saji and Yamagata (2003). Figure 3.9 shows
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Figure 3.8: Response of the mean equatorial zonal wind averaged between 10oS and 10oN
for IODp at 925 hPa is depicted with overlapping months on the y-axis and longitude on
the x-axis, for the forced experiments. Hatched areas represent anomalies significant at or
above the 95% confidence level.

the space-time spectral analysis of the 850hPa wind response to IODp. The strongest

response is found in the Kelvin-wave frequencies. The westward propagation of the

weakening of the trade winds may suggest that the increased latent heat released in the

Indian Ocean excites a Gill-Matsuno-type response (Gill, 1980; Matsuno, 1966). Indeed,

part of the tropical response is associated with a Rossby-wave response, but only in the

longest wavelengths.

During IODp, the weakening of the low-level easterly winds is stronger in the Amazon

region than in the adjacent areas (Figs. 3.8 and 3.2b). This, associated with the weakening

of the flux from the Amazon to subtropical South America, results in increased moisture

content in the Amazon region (Fig. 3.4). Meanwhile, the ascending branch of the Walker

circulation is displaced during IODp, and is located anomalously in the eastern Amazon

region (Fig. 3.7). As a combination of more moisture and ascending movement, convection

is favored in the area.
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Figure 3.9: Symmetric component of the power spectra divided by the background power
between 10oN and 10oS, based on the zonal wind response at 850hPa for IODp.
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Note that the IOD has a weak influence in the position of the ITCZ in the Atlantic Ocean.

During IODn, the ITCZ is shifted northward from its climatological position in the forced

experiments during Sept-Oct (Fig. 3.2a). No significant impact is found in LENS, nor in

Nov-Dec. However, the response of the Atlantic ITCZ to IODp is different in LENS and in

the forced experiments. In the IODp experiments, there are dry anomalies in the center of

the ITCZ in Nov-Dec, suggesting a drying of the area (Fig. 3.3b). Meanwhile, in LENS

there is a significant wetting of the equatorial Atlantic during IODp in Nov-Dec (Fig.

3.3d), suggesting a strengthening of the ITCZ. The lack of an interactive ocean in the

CAM5 experiments may account for these differences.

3.4 Concluding Remarks

In this study, we analyzed how the Indian Ocean Dipole (IOD) can influence the large-scale

circulation over South America in observations, a large ensemble of simulations of an

OAGCM and forced experiments where we directly force the SST anomalies corresponding

to the positive and negative IOD in an atmospheric global climate model.

In observations of precipitation, the response to the positive phase of the IOD is

characterized by drying over central and southeastern Brazil in SO and ND, accompanied

by a wetting over the Amazon in ND. However, the observational record is short and since

we want to isolate the effect of the IOD from the effects of ENSO, we only analyze ENSO

neutral cases. This results in five IODp events and ten IODn events in the observational

record. The response in terms of rainfall is therefore not statistically significant.

Nevertheless, this response is reproduced in both LENS, where we have 260 IODp cases

and 290 IODn cases and thus statistical significance, as well as in forced experiments where

we have an ensemble of 100 members of each sign of the IOD.
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Two mechanisms contribute to the large-scale circulation anomalies found over South

America associated with the IOD: a weakening of the tropical Walker circulation and an

extratropical Rossby wave train that is forced by anomalous convection over the Indian

Ocean.

During the positive phase of the IOD, a wave train is excited in the Indian Ocean that

propagates across the Pacific to the South Atlantic. This anomaly strengthens the South

Atlantic Subtropical High, weakens the northwesterly low level winds and reduces moisture

transport from the Amazon to Central and Southeastern Brazil, generating dry anomalies

in the areas where the SACZ is commonly observed. Meanwhile, the weakening of the

Atlantic portion of the Walker circulation displaces its ascending branch to the east,

increasing convection over the central portions of the Amazon basin. This results in a

precipitation anomaly dipole between these two areas, similar to what is found during the

early stages of the South American Monsoon. This dipole is commonly associated with the

onset date of the South American Monsoon in observations (Raia and Cavalcanti, 2008)

and LENS (Sena and Magnusdottir, 2020). However, we do not find any significant changes

in the onset date of the South American Monsoon in the forced experiments.

The signal found over the Amazon during IODp events is the opposite to the effect of El

Niño, the most common phase of ENSO when IOD is in its positive phase. While El Niño

is associated with drought over the Amazon, we see an anomalous wetting of the region

during IODp. Future studies should address the effect of concurrent phases of positive

ENSO and IOD on rainfall over the region.

The circulation anomalies in South America are weaker during the negative IOD. The

precipitation response to IODn is characterized by a wetting over the northern portion of

the La Plata basin, especially during November to December, in observations. This

response is reproduced in LENS, where it is observed as early as September and remains

active until December. In the forced experiments (Fig. 3.2a), this response is shifted
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southward and is stronger during Sept-Oct and these anomalies are associated with a

strengthening of the low level winds from the Amazon to subtropical South America,

resulting in an increase of moisture flux and a wetting downstream, specifically over

Southern Brazil. The absence of an active ocean in the forced experiments or external

influences not due to the IOD in LENS may account for the difference in location of these

responses.

