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Synopsis

The Indian Summer Monsoon (ISM) is a large scale land-ocean-atmosphere coupled
system dominating the climate of the Indian Ocean region (e.g., |Webster et al., 1998). Among
other things, it is manifest in the winds blowing across the Indian Ocean over to the Indian
subcontinent and the associated distribution of precipitation during boreal summer (e.g., Wang,
2006a). It is the lifeline of millions of people of the Indian subcontinent, and critical for the
food production, economy, etc. of the subcontinent (Gadgil et al., |1999; Gadgil and Gadgil,
2006). Although great strides have been made in understanding the ISM and its variability,
and predicting the monsoon over the past decades, there is a great need for improvements (e.g.,

Nanjundiah, [2009; Rao et al., [2019).

Although the Indian Summer Monsoon Rainfall (ISMR) exhibits variability on a spec-
trum of timescales, its year-to-year variations are of particular interest as they are associated
with droughts and floods over India (e.g., [Parthasarathy and Mooley, 1978} Webster et al.,
1998; |Gadgil, 2003). The interannual variability of ISMR is a result of both internal dynamics
and the influence of external factors (e.g., Webster et al., [ 1998). The part of variability that
is driven by external factors forms the basis for the seasonal prediction, given the decent lead
prediction skills of the tropical ocean drivers of the monsoon such as the El Nifio-Southern
Oscillation (ENSO). The ENSO is a coupled ocean-atmosphere phenomenon operating in the
tropical Pacific (e.g., Philander, [1989; |Wang and Picaut, [2004). It is a major driver of the ISM
as well as the global climate (e.g., Keshavamurty, 1982; |Ashok and Saji, 2007} Yeh et al.,
2018)). While a warm phase of ENSO (or an El Nifio) tends to reduce the monsoon rainfall over
India, a cold phase of ENSO (or a La Nifa) favors the enhancement of the rainfall (e.g., |Sikka,
1980; |Keshavamurtyl, [ 1982; |Ashok et al., 2019, for the detailed literature). Although the ENSO
1s a major external driver of ISM, it does not explain all the droughts or floods over India. Hence
it is imperative to study the impacts of other external factors on the ISM, especially that of the
tropical modes of interannual variability. Another coupled ocean-atmosphere mode existing in
the tropical Indian Ocean called the Indian Ocean Dipole (I0OD; e.g., Saji et al., [ 1999; Webster
et al., [1999; Murtugudde et al., |2000) is also shown to affect the ISM. A strong positive (nega-
tive) IOD event can contribute to an enhancement (a reduction) of ISMR, and even reduce the
impacts of a strong concurrent El Nifo (La Nifia) event (e.g., Behera et al.,|1999; Ashok et al.,

2004b; Ashok and Saji, |2007)). The remaining trppical ocean, i.e., the tropical Atlantic hosts its
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own coupled phenomenon called the Atlantic Zonal Mode (AZM) but studies on the impacts of
AZM on the interannual variability of the ISM are all recent and relatively less in number (e.g.,

Kucharski et al., 2008; [Liibbecke et al.| [2018)).

The AZM, a phenomenon similar to but weaker than ENSO, is active during boreal sum-
mer (Zebiakl, [1993). Recent studies showed that a warm (cold) AZM induces a reduction (an
enhancement) of rainfall over India (e.g., |[Kucharski et al., |2008; Wang et al., |2009; Yadav,
2017). Based on sensitivity tests using an atmospheric general circulation model, Kucharski
et al. (2009) proposed a physical mechanism in which a warm AZM tends to reduce the ISMR
on interannual time scales by inducing a quadrupole response in upper level stream function and
sinking motion over India. Further, in a recent related study |Pottapinjara et al. (2014), we have
shown that the AZM influences the ISMR not only on interannual timescales but also the mon-
soon transients such as depressions which significantly contribute to the ISMR. A warm (cold)
AZM favors the formation of anomalously less (more) depressions in the Bay of Bengal result-
ing in reduced (enhanced) rainfall over core monsoon region. Furthermore, a thermodynamic
manifestation of the response of the ISM to AZM is outlined. The AZM also affects the primary
productivity in the Arabian Sea via the changes in the strength of the low level monsoon cir-
culation and associated changes in upwelling (Barimalala et al., 2013a)). The relation between
the AZM and ISM is shown to be strengthening in recent decades (Sabeerali et al., 2019a)). In
addition, the misrepresentation of AZM in a coupled model is shown to leading to the loss of
predictive skill of the ISM in the model (Sabeerali et al., 2019b). These previous studies touch
upon some important aspects of the relationship between the AZM and ISM but obviously, there
is a need for greater understanding of the relationship. Importantly, studies by |Keenlyside and
Latif (2007) and |Ding et al. (2010) show that winds, heat content, and Sea Surface Temperature
(SST) in the equatorial Atlantic during boreal spring are significantly related to the AZM during
boreal summer. Further, Servain et al.[(1999) and Murtugudde et al.| (2001) demonstrated that
the meridional migration of the Inter-tropical convergence zone during spring also is closely
related to the AZM. That is, precursors to the summer AZM are available during boreal spring.
However, it is not yet known if the evolution of cold and warm AZM events is symmetric as in
the case of ENSO. Addressing this issue is of course important and eventually leads to a better

predictability of the impacts of cold and warm AZMs on global climate, including the ISM.

In this background, the objectives of this thesis are set as follows.
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(1) To explore the lead association of the known precursors of the AZM in boreal spring to the
following ISM

(i1) To investigate if the evolution of warm and cold AZM in the boreal spring is symmetric,
which would enhance our understanding of the AZM

(ii1) To explore the capability of a current day seasonal forecast model in simulating the rela-

tionship between the AZM and ISM
The thesis is organized into 6 chapters whose contents are summarized in the following.

Chapter 1: This chapter provides a general introduction of some important concepts
which are relevant to the thesis. It introduces the features of mean ISM, its variability on
interannual timescales, and the external drivers of its interannual variability, such as ENSO and
the IOD. The AZM operating in the tropical Atlantic, a coupled ocean-atmosphere phenomenon
similar to ENSO, is discussed in detail. A survey of literature on the relation between the AZM
and ISM is conducted, which brings out the gaps in the understanding of the relationship. Based

on the gaps identified, a few specific objectives are set, which the thesis aims to achieve.