Extreme events of IODp are projected to become more frequent by the end of the 21st

century (Cai et al., 2013). It is therefore important to have a better understanding of how

the IOD can affect global rainfall patterns. A better understanding can lead to increased

predictive skill, which motivates studies on this subject.
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Chapter 4

Effect of the Quasi-Biennial

Oscillation on the Madden Julian

Oscillation teleconnections in the

Southern Hemisphere

Abstract

The Madden Julian Oscillation (MJO) is the main source of intraseasonal variability in the

tropics. MJO is known to modulate rainfall even in remote areas in the Southern

Hemisphere. Here, we use newly released reanalysis data to analyze how the Quasi

Biennial Oscillation (QBO) can influence the MJO’s effects over Oceania, the South Pacific

Convergence Zone (SPCZ) and South America. We find that the extratropical wave train

excited by the anomalous convection associated with the MJO is affected by the state of

the stratosphere. The MJO effect on the position of the SPCZ is modulated by the QBO,
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with greater anomalies found during QBOE. Meanwhile, the known anomalies in the

intensity of the South Atlantic Convergence Zone are intensified during QBOE and extend

to the subtropical South Atlantic during the phase 1 of the MJO.

Plain Language Summary

While the forecast ability of weather and climate has evolved in the past decades,

subseasonal to seasonal forecasts remains challenging in the current forecast models.

Previous studies have shown that the Quasi-Biennial Oscillation (QBO) can influence the

intensity and development of the Madden Julian Oscillation (MJO). Here, we analyze the

consequences of this modulation on the remote effects of the MJO in the Southern

Hemisphere using reanalysis and perturbation experiments. We find that when there are

easterly winds in the lower equatorial stratosphere, the anomalies related to the MJO are

more intense and widespread than during QBOW both for the South Pacific Convergence

Zone and for the South Atlantic Convergence Zone. Thus, the inclusion of the analysis of

the QBO in the analysis of the expected rainfall associated with the MJO is crucial to

improve forecasts in the region.

4.1 Introduction

The Madden Julian Oscillation (MJO; Madden and Julian, 1971, 1972; Zhang, 2013) is the

main source of intraseasonal variability in the tropics and leads to teleconnections that are

felt globally. The MJO is described by widespread, organized anomalies of convection and

associated circulation that propagate eastward along the equator, especially during the

austral summer half year, at a rate of 5 m/s from the Indian Ocean to the Pacific.
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There are three main mechanisms by which the MJO can affect the circulation in the

Southern Hemisphere (Zhang, 2015; Zaitchik, 2017, and references hereafter): (1) a

synoptic effect: the anomalous circulation related to the MJO can redirect the convection

over nearby areas; (2) a tropical mechanism: the latent heat released by the anomalous

convection excites large-scale, equatorially confined waves that propagate through the

tropics, redirecting circulation in the area (e.g. Brown et al., 2020; Grimm, 2019b); and (3)

an extratropical mechanism: the anomalous convection leads to subtropical divergence

anomalies, exciting an extratropical Rossby wave train that propagates along a great-circle

route through the extratropical Southern Hemisphere, influencing circulation in areas as far

as South America (e.g. Ambrizzi and Hoskins, 1997; Grimm, 2019b).

The remote effects of the MJO are found in different regions of the Southern Hemisphere.

The direct effects of the circulation anomalies associated with the MJO can be seen over

northern Australia, with enhanced convection when the MJO is over the maritime

continent (Wheeler et al., 2009; Marshall and Hendon, 2014). Meanwhile, the extratropical

wave train excited by the anomalous convection affects for example, southern Australia and

New Zealand (Fauchereau et al., 2016; Wheeler et al., 2009).

Several studies show how the MJO influences the position and intensity of the South

Pacific Convergence Zone (SPCZ) as summarized in a recent review paper on the SPCZ

(Brown et al., 2020). Figure 8 in Haffke and Magnusdottir (2013) shows the effect of each

phase of the MJO on the SPCZ, composited over the austral summer (Nov-Apr) of

1980-2012. The SPCZ is enhanced from east to west as the MJO propagates through

longitudes 130oE to 110oW . The tropical part of the SPCZ is enhanced in the east and

suppressed in the west in phases 4-5, whereas the SPCZ is overall enhanced during phases

6-7, and during phases 8, the SPCZ is suppressed in the east and the western part is

shifted equatorward. During phases 1-3, the SPCZ is weakened everywhere (Haffke and

Magnusdottir, 2013). As SPCZ intensity and location shift with MJO phase so does the
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probability of extreme events of rainfall.

The greatest impact of the MJO on South American precipitation is felt during MJO

phases 4-5 when there is increased convection over the maritime continent and drying over

the eastern Amazon and in the South Atlantic Convection Zone (SACZ) (Grimm, 2019b,

and references therein). When convection is suppressed over the maritime continent, such

as in MJO phases 8 and 1, there is increased precipitation over the eastern Amazon and

the SACZ. Mayta et al. (2018) estimate that about a quarter of the MJO-related

perturbations in Amazon rainfall may be related to extratropical influences, the remainder

is associated with tropical waves.

Recent studies suggest that the development of the MJO and it’s teleconnections may be

influenced by the Quasi-Biennial Oscillation (QBO) in the equatorial stratosphere. The

QBO consists of alternating easterly and westerly wind anomalies that descend from about

4hPa to the lower stratosphere with an approximate frequency of 28 months and affect the

circulation globally (Gray et al., 2018). When the QBO is easterly in the lower

stratosphere, the tropical atmosphere is less stratified, allowing for deeper convection to

occur in the tropical troposphere (Klotzbach et al., 2019; Hendon and Abhik, 2018). The

convection is deeper and the MJO propagates slower in the region of the maritime

continent during QBOE (Lim et al., 2018; Son et al., 2017). Toms et al. (2020) find that

the QBO modulates the location of MJO teleconnections in a global analysis using

ERA-interim reanalysis. However the modulation has a different pattern in the

CESM2-WACCM historical simulations for CMIP6.