Chapter 2: In this chapter, the common observational and reanalysis datasets, and sta-
tistical techniques used in the thesis are discussed. Nevertheless, the data products used in each
following chapter are also of course briefly mentioned in the respective chapters. Any datasets
that are specific only to a particular chapter, such as the details of outputs from the simulations

of a coupled model, are discussed in the relevant chapter.

Chapter 3: Both the AZM and ISM are active during boreal summer, and the relation
between the two as such lacks any predictive value for the ISM. It is known that a great part of
the variability of the AZM can be explained by ENSO-like dynamics (Zebiak, |1993; Keenlyside
and Latif, 2007). In this chapter, the goal is to extend this process-understanding to develop a
basis for an eventual lead relationship between the tropical Atlantic and the ISMR, potentially
inclusive of the AZM teleconnections to the ISM. Various composite analyses of the monthly
zonal surface winds, heat content, and SST in the equatorial Atlantic carried out in this chapter,
suggest that signatures of a warm or cold AZM event begin to emerge in the early spring of that
year. We found significant correlations between the ISMR, and the low level zonal winds in
the western equatorial Atlantic and heat content in the eastern equatorial Atlantic in the boreal

spring. These coherent changes in the winds and heat content in the deep tropical Atlantic in
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boreal spring associated with the AZM events may facilitate more skillful predictions of the en-
suing summer monsoon anomalies, especially during non-ENSO years when the predictability

of ISMR tends to be low. This chapter addresses Objective (i).

Chapter 4: This chapter delves deep into the details of precursors and causative mech-
anisms of an AZM event, with the expectation that it enhances our understanding of the AZM
(addresses Objective i1). This would potentially contribute to an improved prediction of the
Indian summer monsoon, through the links between the two as discussed in the earlier stud-
ies. It is known that, apart from the AZM, the interannual variability of the tropical Atlantic is
dominated by the Atlantic Meridional Mode (AMM; Nobre and Shukla, 1996;|Xie and Carton,
2004), which is active in boreal spring. Previous studies have talked about the existence of a
relationship between the AMM and AZM via the meridional displacement of the Inter-tropical
Convergence Zone (ITCZ) in the Atlantic during boreal spring and the resulting cross-equatorial
zonal winds (e.g., Servain et al.,|1999; Murtugudde et al., 2001). However, the strong relation-
ship between the ITCZ (or AMM) and zonal winds does not translate into a strong relationship
between the ITCZ and AZM. Importantly, the lack of such a strong relationship has not been ex-
plained in any of the previous studies. This question is addressed here using observational and
reanalysis data sets. The results indicate that there is an asymmetry in the relationship between
ITCZ and AZM: while a northward migration of ITCZ during spring, in general, leads to a cold
AZM event in the ensuing summer, the southward migration of the ITCZ is less likely to lead
to a warm event. It implies that the evolution of cold and warm AZM events with respect to the
meridional position of Atlantic ITCZ during boreal spring is asymmetric. This asymmetry is in
contradiction with what the previous studies imply. The asymmetry is attributed to the Atlantic
seasonal cycle and the strong seasonality of the AZM. It is also found that all those cold AZM
events preceded by a northward ITCZ movement during spring strictly adhere to typical timings
and evolution of different components of the Bjerknes feedback involved. Based on the results,
it is conjectured that the causative mechanisms of warm events are more diverse than those
of the cold events. It could imply that the AZM cold events are inherently more predictable

compared to the warm events.

Chapter 5: In this chapter, we use a state-of-the-art coupled ocean-atmospheric gen-
eral circulation model (the NCEP’s Coupled Forecast System version 2), a major and modern

operational dynamical model utilized for monsoon forecasts in India, to investigate whether
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the model simulates the observed relationship between the AZM and ISM. The simulation
of different manifestations of response of the ISM to AZM in the model are also examined.
In a previous study, [Kucharski et al.| (2009), using an atmospheric general circulation model,
showed that a warm (cold) AZM can induce a quadrupole response in the upper level stream
function and a sinking (rising) motion over India which tends to reduce (enhance) the ISMR.
In addition, the physical mechanism connecting the tropical Atlantic and Indian Oceans via the
mid-tropospheric temperature is proposed in our recent study Pottapinjara et al. (2014), which
entails a thermodynamic manifestation of the response. From an analysis of the model free-
run, it is found that the model simulates the relationship between the AZM and ISM rainfall
reasonably well. In a complementary sensitivity experiment we carried out, a warm AZM SST
anomaly is imposed in the tropical Atlantic during boreal summer and the response of the ISM
is studied. It is found that while the model simulates the important aspects of both dynamical
and thermodynamical manifestations of the response of ISM to the AZM, some details of the
mechanism are not simulated due to mean state biases in the model. This chapter highlights
the need for the improvement of the simulated mean state of the tropical Atlantic in the model
to better capture the relationship between AZM and ISM, which will potentially improve the

monsoon forecasts issued using this model. This chapter addresses Objective (iii).

Chapter 6: In this chapter, a summary of important findings of the thesis, and a brief

discussion on the scope for further research are presented.
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depressions. The period of analysis 1s 1975-2012. The depressions data pro-

vided by the IMD 1s available at http://www.imdchennai.gov.in/

cyclone_eatlas.htm. The AZM and ENSO events are identified using

the June-July-August Atlantic 3 and ONI indices, respectively. The indicse are

prepared from the HadISST (Rayner et al., 2003). The identification of AZM

and ENSO events, and their respective lists are the same as in Chapter|3}| . . . .
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at 850 hPa, and c) vertical wind shear (m s') between levels 850 and 200 hPa.

The composites of anomalies of each variable are first computed during the

cold and warm phases of AZM separately, and the difference of cold and warm

(cold—warm) composites, 1s presented here. The contours in pink and white (1n

b and ¢) indicate the significance levels of 20% and 10%, respectively as per

Student's -test. The variables are taken from NCEP's Reanalysis—2 (Kanamitsu

et al.,|2002)). The period of analysis 1s 1979-2012. The list of AZM events used

1n this analysis 1s a subset of that in Chapter (3| See Chapter|2|for details on how

to compute the composites and determine the level of statistical significance.|. .
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lantic ITCZ 1s anomalously northwards and gave rise to a cold AZM event. In

(a), red line (dot 1nside a black circle) indicates the ITCZ position at respective

longitudes (along 28°W) whereas the blue lines (circle) indicate the envelope of
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anomalies of winds, eastern equatorial Atlantic heat content, western equatorial

Atlantic heat content and SST are averaged respectively, for use in other analyses.| 63
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lantic (WEA) zonal winds (averaged over 3°S—3°N and 40°W-10°W) and MAM
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Chapter 1

Introduction

This chapter introduces some important basic concepts relevant to the Indian summer
monsoon and the Atlantic zonal mode, and sets the stage for problems in the context of the

research carried out so far, which will be addressed in the following chapters of the thesis.

1.1 The Indian Summer Monsoon

The ‘monsoon’, derived from an Arabic word ‘mausam’ for season, is traditionally de-
fined as a seasonal reversal of surface winds (Ramage, 1971). The major regions that satisfy the
strict criteria of steady and sustained wind regime of Ramage| (1971) are India and Southeast
Asia, northern Australia, and West and central Africa. However, monsoon is now broadly used
to refer to seasonal changes in the atmospheric circulation and rainfall associated with asym-
metric heating of land and sea (e.g., Webster et al., |1998)). All these regions with a monsoon

are mainly located in the tropics.

A thermal contrast between the land and ocean is necessary for a monsoon to be estab-
lished. The land responds to seasonal cycle in solar heating rapidly compared to the ocean.
When the land is hot, it draws in air carrying moisture from over surrounding oceans. When
this air rises after reaching the land (lifted mechanically or otherwise), the moisture condenses
and rains. In this traditional description, the existence of monsoon is explained as a gigantic
land-sea breeze (Halley, |1753). However, the difference in surface temperatures cannot main-

tain the monsoon as the land surface tends to cool after initial rains. The latent heat released by
1
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Figure 1.1: The seasonal mean tropospheric temperature (°C) averaged between 500 and 200
hPa in JJA (top) and DJF (bottom). The air temperature is obtained from ERA-Interim Reanal-
ysis (Dee et al.| 2011)).

condensing water vapor maintains the low pressure over land and continues to drive the mon-
soon (e.g., Webster et al., |1998; Slingol |2003; (Goswami and Xavier, 2005}, Gadgil, 2018). As
an alternative to the traditional explanation of monsoon as a gigantic land-sea breeze and with
a particular reference to the monsoon in the north Indian Ocean region, Gadgil (2018) proposes
that the monsoon should be seen as a seasonal migration of the Inter-tropical Convergence Zone

(ITCZ), the zone where the trade winds from either hemisphere meet.

A monsoon is more complex than the simplistic picture presented above and several fac-
tors such as orography, shape of continents and ocean temperatures give a regional character to
the monsoon (Webster et al., [2003)). Of all the monsoons mentioned earlier, the monsoon over
south Asia is the strongest and has the largest variation between seasons, for the reasons stated
in the following. The geographical orientation of oceans and land in the north-south direction,
and the presence of Tibetan plateau which acts as an elevated heat source distinguish the mon-

soon over Indian subcontinent from the rest. The north-south distribution of land and ocean
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Figure 1.2: Monthly means of rainfall over India using All India Summer Monsoon Rainfall
datasets obtained from www.tropmet.res.in/DataArchival-51-Page.

takes the advantage of meridional movement of solar heating seasonal cycle (Slingo, 2003).
The seasonal heating of the plateau causes reversal of meridional temperature gradient which

penetrates deep into the troposphere and sets up large-scale circulation over south Asia (e.g.,

Webster et al., [1998}; [Slingo), 2003; Wang, [2006a). During boreal summer, the mid troposphere

over the plateau is at a higher temperature compared to the equatorial Indian Ocean establishing

a thermal gradient between land and ocean. This gradient reverses its direction in boreal winter
(Fig. [LT).

The monsoon in the north Indian Ocean region can be divided into two parts depend-
ing on the direction from where surface winds blow or the season in which it occurs, viz., the
southwest monsoon or the summer monsoon occurring during June—September, and the north-
east monsoon or the winter monsoon occurring during October—December. However, in this

thesis, we focus on the summer monsoon as it is stronger than the winter monsoon and con-

tributes to about 80% of the annual total rainfall over India (Fig. PParthasarathy et al., 1994

Kothawale and Rajeevan|, 2017). For people inhabiting the region, the seasonal variation of

rainfall is so much more important than the reversal of winds that the lives, customs, agriculture

and economy are tied to variations of rainfall (e.g., (Gadgil et al.| [1999; (Gadgil, [2003; |Gadgil
and Gadgil, [2006; [Amat and Ashok|, 2018)). Unsurprisingly, the word monsoon came to mean

rainfall in the colloquial use. Therefore, in the remainder of the thesis, the words summer mon-
soon and monsoon refer to the monsoon over the Indian subcontinent during summer or the

Indian Summer Monsoon (ISM), unless otherwise mentioned.

During the summer monsoon, strong winds blowing away from a subtropical region of
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Figure 1.3: The important components of the Indian summer monsoon (Krishnamurti and
Bhalme, [1976)).

high pressure called the ‘Mascarene High’ cross the equator via the southern tropical Indian
Ocean and flow over to the Indian subcontinent (Fig. [I.3). The Mascarene High, together with
an upper level anticyclone over the Tibetan Plateau, drives a large scale cross equatorial atmo-
spheric circulation (Fig.[I.3} [Krishnamurti and Bhalme| [1976). The surface southwesterlies are
intense in the vicinity of Somali coast and form the Low Level Jet (Joseph and Raman, |1966)
or the Findlater Jet (Findlater, 1969) which has speeds as high as 20 ms™! at the core of the
jet (Fig.[1.3). This jet stream drives a strong cross-equatorial ocean current along the coast of
Somalia called the Somali Current. As a result, a strong upwelling takes place and cools the

Sea Surface Temperature (SST) in the Arabian sea (Fig. [T.4).