In this chapter, we examine the effect of QBO phase on MJO impacts in the Southern

Hemisphere during austral summer (DJF) as seen in ERA5 reanalysis data. As the QBO is

the most reliable mode of atmospheric variability, this analysis may improve on efforts to

extend prediction on the subseasonal to seasonal time scale, especially in recognizing

forecasts of opportunity due to phase of MJO combined with QBO phase. To solidify our
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results, we run a case study of a particularly interesting event in early 2013 using a

high-top atmospheric global climate model where we control both the QBO and the MJO

by nudging.

4.2 Data and Methods

The state of the MJO and associated circulation are studied using daily outputs from ERA

5 reanalysis (Hersbach et al., 2020) from 1979 to 2019. ERA5 is available hourly at 137

vertical levels up to 1hPa, at a 31km horizontal spatial resolution. The MJO phase is

computed by using the Realtime Multivatiate MJO index (RMM; Wheeler and Hendon,

2004) for daily values. The RMM is based on the variability of the zonal wind at 200 and

850hPa, as well as outgoing long-wave radiation anomalies.

The state of the QBO is determined from anomalies to the zonal wind averaged over the

equatorial belt, between 5oS and 5oN at the levels 10hPa, 20hPa, 30hPa, 50hPa and 70hPa

over austral summer (DJF) using the QBO indexing defined by Elsbury et al. (2021).

Easterly QBO in the upper stratosphere generally corresponds to westerly QBO in the

lower stratosphere. For simplicity, cases when the QBO is easterly in the lower stratosphere

(50 and 70hPa) will be called easterly QBO (QBOE) and cases when the QBO is easterly

in the upper stratosphere (10 and 20hPa) will be called westerly QBO (QBOW).

We composite anomalies to the climatology based on the phase of the MJO and the state

of the QBO, focusing on the MJO events that occur during DJF. We use the Butterworth

bandpass filter to isolate the anomalies belonging to the 20-100 day period and composite

the anomalies to the filtered climatology in the daily DJF for each phase of MJO and

QBO. The anomalies were composited first by averaging the anomalies in all days in each

independent event of the MJO phase in order to reduce the dependency between the cases.
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The number of independent events in each MJO and QBO phase is shown in Table C.1 of

the Appendix C. The total number of days in each phase is shown in Table C.2. The

significance of the response is measured using a two-tailed student t-test at or above 95%

confidence level. In this chapter, we focus on two phases of the MJO: phase 1, when the

anomalous convection is located in the western Indian Ocean and convection is suppressed

over the maritime continent, and phase 4, when there is increased convection over the

maritime continent.

We performed perturbation experiments to further explore how the QBO may modulate

the development of the MJO, based on a case study of a MJO event that occurred between

31-Dec-2012 and 07-Jan-2013. This event has been selected because it is a good example of

active MJO with teleconnection in the extratropics. A nudging technique described in

Peings et al. (2019) is used to control the MJO in the Specified-Chemistry Whole

Atmosphere Community Climate Model (SC-WACCM; Smith et al., 2015). Details on the

model are given in Table C.3 in the Appendix C. This model also has an option to

prescribe the QBO towards observed radiosonde data, through a relaxation of equatorial

zonal wind between 22oS and 22oN , from 70 hPa to 4 hPa. The modulation of the MJO by

the QBO can then be explored in large ensemble of simulations, that include both realistic

QBO and MJO since they are prescribed to follow observations. To our knowledge, this is

the first time this is done, as generally GCMs struggle to capture both MJO and QBO in a

realistic way. Here is a description of the model experiments:

• AMIP-TROP is used as a control run. It is an AMIP (Atmospheric Model Intercom-

parison Project) simulation, forced with observed SST and sea ice variability, as well

as observed external forcings (GHGs, volcanoes, aerosols) over 1978-2016. In addition

with observed SST and sea ice, AMIP-TROP includes observed tropical atmospheric

variability in the 30oS-20oN tropical band. To do so, at each model time step, the hor-

izontal winds, temperature and surface pressure are nudged towards 3-hour fields from
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MERRA-2 (Bosilovich et al., 2015), from the surface up to 150hPa. 3-hourly anomalies

from MERRA-2 are superimposed on the 3-hour model climatology extracted from a

traditional AMIP experiment (without nudging, 10 ensemble members). This ensures

a consistent model mean state in the tropics, but with variability from observations. A

buffer zone is applied at the edges of the nudging domain, to allow for a linear decrease

in the nudging constraint over approximately 10o of latitude. A 5-hour relaxation co-

efficient is used for nudging the model, so that it is strongly relaxed towards the target

state in the nudging domain. As stated above, the QBO is prescribed and follows

monthly 1978-2016 observations.

• MJO-DEC24 is branched to AMIP-TROP on December 24 2012, i.e. one week before

the beginning of phase 4. Unlike in AMIP-TROP, the nudging of the tropical tropo-

sphere is only applied over Africa and the Indian Ocean, from 10oE to 110oE, with a

10o longitude buffer zone on each side. That way, the MJO is partly imposed in the

model, but the atmosphere evolves freely over the Pacific/South America sector. The

eastward propagation of the MJO is guided over the Africa/Indian Ocean sector, before

it is released over the Maritime continent and propagates over the Pacific, where we

can examine how it responds to the prescribed QBO phase. In 2012/13, the QBO was

descending easterly (Fig. C.1b), so this simulation represents MJO variability under

QBOE. The simulations are run for 60 days, 100 ensemble members are performed by

adding a tiny perturbation of the global temperature field at initialization (in the order

of 10−14K).