The southwesterlies of summer monsoon flow in two branches (Fig. [I.4). One branch
directly blows over to the Indian subcontinent hitting the Western Ghats, and the other branch
enters the Bay of Bengal and goes over to central parts of India featuring the monsoon trough
(e.g., Raol |1976; Gadgil, [2018)). The monsoon trough, a region of low pressure, extends in the
northwest direction from the head Bay of Bengal to the northwestern India. Complementing
the large scale southwesterlies in the lower levels, a jet of easterlies in the upper levels forms
an important feature of the southwest monsoon and is called the Tropical Easterly Jet (Fig.[1.3}

Koteswaram, [1958)). The first rains of the southwest monsoon occur over the state of Kerala
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Figure 1.4: Seasonal (JJAS) mean SST based on HadISST (Rayner et al., 2003) and low level
winds (850 hPa) based on ERA-Interim Reanalysis (Dee et al.,|2011) in the Indian Ocean during
summer monsoon.

in India sometime between late May to early June, and when they do, the ‘onset’ of monsoon
is said to have occurred. These rains last for one season and withdraw from the subcontinent
towards the end of September. Given the importance of summer monsoon rainfall, it is impor-
tant to understand its space-time variations and any contribution to predicting the same is of

immense value.

The rainfall over India is not uniformly distributed and varies both in space and time.
It rains heavily along the Western Ghats and over the northeastern parts of India (Fig. [I.5).
Though not as high, another rainfall maximum occurs over central part of India along the mon-
soon trough region, mainly confined between the latitudes of 17°N and 27°N. It is called the
monsoon zone. The monsoon rainfall varies on a spectrum of time scales ranging from daily
to decadal and more (e.g., [Webster et al., |1998]). The seasonal mean rainfall over all-India
is about 7 mm/day (e.g., [Krishnamurthy and Shukla, 2000; Kothawale and Rajeevan, 2017).
However, it does not rain continuously and is marked with variations within the season on dif-

ferent timescales including synoptic (5—7 days period) and intra-seasonal (10-90 day period)
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Figure 1.5: The mean (left) and standard deviation (right) of JJAS mean monsoon rainfall over
India using the high resolution (0.25° x 0.25°) gridded rainfall provided by the India Meteoro-
logical Department (IMD; |Pa1 et al.,|2014)) over the period 1979-2013. The mean is scaled by
4 to have a common scale. Units mm/day.

timescales (e.g., |(Goswami and Xavier, 2005). Synoptic scale disturbances or Low Pressure
Systems (LPS) occurring during monsoon contribute to about 50% of the rainfall over the mon-
soon trough region (Krishnamurthy and Ajayamohan, 2010; Praveen et al., [2015). An LPS
is called a low, depression, or cyclone depending on its cyclonic wind speeds. For exam-
ple, an LPS with associated cyclonic wind speeds between 17-33 knot (1 knot is 8.52 km
per hour) and two closed isobars with an interval of 2 hPa on the synoptic weather charts, is
called a depression (India Meteorological Department’s Terminology and Glossary available
at http://imd.gov.in/section/nhac/termglossary.pdf). Most LPS during
monsoon form over the northern Bay of Bengal where the SST is warm enough to support
convection, although some monsoon depressions can form in the eastern Arabian sea and in the
monsoon trough region over land. The LPS forming in the Bay of Bengal generally move north-
west along the monsoon trough axis and last for 3—-6 days (e.g., Krishnamurthy and Ajayamo-
hanl 2010; Hunt et al., 2016)). In general, these systems do not grow to become a tropical
cyclone (wind speeds greater than 33 knot) during the summer monsoon due to strong vertical
wind shear, among others. As mentioned earlier, apart from the synoptic scales, the rainfall
varies on intraseasonal timescales as well. It is associated with prolonged relatively wet or dry
conditions called ‘active’ or ‘break’ spells lasting for 2-3 weeks (e.g., [Rajeevan et al., 2010).

The Intra-seasonal Oscillations (ISO) of rainfall have two particularly important periodicities,
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Figure 1.6: The interannual variations of JJAS rainfall over India during 1871-2016, using
the All India Rainfall time series obtained from www.tropmet.res.in. The time series is
normalized by its own standard deviation.

viz., 10-20 days and 30-60 days. While the 10-20 day ISO is a westward propagating mode,
the 30-60 day ISO is a northward propagating mode. The spatial scale of 30-60 day ISO is
larger than that of 10-20 day ISO and dominates the intraseasonal variability of the monsoon

(Goswami and Xavier, 2005)).

In the above, we have briefly discussed the variations of Indian summer monsoon rain-
fall within the season but it varies on longer timescales as well (e.g., Parthasarathy and Moo-
ley, |1978; Parthasarathy et al., 1994} |Webster et al., 1998} |Krishnamurthy and Shuklal, 2000;
Goswami and Chakravorty, 2017 \Gadgil, 2018), with the interannual variability being a dom-
inant component of the monsoon variability. The spatial map of standard deviation of JJAS
rainfall over India is shown in Fig. Interestingly, the regions of high mean rainfall are also
the regions of high interannual variability. The standard deviation of year-to-year variations
of the seasonal mean rainfall averaged over India is only 10% of the mean, which is not large
(seasonal mean rainfall 852.3 mm and standard deviation 84.3 mm; [Parthasarathy et al., [1994;
Kothawale and Rajeevan, 2017). However, such small changes in the seasonal mean rainfall
can cause ‘droughts’ and ‘floods’ over India (Fig.[I.6). Hence, it is important to understand the

interannual variability of ISM rainfall which is what we will focus on, in this thesis.


www.tropmet.res.in
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1.2 El Nino-Southern Oscillation, Indian Ocean Dipole and

their influence on ISM

The interannual variability of Indian Summer Monsoon Rainfall (ISMR) is governed by
both internal dynamics and external factors (e.g., |Webster et al., |1998). Although there are
several external factors that influence the ISMR, we concentrate here on the modes of climate
variability operating in the tropical oceans. Particularly, the El Nifio-Southern Oscillation (e.g.,
Sikkal |1980; [Keshavamurty, |1982; Mooley and Parthasarathy, 1984; Webster et al., [1998) and
Indian Ocean Dipole (e.g., Behera et al., 1999} Saji et al., 1999; Ashok et al., 2001} Slingo and
Annamalai, 2000; Ashok et al., 2004b; |Ashok and Saji, |2007) are the two dominant coupled
ocean-atmosphere phenomena housed in the tropical oceans that are known to influence the
ISMR. Before discussing their relation with the ISMR, we describe these modes briefly in the

following.

The El Nino-Southern Oscillation (ENSO) is a quasi-periodic natural coupled ocean-
atmosphere phenomenon involving variations in ocean surface and sub-surface temperatures,
thermocline, and corresponding changes in the atmosphere in the tropical Pacific (e.g., |Ras-
musson and Carpenter, |1982; Neelin et al., 1998; Wang and Picaut, 2004). While an El Nifio
(or a La Nifa) is the oceanic component, the Southern Oscillation (Walker and Bliss, [1932)
is the atmospheric component of the same phenomenon and thus the name El Nifio-Southern
Oscillation (Bjerknes, [1969). The normal conditions in the tropical Pacific are: the trade winds
from either hemisphere converge in the vicinity of the equator and blow from east to west
(Fig. [I.7a). They accompany a shallow thermocline, cool SST and high sea level pressure in
the eastern equatorial Pacific, and a deep thermocline, warm SST and low sea level pressure in
the western equatorial Pacific (Philander, |1989; |Kump et al., 2004). The gradient between the
permanent warm surface waters in the western equatorial Pacific and cold surface waters in the
eastern equatorial Pacific drives and sustains the surface easterlies. The upper branch of these
surface easterlies is formed by an ascent over the western equatorial Pacific where there is a
permanent warm pool and descent over the eastern equatorial Pacific completing a circulation
loop known as the Walker circulation. The persistent easterlies drive a westward flowing ocean
current which piles up warm waters in the western equatorial Pacific, resulting in a deep thermo-

cline in the west and a shallow thermocline in the east. The atmospheric and oceanic circulation
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Figure 1.7: A schematic diagram depicting a) the normal conditions and b) anomalous condi-
tions in the tropical Pacific. This image is obtained from/Ashok and Yamagata (2009) ©Springer
Nature. Reproduced with permission.

described so far can be regarded as the norm, but there can be deviations from this norm in
a given year (Fig. [[.7a). An intensified Walker circulation can cause the increased east-west
SST gradient, enhanced convection over the western Pacific, shallower (deeper) thermocline
in the eastern (western) equatorial Pacific which in turn results in the strengthened equatorial
easterlies and vice versa. This positive feedback between the winds, SST, convection and ther-

mocline depth is known as the Bjerknes feedback (Bjerknes, [1969) and is primarily responsible

for the growth of an ENSO event. The Bjerknes feedback operates even if the Walker circula-
tion anomalously weakens but it does so in an opposite direction. The two extreme anomalous

conditions of ENSO are El Nifio and La Nifia. A La Nifa is simply an enhancement of normal
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conditions described above but an El Nifio is a negative deviation from the normal conditions
(Fig. [1.7D). An El Nifio is associated with a warmer SST and deeper thermocline than normal
in the eastern to central equatorial Pacific and anomalous cold SST in the western equatorial
Pacific (Fig.[1.7b). These changes in ocean surface temperatures are accompanied by enhanced
convection over eastern equatorial Pacific and suppressed precipitation over the western Pacific.
While the Bjerknes feedback helps an ENSO event grow, theories such as Delayed Oscillator
(Suarez and Schopf, |1988), Recharge-Discharge Oscillator (Jin, |1997ac)), the Western Pacific
Oscillator (Weisberg and Wang, [1997; Wang et al., 1999) and the Advective-Reflective Oscilla-
tor (Picaut et al., [1997) explain how an ENSO event could be terminated but we will not discuss
those details in this thesis. An ENSO event usually starts to develop in the early northern hemi-
spheric summer, peaks in the boreal winter (December—February) and decays later. Often, these
events can span a few years. A widely used index of ENSO is the Oceanic Nino Index (ONI)
which is the average of SST anomalies over the region 5°S—5°N and 170°W-120°W. ENSO
is an irregular low frequency oscillation with a periodicity of 3—7 years and it has a dominant
interannual variability. In the recent past, an El Nifio occurred in 2015-16 and a La Nifa in
2011-12. Recently, a different type of El Nifio, called the El Nifio-Modoki, has been discov-
ered. It has its characteristic warm SST anomalies concentrated in the equatorial central Pacific
as opposed to the typical El Nifio described above which has its warm SST anomalies concen-
trated in the eastern Pacific (Ashok et al., 2007). Further, the El Nifio-Modoki has cool SST
anomalies in the eastern and western equatorial Pacific. The ENSO, irrespective of its types, has
far reaching implications for the global climate (e.g., Klein et al., [1999; Dai and Wigley, 2000;
Chiodi and Harrison, [2015) although the teleconnections of these different types of El Nifio are
shown to be different (e.g., |Ashok et al., 2007, 2009; |Ashok and Yamagatal 2009} Jeong et al.,
2012; |Preethi et al., [2015; Marathe et al., 2015} Yeh et al., [2018)). For the sake of simplicity, in
this thesis, we will not discuss ENSO-Modoki and restrict ourselves only to the typical ENSO

described above.