• MJO-DEC24-QBOW is similar to MJO-DEC24, but it includes an opposite phase

of the QBO. Instead of prescribing the observed 2012/13 QBO, we prescribe the

2011/2012 QBO (Fig. C.1c), that represents a descending westerly QBO. Since AMIP-

TROP includes observed QBO, branching directly from it would create an unrealistic

step in the QBO (from QBOE to QBOW in one timestep). To avoid this, we branched
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a secondary control run on October 1st, with full tropical nudging as in AMIP-TROP,

but with the 2011/12 QBO. It leaves time to the model to adjust to the QBOW, before

MJO-DEC24-QBOW with partial tropical nudging is branched on December 24. Like

for MJO-DEC24, 100 ensemble members are run, for 60 days.

MJO anomalies in the two perturbation runs are examined by computing the ensemble

mean of the 100 runs, and subtracting a daily climatology computed from AMIP-TROP

(by design very close to MERRA-2 in the tropics).

4.3 Results

4.3.1 Modulation of the MJO effects on Southern Hemisphere

by the QBO

Anomalous convection is favored during QBOE (Fig. C.2, d-e,i-j), which generates clear

differences in the local circulation anomalies related to the MJO in the Southern

Hemisphere. Figure 4.1 shows the anomalies of rainfall and 850hPa wind over Oceania and

the western Pacific during MJO phases 1 and 4 with the QBOW and QBOE. As a direct

response to the deepening of the convection over the MJO, the precipitation anomalies over

northern Australia deepen during QBOE, both during phase 1 (Fig. 4.1a-c) and during

phase 4 (Fig. 4.1d-f).

Significant anomalies are also seen in the SPCZ. Independent of the QBO phase, the SPCZ

is weaker during phase 4. As the QBO descends in the stratosphere, these anomalies

intensify and affect greater extensions of the Pacific (Fig. 4.1d-f). During QBOE (Fig.

4.1e), there is a northerly flux at west of the dry anomalies. The moisture influx contributes

to increased convection at west of the drying, suggesting a westward displacement of the
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Figure 4.1: Anomalies of total precipitation (shaded) and wind at 850hPa (vectors) compos-
ited for MJO phase 1 with (a) QBOW (easterly winds at 10 hPa) and (b) QBOE (at 50hPa)
and (c) the difference between the composites during QBOE and QBOW. The same fields
are shown for MJO phase 4 for (d) QBOW, (e) QBOE and (f) the difference between the
composites during QBOE and QBOW. The figure shows the anomalies over Oceania and
the western Pacific in ERA5. Stippling indicates precipitation anomalies significant at the
95% confidence level. Only significant anomalies of wind are shown. The anomalies of both
fields were filtered to the 20-100 day frequency.
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SPCZ. During phase 1 (Fig. 4.1a-c), there is a drying of the maritime continent, that

extends to the western Pacific, while wet anomalies appear at the east. During QBOW

(Fig. 4.1a), these anomalies are restricted to the equatorial area. During QBOE (Fig.

4.1b), they become more meridional, reaching areas at 30oS, and are associated with

northwesterly wind anomalies over the tropical Pacific Ocean. The position, as well as the

northwest-southeast structure of these anomalies, is suggestive of an eastward displacement

of the SPCZ, only clear during QBOE. These anomalies are intensified as the QBO

descends in the stratosphere and reaches their peak when the QBO is at 50hPa (Fig. C.3).

The intensification of the rainfall anomalies by the QBOE is also seen in South America.

In general, SACZ is enhanced during phase 1 and suppressed during phase 4. However, the

phase of the QBO modulates this effect. During QBOW, the wet anomalies over South

America during phase 1 are weaker and restricted to the land areas (Fig. 4.2a). As the

QBO descends, these anomalies strengthen, suggesting a more active SACZ (Figs. 4.2b).

At their peak extension, when the center of the QBO is at 50hPa, the wet anomalies

extend to the subtropical Atlantic. Changes in the low-level circulation are responsible for

these anomalies. During westerly QBO (Fig. 4.2a and Fig. C.4), there are anticyclonic

anomalies over the southern Atlantic, extending to north of 30oS. The resulting high

pressure off the coast limits the extension of the SACZ, that is restricted to the continental

area. In fact, during QBOW there are dry anomalies in the Atlantic, off the coast of

Southeastern Brazil. During QBOE (Fig. 4.2b), this circulation is displaced southward and

its influence is limited to Southeastern South America. The winds in continental South

America become more westerly, bringing more moisture to Southeastern Brazil and

contributing to the greater anomalies and expansion of the SACZ. As the winds become

more zonal, they bring less moisture to Southeastern South America, drying the area. This

dipole structure between the anomalies in precipitation over the SACZ and Southeastern

South America is often called South American Rainfall Dipole (Boers et al., 2014;

Nogués-Paegle and Mo, 1997). Similar anomalies are also seen in phase 8 (Fig. C.5).
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Figure 4.2: Same as Fig. 4.1, but for South America and the Atlantic Ocean.

The opposite anomalies are seen during the phase 4 of the MJO (Fig. 4.2d-f). There is an

intensification of the moisture transport from the Amazon to southern Brazil and northern

Argentina by the South American Low Level Jet, and a reduction of the moisture transport

from the continent to southeastern Brazil. This contributes to suppressed convection in the

SACZ and favors convection over Southern Brazil, Uruguay and northern Argentina. As

the QBO descends in the stratosphere, the wind anomalies intensify, creating the dipole

between a wetter-than-normal Southeastern South America and a dryer-than-normal

SACZ. The dry anomalies over the SACZ also intensify and the wet anomalies over SESA

change shape, extending more to the Atlantic Ocean during QBOE (Fig. 4.2d-f and Fig.

C.4). A similar feature is seen during phase 5 (Fig. C.6).