With a particular reference to the impact of ENSO on ISMR, whereas an El Nifio tends
to reduce the ISMR, a La Nifia event is likely to enhance the same (e.g., Sikka, 1980; |[Ke-
shavamurty, |1982; Soman and Slingo, |[1997; Webster et al.,|1998; Ashok et al., 2019)), although
the strength of this relation waxes and wanes (e.g., [Rasmusson and Carpenter, [1982; Kumar
et al.,|1999, 2006). Note that although an ENSO event generally peaks during boreal winter, a

developing ENSO event in the boreal summer can still influence the ISMR. During an El Nifio,
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the Walker circulation moves eastward and has its descending branch over maritime continent
and equatorial western Pacific (e.g., Wang, 2002). This subsidence generates an atmospheric
Rossby wave response to the northwest and southwest of the heat sink. The low level anticy-
clonic circulation over south Asia and east Asia opposes the mean monsoon southwesterlies in
the Indian Ocean and reduces summer monsoon rainfall over India (Keshavamurty, [1982; |Lau
and Nath, 2003}; Wang, 2006a)). The accompanying anomalous low level convergence over the
tropical Indian Ocean also contributes to low level divergence over the monsoon region via the
adjustment of monsoon Hadley circulation (e.g., |Ashok et al., 2004a). In addition, Goswami
and Xavier| (2005) suggest an upper atmospheric pathway for the ENSO to influence the Indian
summer monsoon. Through the modulation of surface latent and radiative fluxes, and ocean
currents, an El Nino causes weak warm SST anomalies in the Indian Ocean. These warm SST
anomalies become more pronounced with the peaking of El Nifio in the following boreal winter
and, when the El Nifo is strong enough, they survive into the boreal spring and early sum-
mer of the next year. Through the air-sea coupled feedbacks in the Indian Ocean, the stronger
monsoonal southwesterlies blow toward these warm SST sites and result in an enhanced pre-
cipitation over India. Thus, while a developing El Nifio in boreal summer tends to reduce ISM

rainfall, it can enhance the ISMR in the following year (Wang, 2006a).

The Indian Ocean (I0), for a long time, was thought to be a passive ocean simply re-
sponding to ENSO described above and other modes of climate variability (e.g., (Cadet, 1985;
Alexander et al., [2002; Lau and Nath, 2003). However, it has been shown recently that the In-
dian Ocean hosts its own mode of climate variability, called the Indian Ocean Dipole (I0OD; e.g.,
Saji et al., [1999; Behera et al., [ 1999; Webster et al., 1999; Murtugudde et al., 2000; |Ashok et al.,
20015 Slingo and Annamalail [2000). Strong positive IOD events such as in 1961, 1963, 1994,
1997, (and the recent positive IOD in 2019) are shown to influence the ISMR (e.g., |Ashok et al.,
2001, 2004a). The IOD is a coupled-ocean atmosphere phenomenon operating in the tropical
Indian Ocean strongly phase locked to the seasonal cycle (e.g., Saji and Yamagata, 2003; Ashok
et al.,|2003; Yamagata et al.,|2003}; Vinayachandran et al., 2009). An IOD event usually starts to
develop in boreal summer and peaks during September—October and decays thereafter. During
September—October, the mean state of the Indian Ocean is that the southeasterly trade winds are
constrained mostly to the south of equator from the eastern to central equatorial Indian Ocean
but they cross the equator in the western IO. The westerlies are present in the central to east-

ern IO between the equator up to the southern tip of India. A positive IOD is characterized
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Figure 1.8: A schematic showing the positive (upper panel) and negative (lower panel) phases
of the Indian Ocean Dipole. Source: Woods Hole Oceanography Institute (https://www.
whoi.edu)

by anomalously cool SST, shallow thermocline, and suppressed convection in the southeastern
equatorial IO off the western coast of Sumatra (Fig.[I.8). Further, it is associated with anoma-
lously warm SST, deep thermocline and enhanced convection in the western equatorial 10. A
negative IOD event is an intensification of the climatological conditions and has the anomalies
opposite to that of a positive IOD. The recent notable positive (negative) IOD events are 2012,
2015 and 2019 (2010, 2014 and 2016; http://www.bom.gov.au/climate/iod/). Al-
though, the IOD can be generated by processes inherent to the Indian Ocean, it can sometimes
be triggered by an ENSO event, among others (e.g., [lizuka et al., 2000; Murtugudde et al.,
20005 |Annamalai et al., 2002, 2003; |Gualdi et al., 2003). Normally, a positive (negative) IOD

event co-occurs with an El Nifio (a La Nifia). For instance, during boreal winter of 1997-98, a

strong positive IOD was accompanied by a strong El Nifio event.

The strong IOD events impact ISMR by modulating the monsoon meridional and zonal

circulation (e.g., [Behera et al.| [1999; [Ashok et al., 2001; [RAO et al., [2004). A strong pos-

itive (negative) IOD induces an upper level convergence (divergence) over the southeastern

equatorial Indian Ocean and an upper level divergence (convergence) over the Bay of Bengal

strengthening (weakening) the monsoon trough and leads to enhanced (reduced) rainfall over
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India (Fig. [I.8)). The western pole of the IOD is also suggested to impact the northwestern re-
gions of monsoon trough (Ashok et al., 2004a). As already mentioned, many a time, a positive
(negative) 10D co-occurs with an El Nifo (a La Nifa) and when it does, the strong IOD can
counter the effect of ENSO on ISMR (e.g., |Ashok et al., 2001, 2004b)). As discussed earlier,
an El Nifio induces subsidence over the Bay of Bengal region and tends to reduce the rainfall
over India. However, when it co-occurs with a strong positive IOD event, the subsidence in-
duced by an El Nifio over the Bay of Bengal is weakened by the lower level convergence caused
by the positive IOD through the modulation of the monsoon Hadley circulation. For instance,
the ISMR in the year 1997 was near normal despite a strong El Nifio due to the counteracting
effect of a strong positive IOD event in the same year (Ashok et al.l 2001). The Equatorial
Indian Ocean Oscillation (EQUINOOQO), the atmospheric component of the IOD, seems to have
a stronger correlation with the ISMR (Gadgil et al., 2003} [2007) but we will not discuss those

details here.

1.3 The Atlantic Zonal Mode and its relation to the ISM

As may be noted, ENSO and IOD are two phenomena operating in the tropical Pacific
and Indian oceans, respectively. It is interesting to inquire if there is a similar mode of climate
variability in the other and only remaining tropical ocean, i.e., the tropical Atlantic. If there is,
does it have any influence on the ISMR? A similar mode indeed exists in the tropical Atlantic
and it is called the Atlantic Zonal Mode (AZM), details of which are discussed shortly after.
While much can be found about the influence of ENSO and IOD on the ISM in the literature
as discussed above, the studies on the relation between the AZM and the ISM are recent and
relatively less in number (Kucharski et al., 2008|, [2009; Wang et al., [2009; Barimalala et al.,
2012, 2013a; Yadav, 2017; [Liibbecke et al., [2018). This motivated us to investigate the relation

between the AZM and ISM in more detail in this thesis.

Before describing the AZM, it is worthwhile to look at the geography and climatology
of the tropical Atlantic where the AZM occurs. The tropical Atlantic is the smallest of the three
tropical ocean basins in size, with a horizontal extent of around 65° longitude at the equator. It
is surrounded by the continents of Africa to the east and South America to the west, and is open

in the north-south direction at an angle due to the geometry of the continents (Fig.[I.9). Its small
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Figure 1.9: The monthly evolution of climatological SST (°C) based on HadISST (Rayner et al.,
2003)) and surface winds (m/s) from ERA-Interim Reanalysis (Dee et al., 2011), in the tropical
Atlantic. A contour of 25.5°C is shown to demonstrate the development of seasonal cold tongue.
The position of oceanic ITCZ is marked in thick blue (See Chapter [5|for the details of how the
position of ITCZ is identified).

basin size and the proximity of land makes the role of continents important in determining the
climatology of this ocean (e.g., Xie and Carton, |2004). The variability of SST in the tropical
Atlantic is dominated by the seasonal cycle (e.g., Ding et al., [2010). The band of high SST
exceeding 27°C moves from slightly south of equator in boreal winter to over the equator in
spring and reaches its northern most extent in summer (Fig. [I.9). Tightly coupled with the

band of high SSTs, the ITCZ where the trade winds from either hemisphere meet, follows the
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high SST band with a lag of one month owing to the large heat capacity of ocean (e.g.,
and Carton, 2004). The trades are weak over the equator in boreal spring and as the ITCZ

moves north in the summer, the southeasterlies intensify over and south of equator, causing
strong upwelling along the African coast resulting in a shallow thermocline in the east and
deep thermocline in the west. This upwelling cools the SST and a distinct SST cold tongue
develops in the east slightly south of equator in the boreal summer (Fig. [I.9). The eastern

equatorial Atlantic thermocline is the shallowest in boreal summer allowing for the strongest

surface-subsurface coupling compared to other seasons (e.g., Keenlyside and Latif, 2007).
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Figure 1.10: Monthly evolution of anomalies of SST and low level winds at 850 hPa associ-
ated with the cold (left) and warm (right) phases of AZM. The SST and winds are taken from

HadISST (Rayner et al., 2003) and ERA-Interim Reanalysis (Dee et al.| [2011)), respectively.
The period of analysis is 1979-2013.

Significant departures from the seasonal cycle of tropical Atlantic described above can
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be found in a given year and the interannual variability of SST in the equatorial Atlantic is dom-
inated by the AZM (e.g., Zebiak, 1993; Servain et al., 2000). The AZM, variously called as
Atlantic Nino (e.g., [Ruiz-Barradas et al., |2000; Polo et al., 2015a), Atlantic Equatorial Mode
(e.g., Servain et al., 2000; Mohino and Losada, 2015) and Atlantic Equatorial Cold Tongue
Mode (e.g., Haarsma and Hazeleger, 2007; De Almeida and Nobre, |2012), is a coupled ocean-
atmosphere phenomenon housed in the tropical Atlantic (e.g., [Zebiak, 1993} Liibbecke et al.,
2018)). As mentioned already, it is similar to ENSO but weaker and more heavily damped
(Philander, [1986; Zebiak, 1993; [Xie and Carton, [2004; Liibbecke et al., 2010; Burls et al.l
2012} Liibbecke and McPhaden, 2013} Liibbecke et al., 2018). The relative heavy damping of
the AZM compared to ENSO is attributed to the weaker thermocline feedback in the tropical
Atlantic (Liibbecke and McPhaden, 2013). The AZM can be most readily identified by its sig-
natures in the SST. It is associated with an anomalous cooling (warming) in the southeastern
tropical Atlantic and is called a cold (warm) AZM event (Fig. [[.10). Earlier studies defined
different indices to identify AZM events based on various analyses of Empirical Orthogonal
Function (e.g., Servain et al., 2000; Ruiz-Barradas et al., 2000; Murtugudde et al., 2001; Huang
et al., 2004; Haarsma and Hazeleger, 2007) and averages of SST anomalies over different re-
gions (Zebiak, [1993; Kucharski et al.,|2007; Ding et al., 2010; Barimalala et al., 2012; Caniaux
et al., 2011} Lutz et al., 2013)). However, in this thesis, we will use the Atlantic 3 index (aver-
age of SST anomalies over 3°S-2°N and 20°W-0°E) first introduced by [Zebiak] (1993), as it is
the most widely used (e.g., [Latif and Grotzner, 2000; [llig et al., 2006; Keenlyside and Latif,
2007; Rodriguez-Fonseca et al., 2009; |[Foltz and McPhaden, 2010; Burls et al., 2012; Liibbecke
and McPhaden, 2013} Pottapinjara et al., 2014; Martin-Rey et al., 2019). The AZM is strongly
phase locked to the seasonal cycle (e.g., Keenlyside and Latif, |2007; Liibbecke et al., 2010;
Richter et al., 2017). The AZM starts to develop in boreal spring, peaks in the late spring to
early summer and decays thereafter (Fig. [I.10). Further, the interannual standard deviation of
June—August Atlantic 3 index is 0.48°C. Apparently, the signals associated wih the AZM are
short lived, lasting only for 3—4 months and are weak compared to that of ENSO. However,
analogous to ENSO, the Bjerknes feedback mechanism which involves a positive feedback be-
tween anomalies of SST, equatorial zonal winds and thermocline depth, explains a significant
part of variability of the AZM (e.g., Zebiak, 1993} |Carton and Huang, 1994; [Keenlyside and
Latif, 2007; |[Liibbecke et al., |2010; Liibbecke and McPhaden, 2013). Further, the equatorial