Note that for both areas and all the phases analyzed, the anomalies related to the MJO

intensify as the QBO descends in the stratosphere (Fig. C.3-C.6), which is consistent with

the expected effects of a stronger MJO. However, the mechanism for the change in

76



intensity of the teleconnection goes beyond a simple intensification of the latent heat

released by the anomalous convection. Convection related to the MJO excites an

extratropical wave train that propagates to the east through the southern hemisphere,

causing anomalous circulation in its path. As anomalous convection is favored during

QBOE (Fig. C.2), significant differences in the structure of this wave train appear. Figure

4.3 shows the streamfunction anomalies at 200hPa during QBOW and QBOE for phases 1

and 4 of the MJO in ERA5. In general, the extratropical wave train is weaker during

QBOE. When convection is suppressed in the maritime continent (MJO phase 1), during

westerly QBO the extratropical wave train in the Southern Hemisphere has anticyclonic

anomalies in over the western coast of South America, cyclonic anomalies in the

subtropical Atlantic and anticyclonic anomalies off the coast of Africa (Fig 4.3a). During

easterly QBO, similar anomalies occur, but are weaker and displaced (Fig 4.3b).

A similar effect occurs when convection is enhanced over the maritime continent (MJO

phase 4). In this case, the extratropical wave train is weaker and shifted to the north in the

Pacific during QBOE. While the extratropical wave train is seen at around 60oS in the

Pacific during QBOW (Fig 4.3c), it is restricted to around 30oS during QBOE (Fig 4.3d).

Opposite phases of the wave train are registered over New Zealand and the extratropical

Pacific, and the anticyclonic anomalies seen in Argentina during easterly QBO (Fig 4.3d)

are not significant during westerly QBO (Fig 4.3c).

4.3.2 Influence of the QBO in the development of the MJO

In order to explore the mechanisms by which the QBO can influence the development of

the MJO and its teleconnections, we performed two experiments with the MJO nudged in

the Indian Ocean while varying QBO phases, as described in section 4.2. The period

chosen for the simulation has similar anomalies as the ones seen in the composite
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Figure 4.3: Anomalies of streamfunction at 200hPa filtered to 20-100 days variability
(shaded) for (a) MJO phase 1 and QBOW; (b) MJO phase 1 and QBOE; (c) MJO phase 4
and QBOW and (d) MJO phase 4 and QBOE. QBOW is defined as easterly winds at 10hPa,
and QBOE as easterly winds at 50hPa. Stippling indicates values significant at or above the
95% confidence level. The mean zonal average was remove to the field.
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climatology for both the extratropical wave train and the anomalies in the precipitation

(Fig. C.7), with strong drying over the SPCZ and SACZ.

Figure 4.4 shows the evolution of the MJO event in ERA5 and in the perturbation

experiments. The anomalies of wind and OLR found in ERA5 (Fig. 4.4a) are well

reproduced in both the perturbation experiments, especially during the first month. In

both experiments, there is a eastward propagation of the circulation anomalies initialized

in the Indian Ocean through the Pacific throughout December and January. This is

consistent with the propagation of the MJO. The zonal wind anomalies are greater in the

experiment with QBOE (Fig. 4.4b) than with QBOW (Fig. 4.4c). The OLR anomalies

found in the Pacific are also intensified during QBOE (Fig. C.8). This suggests that the

QBOE is responsible for the intensification of the MJO, as seen in observations. The

anomalous zonal wind propagates faster during QBOW, as suggested by the literature

(compare panels b and c of Fig. 4.4 around Jan-15). The experiments diverge from

observations in February when the MJO signal is no longer seen in neither experiment.

The differences in the anomalous convection result in significant changes in the wave train

during phase 4. Figure 4.5 shows the anomaly of streamfunction at 200hPa in the

perturbation experiments. The extratropical wave train is weakened and shifted

northwards in the Pacific during QBOE. This results in significant changes in the sign of

the anomalous circulation in certain areas, such as Argentina. This is consistent with the

modulation of the extratropical wave train by the QBO, as seen in observations (Fig. 4.3).

4.4 Concluding remarks

As the state of the tropical stratosphere is suggested to modulate the intensity and

propagation of the MJO, influence of the QBO on remote areas is expected. In this study,
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Figure 4.4: Hovmoller diagram of the outgoing longwave radiation on the top of the atmo-
sphere (shaded) and zonal wind at 850hPa (contour), averaged between 15oS and 15oN for
(a) ERA5, (b) MJO-DEC24 and (c) MJO-DEC24-QBOW. The anomalies were calculated
in relation to the ensemble mean daily climatology in the same period in the AMIP-TROP
experiment, averaged through the 100 ensembles and smoothed by a 5-day running mean.
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Figure 4.5: Ensemble mean of the anomalies of streamfunction at 200hPa for MJO phase 4
to the daily climatology in the AMIP-TROP experiment, for: (a) the MJO-DEC24-QBOW
experiment (with QBOW), (b) the MJO-DEC24 experiment (with QBOE). Panel c shows
areas where the pattern seen in QBOW (panel a) are reinforced (in pink) or weakened (in
blue) by the easterly QBO. Only significant differences at or above the 95% confidence
interval are shown. The mean zonal average was removed prior to the analysis.

we analyze how the known MJO teleconnections in the Southern Hemisphere are influenced

by QBO phase.

The QBO modulates the intensity and spatial structure of wind and precipitation

anomalies associated with the MJO in the Southern Hemisphere in reanalysis. There are

significant differences in the structure of the extratropical wave train excited by the

anomalous convection in the tropics, during each phase of the QBO, resulting in differences

in convection over the region. In general, the rainfall anomalies associated with the MJO

identified in the literature are intensified during QBOE. Meanwhile, MJO related

differences in the position and extent of the SACZ and the SPCZ are only significant

during QBOE.

The MJO is suggested to affect the development of the SACZ, with a wetting of the area

during phase 1 and drying of the region during phase 4. This signal is intensified during

QBOE and is fainter during the QBOW. During phase 1, the anomalies only take a clear

northwest-southeast shape when the QBO is in the lower stratosphere (QBOE), being

weaker and spreading over the continent during QBOW. During phase 4, the dry anomalies
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over the SACZ are intensified during QBOE. The associated anomalies over southern

Brazil are also intensified due to the direction of the anomalous low level moisture flux over

continental South America.

The MJO related anomalies of the SPCZ also vary according QBO phase. The drying of

the SPCZ during phase 4 is intensified during QBOE. During QBOE, wet anomalies appear

west of the dry anomalies, suggesting a westward displacement of the SPCZ. Similarly, the

eastward displacement of the SPCZ during phase 1 is only significant during QBOE.

Due to the short record and small number of independent events, the difference between

the anomalies found during QBOE and QBOW is in many cases not significant over large

areas of the SACZ and SPCZ. I am in the process of extending this analysis to include data

from the recently released preliminary ERA5 dataset from 1950 to 1978. This will extend

the record by almost three decades and thus improve the signal to noise ratio.
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Chapter 5

Conclusion

The South American Monsoon has unique characteristics due to its location. In the

equatorial area, the continent is home to the Amazon rainforest, that features the biggest

basin in the world in terms of fresh water availability. Despite its undeniable importance to

the carbon cycle, its vegetated area continues to decrease. According to the Brazilian

Institute for Space Research (INPE), the forest lost over 11,000 km2 in 2020, 9.5% more

than the previous year. The topography of the continent features a north-south orientated

mountain range, the Andes, as its western boundary. The presence of the Andes and the

Amazon contribute to the formation of a low-level jet that transports moisture from the

tropical area to the subtropics (Insel et al., 2010) and to the development of the South

Atlantic Convergence Zone, the most important source of rainfall in Southeastern Brazil

(Carvalho et al., 2002, 2004; Nilo Figueroa et al., 1995).

The precipitation over South America has strong interannual variability, mainly modulated

by the El Niño Southern Oscillation. During El Niño events, there is a drying of the

Amazon basin and a wetting over southern Brazil. During La Nina events, the opposite

occurs. Due to the predominance of the ENSO signal in the interannual variability of the
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South American Monsoon, less attention has been given to other sources of interannual

climate variability.

This dissertation is motivated by the need to improve understanding of the interannual and

intraseasonal variability of the South American Monsoon and how SAMS is projected to

change in the future. I have addressed three distinct points of interest:

1. The projected changes in the length and intensity of the South American Monsoon by

the end of the twenty-first century in large ensemble simulations

2. How the Indian Ocean Dipole influences the large-scale circulation in South America

3. The modulation of the remote effects of the Madden Julian Oscillation in the Southern

Hemisphere by the Quasi-Biennial Oscillation

The results from each of these studies are summarized in this chapter, along with

suggestions of future studies.

5.1 Summary of the results

In chapter 2, I investigate how well the large-scale characteristics of the South American

Monsoon are reproduced in the CESM Large Ensemble simulations (LENS) in the current

climate and how they are projected to change at the end of the century. Although there is

a dry bias over the Amazon and shorter wet season in LENS when compared with

observations, the spatial and temporal features of the SAMS are reproduced.

While previous studies (Fu et al., 2013; Boisier et al., 2015) have found a shortening of the

wet season in the future, the wet season becomes slightly longer in LENS, as both the

onset and retreat of the wet season are delayed. The South American Low Level Jet is
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projected to become stronger and persists for longer at the end of the century. As a

consequence, there is an increased moisture advection to the subtropics during the wet

season. Associated with an increase in moisture influx from the subtropical Atlantic, that

contributes to a wettening of the South Atlantic Convergence Zone.

On the other hand, the Amazon region becomes dryer in all seasons, with consequences for

rain forest productivity. During the late dry season, southern Amazon becomes a net

source of carbon in the future climate. In fact, there is a drying of all regions analyzed

during the late dry season.

The response of extreme events to a warmer climate is also addressed in chapter 2. There

is an increase in the frequency and intensity of wet extremes in all seasons analyzed,

especially for northeastern and southern Brazil. The duration of meteorological droughts

also increases especially over northeastern Brazil.

The response of vegetation to the reduction in the total rainfall in the future is a growing

field of research and not yet fully integrated into coupled climate models. There is evidence

that a reduction in precipitation and increase in droughts can increase the occurrence of

forest die-back and change the structure of the forest (Zemp et al., 2017; Phillips et al.,

2009). In its turn, that can feedback into changes in precipitation. The magnitude and

location of deforestation may also affect the response of the South American Low Level Jet

to climate change, with consequences to the precipitation trends in tropical and subtropical

South America and there is a threshold from which deforestation starts to suppress

convection (Boers et al., 2017; Lawrence and Vandecar, 2015).

Chapter 3 is focused on the mechanisms by which the Indian Ocean Dipole can impact the

large-scale circulation in South America. For that, we analyze the anomalies found in

precipitation observations over land and in a large ensemble of fully-coupled general

circulation model simulations (CESM Large Ensemble). Perturbation experiments were
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performed imposing the sea surface temperature patterns found in each phase of the IOD

in an atmospheric model. We find that the positive phase of the IOD is linked to increased

precipitation over the Amazon region and drying of the South Atlantic Convergence Zone.

The negative phase of the IOD is linked to an increase in moisture transport from

continental South America to southern Brazil, resulting in a wetting of the La Plata basin.

In here, I describe two mechanisms by which the anomalous convection associated with the

IOD can influence the South America: an extratropical mechanism, as described by Chan

et al. (2008) and a tropical mechanism, mediated by Kelvin waves that dislocate the

Walker circulation over South America and causes rainfall anomalies over the tropical

South America, not explored in previous studies. The question about how the IOD can

influence the response of the circulation in South America to ENSO remains, and should be

further explored in the future.

Chapter 4 focuses on the impact of the background state in the tropical stratosphere in

modulating the remote effects of the Madden Julian Oscillation in the austral summer. The

MJO is the main sources of intraseasonal variability in South America (Grimm, 2019b). An

improvement in the understanding of how the response to the MJO varies according to the

QBO may be used to improve subseasonal to seasonal forecasts in the area.

As in the IOD, the anomalous convection over the tropical Indian Ocean and western

Pacific excites Rossby waves that eventually reach South America. Using state-of-the-art

reanalysis (ERA5) and perturbation experiments, we investigate the impacts of the

Quasi-Biennial Oscillation in modulating this wave train and the consequences to the

precipitation anomalies found during MJO events. Here, I focus on exploring phases 1 and

4 of the MJO. During phase 1, convection over the Maritime Continent is suppressed and

there is an increase in rainfall over the South Atlantic Convergence Zone. The magnitude

of this response is less intense during western QBO and strengthens as the easterly winds

descend in the stratosphere as the anomalies in the low level winds intensify. Meanwhile,
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dry anomalies, intensified as the QBO descends, are found in Southeastern South America.

A similar effect is seen during phase 4 of the MJO, when the positive convection anomalies

are located over the maritime continent. During that phase, convection is suppressed over

the South Atlantic Convergence Zone, and this effect is strengthened and extends to the

subtropical Atlantic during easterly QBO.

Although chapter 4 focuses on the effect of the QBO on the extratropical wave train and

the SACZ, a significant strengthening of the anomalies over the northwestern tropical

South America and northeastern Brazil during easterly QBO is also registered. The MJO

has also been associated with extreme events in South America and to the number of cold

fronts that affect northern Argentina during the austral winter (Grimm, 2019a; Rodrigues

et al., 2019; Naumann and Vargas, 2010). The role of the QBO in modulating those events

is still to be explored. Moreover, there is evidence that the relation between QBO phase

and MJO intensity has been intensified by climate warming (Klotzbach et al., 2019). It is

still unclear how different levels of projected warming and the spatial structure of this

warming can affect it. Moreover, as this relation does not appear in CMIP6 models (Kim

et al., 2020), the possible feedbacks into the climate system and frequency of extreme

events are yet to be explored.
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Appendix A

Supplementary Material for Chapter 2

A.1 Data

Along with the data mentioned on the main document, the supporting figures use

information from two other precipitation data sets: the Tropical Rainfall Measuring

Mission (TRMM; Kummerow et al., 2000) and the Global Precipitation Climatology

Project (GPCP; Adler et al., 2003). TRMM 3B42 is available daily from 1998 to 2013 at a

0.25o spatial resolution between 50oN and 50oS. Monthly rainfall from GPCP, version 2.3,

is available globally between 1979 and present at a 2.5o spatial resolution.
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Figure A.1: Mean precipitation (in mm/day) averaged over December, January and February
(DJF) minus the mean annual precipitation (a) for 1981-2017 in CHIRPS; (b) for 1979-2017
in ERA interim; (c) for 1920-2017 in LENS; (d) for 1998-2013 in TRMM; (e) for 1979-2017
in monthly GPCP.
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Figure A.2: Difference between the mean precipitation (in mm/day) averaged over December,
January and February (DJF) in (a) LENS minus CHIRPS; (b) LENS minus ERA-Interim;
(c) ERA-Interim minus CHIRPS. Difference between the mean precipitation in averaged over
June, July and August (JJA) in (d) LENS minus CHIRPS; (e) LENS minus ERA-Interim;
(f) ERA-Interim minus CHIRPS.
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Appendix B

Supplementary Material for Chapter 3

B.1 Datasets

Along with the dataset described in the main paper, two other sea surface temperature

datasets were included in Fig. S1. The Optimum Interpolation Sea Surface Temperature

(OISST; Reynolds et al., 2007) is available daily in a 0.25o spatial resolution from 1981 to

near-present. The Extended Reconstructed Sea Surface Temperature version (ERSST5;

Huang et al., 2017) is available monthly from 1854 to near-present on 2o grid.

B.2 Definition of the Onset of the South American

Monsoon

We calculated the onset date of the SAMS in the forced experiments as the first date with

total daily precipitation over the Amazon basin (highlighted in Fig. 2e) over 4mm/day and

westerly winds at 850hPa averaged over a cross-section over Central Brazil (10o–20oS,
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60oW), maintained for at least two-thirds of the next 40 days. Both wind and precipitation

data was smoothed by a 5-day running averages prior to the analysis. This methodology

was adapted from (Gan et al., 2005). Following this methodology, Sena and Magnusdottir

(2020) have shown that the onset date of the SAMS occurs between September and

October both in observations and LENS. The most common onset date of the SAMS may

vary according to the methodology used to obtain it, with some studies finding it between

October and November (Gan et al., 2005; Silva and Carvalho, 2007; Raia and Cavalcanti,

2008).

110



Figure B.1: (a) Standard deviation of dipole mode index (in oC) for each ensemble member
of LENS and in observation-based SST datasets between 1982 and 2005. (b) Annual cycle
of the standard deviation of the DMI normalized by the standard deviation in each dataset.
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Figure B.2: Second EOF of the SST in the Indian Ocean expressed as correlation, calculated
for (a) ERSST5 and (b) HadISST for 1920-2005; (c) First EOF of the SST in the Indian
Ocean for LENS for 1920-2005. The explained variance is shown for each panel.

112



Figure B.3: Surface temperature anomalies averaged between September and October (in
oC) in LENS. Stippling indicated the anomalies significant at or above the 95% confidence
interval.

Figure B.4: Response of the mean sea level pressure averaged between September and Octo-
ber to (a) IODn and (b) IODp for the perturbation experiment. Stippling represents areas
where the responses are significant at or above the 95% confidence level.
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Figure B.5: Distribution of the onset date of the South American Monsoon for the IODn,
IODp and control (CTL) experiments. The mean is marked in red, while the edges of the box
mark the 25th and 75th percentiles. For both IODn and IODp experiments, the distribution
was compared to the control using a two-tailed student t-test and the resulting p-value is
shown.
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Figure B.6: (a) Zonal component of the effective wind (in m/s) averaged between 10oS
and 10oN in Sept-Oct for the IODp (in red) and the control (in black) in the perturbation
experiments. (b) Difference between the effective wind in IODp and control (in g/kg*m/s)
for each longitudinal point. In both panels, the central mark represent the ensemble mean
and the error bar represent one standard deviation from the mean. The mean response
averaged over the area is a reduction of 6% of the effective wind. The response is statistically
significant at or above the 95% significance level according to the two-tailed t-test.

115



Appendix C

Supplementary Material for Chapter 4

Table C.1: Number of independent events at each phase of the MJO with easterly QBO at
10, 20, 30, 50 and 70hPa in the austral summer between 1979 and 2019 in ERA5.

QBOE Phase 1 Phase 2 Phase 3 Phase 4 Phase 5 Phase 6 Phase 7 Phase 8
10 hPa 13 16 22 22 15 23 24 15
20 hPa 12 15 14 16 14 18 20 15
30 hPa 14 16 14 14 14 14 16 15
50 hPa 19 20 21 20 20 21 18 20
70 hPa 28 27 27 20 23 25 30 31
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Table C.2: Number of days at each phase of the MJO with easterly QBO at 10, 20, 30, 50
and 70hPa in the austral summer between 1979 and 2019 in ERA5.

QBOE Phase 1 Phase 2 Phase 3 Phase 4 Phase 5 Phase 6 Phase 7 Phase 8
10hPa 58 80 95 86 73 85 110 71
20hPa 57 92 72 68 61 97 113 74
30hPa 62 92 73 72 61 73 96 83
50hPa 97 112 117 102 107 111 113 114
70hPa 133 131 119 100 110 119 158 168

Table C.3: Specifications of the model used in the perturbation experiments

Model SC-WACCM
Vertical levels 66, with top at 5.1x10−6 hPa

Horizontal resolution 1.9o x 2.5o

Figure C.1: Vertical profile of the zonal wind from December 3 to March 3 for (a) ERA5,
(b) the nudged QBO in experiment MJO-DEC24 (QBOE) and (c) the nudged QBO in
experiment MJO-DEC24-QBOW (QBOW).
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Figure C.2: Anomalies of outgoing longwave radiation (OLR, shaded) and velocity potential
at 850hPa (contour) composited for MJO phase 1 with easterly winds at (a)10hPa, (b)20hPa,
(c) 30hPa, (d) 50hPa and (e)70hPa and for MJO phase 4 with easterly winds at (f)10hPa,
(g) 20hPa, (h) 30hPa, (i) 50hPa and (j)70hPa. Stippling indicates OLR anomalies significant
at the 95% confidence level. Only significant anomalies of velocity potential are shown in
the contour. The anomalies of both fields were filtered to the 20-100 day frequency.
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Figure C.3: Anomalies of total precipitation (shaded) and wind at 850hPa (vectors) com-
posited for MJO phase 1 with easterly winds at (a)10hPa, (b)20hPa, (c) 30hPa, (d) 50hPa
and (e)70hPa and for MJO phase 4 with easterly winds at (f)10hPa, (g) 20hPa, (h) 30hPa,
(i) 50hPa and (j) 70hPa over Oceania and the western Pacific in ERA5. Stippling indicates
precipitation anomalies significant at the 95% confidence level. Only significant anomalies
of wind are shown. The anomalies of both fields were filtered to the 20-100 day frequency.

119



Figure C.4: Same as Fig. C.3, but for South America
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Figure C.5: Anomalies of total precipitation (shaded) and wind at 850hPa (vectors) com-
posited for MJO phase 8 with easterly winds at (a) 10hPa, (b)20hPa, (c) 30hPa, (d) 50hPa
and (e)70hPa in ERA5. Stippling indicates precipitation anomalies significant at the 95%
confidence level. Only significant anomalies of wind are shown. The anomalies of both fields
were filtered to the 20-100 day frequency.

Figure C.6: Same as Fig. C.6, but for phase 5.
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Figure C.7: Anomalies to the climatology averaged between 31-Dec and 7-Jan (phase 4)
in ERA5 for (a) precipitation over Oceania; (b) precipitation over South America and (c)
streamfunction at 200hPa. The anomalies were filtered to isolate the 20-100 days frequency.
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Figure C.8: Hovmoller diagram of the outgoing longwave radiation anomalies, averaged
between 15oS and 15oN , outside the nudging area in the experiments. The anomalies of
OLR in the MJO-DEC24 experiment is shown in contour. The difference between the MJO-
DEC24 and MJO-DEC24-QBOW experiments is shaded. The anomalies were smoothed
with 5-day running averages. Only significant values are shown. The correlation between
the shading and contour is shown on top.
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