wave dynamics play a critical role in the life cycle of the AZM (e.g., |lllig et al., 2006; |Ding
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et al.| 2010; Foltz and McPhaden, 2010). These earlier studies have shown that an anomalous
weakening (strengthening) of equatorial easterly trade winds in the western equatorial Atlantic
triggers an eastward moving downwelling (upwelling) Kelvin wave which deepens (shallows)
the thermocline and ultimately results in a warm (cold) SST anomaly in the eastern equato-
rial Atlantic (Fig.[I.10). The SST anomalies of the AZM are confined mostly to the south of
equator in a southeastward direction and extend up to the African coast. Note that these SST
anomalies are collocated with the seasonal cold tongue in the tropical Atlantic (compare Fig.[I.9]
and Fig. [I.10). The eastern equatorial Atlantic SST anomalies are often preceded by the SST
anomalies off the coast of Angola (Florenchie et al., 2003, 2004). Previous studies treated these
SST anomalies off Angola as a separate phenomenon called the Benguela Nifio (e.g., Shannon
et al., [1986; Gammelsrgd et al., |1998; Rouault et al., 2003}, [Florenchie et al., 2003 [2004). Al-
though some Benguela events can be generated by local processes, most of the Benguela Nifio
events coincide with the eastern equatorial Atlantic events and the two are shown to be related
via different pathways such as the propagation of equatorial and coastal Kelvin waves, off equa-
torial Rossby waves, and meridional along shore winds off the coast of Africa (Florenchie et al.,
2003} |[Huang et al., 2004} Reason et al., 2006; Rouault et al., |2007; Polo et al., 2008} |Liibbecke
et al., 2010; Richter et al., 2010; |Lutz et al.,|2013)). Hence, the Benguela Niflo is treated as part
of the AZM 1in this thesis.

The AZM has been shown to be interacting with different modes of variability both local
and remote to the Atlantic such as the Atlantic Meridional Mode, the atmospheric/oceanic con-
ditions in the south Atlantic (South Atlantic Anticyclone/South Atlantic Subtropical Dipole/South
Atlantic Ocean Dipole) and ENSO (Liibbecke et al.,[2018, and references therein). The Atlantic
Meridional Mode (AMM) or the Inter-hemispheric Mode is characterized by SST anomalies of
opposite sign on either side of the equator and is the second dominant mode of interannual
variability in the tropical Atlantic (e.g., Nobre and Shukla, 1996; Carton et al., 1996} (Chang
et al.,|1997; Chiang and Vimont, |2004; Xie and Cartonl 2004)). It is active during boreal spring,
and varies on interannual and decadal timescales. The AMM drives cross-equatorial low level
wind anomalies flowing from the cooler hemisphere to the warmer hemisphere. The spring
Atlantic ITCZ is sensitive to the SST gradient of the AMM and moves towards the warmer
hemisphere. The AMM has been shown to be related to the AZM via the meridional displace-
ment of the spring ITCZ (Servain et al., 1999; Murtugudde et al.,2001). Anomalous migrations

of the spring Atalntic ITCZ influences the concurrent equatorial zonal winds and thereby induce



Sec. 1.3 Chapter 1 18

the development of the AZM in the following summer (see Chapter [ for more details on this

relationship).

The variations in the strength of the South Atlantic Anticyclone (comprising midlatitude
westerlies, southeast trades and equatorward winds along the coast of Africa) during boreal
spring can precondition the development of an AZM event via the anomalous weakening or
strengthening of the southeast trade winds and the cold tongue (Liibbecke et al., 2010; Richter
et al.l [2010; Hu et al., 2013} Liibbecke et al., 2014). The AZM, which is predominantly a
southeastern tropical Atlantic phenomenon, is shown to be oppositely related to the concurrent
SST anomalies in the southwestern subtropical Atlantic (Nnamchi et al., 2011}, 2016)). Further,
these studies propose that the AZM should be viewed as an equatorial arm of their unified South
Atlantic Ocean Dipole but obviously more research is required before this view can be accepted.
This dipole is closely related to the South Atlantic Subtropical Dipole (a similar SST structure
modulated by the strength and position of south Atlantic subtropical High) which also is shown
to be similarly related to the AZM (e.g., |Venegas et al., 1996, |1997; Haarsma et al., 2005;
Colberg and Reason, 2007; [Trzaska et al., 2007; Morioka et al., 2011; Nnamchi et al., 2017)

Earlier studies reported an opposite relationship between ENSO and AZM: an El Nifio
(La Nina) peaking in boreal winter can lead to a cold (warm) AZM event in the following bo-
real summer (Latif and Barnett, [1995; [Latif and Grotzner, [2000; Ruiz-Barradas et al., 2003
Miinnich and Neelin, 2005; Handoh et al., [2006; Tokinaga et al., 2019). These studies proposed
different pathways by which ENSO influences the AZM. The heating associated with an El
Nifo can induce changes in the Walker circulation and lead to low level easterlies in the western
equatorial Atlantic during boreal spring which result in the cooler SST anomalies in the eastern
equatorial Atlantic in the following boreal summer via the equatorial dynamics and the Bjerknes
feedback mechanism (Latif and Barnett, |1995; [Ruiz-Barradas et al.,[2003; [Miinnich and Neelin,
20035). This delayed response in the tropical Atlantic can be explained by the dynamical adjust-
ment of the equatorial Atlantic to the slowly varying wind anomalies and seasonally changing
background state in the tropical Atlantic (Latif and Grotzner, |2000). In addition, an El Nifio
in the preceding winter can affect the AZM via the north tropical Atlantic pathway by induc-
ing warming in the north tropical Atlantic in the following boreal spring (Enfield and Mayer,
1997; Huang et al., 2002) which sets up an inter-hemispheric SST gradient. This gradient in

turn leads to concurrent cross-equatorial low level winds towards the north tropical Atlantic
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which can cause a cold AZM event in the following summer through the Bjerknes feedback
mechanism (Chang et al., 2006). Further, an El Nifio can lead to a cold AZM via the south
tropical Atlantic pathway by a wavetrain emanating from the central equatorial Pacific which
travels via south America to reach the tropical South Atlantic after about a season to influence
the low level winds there and consequently the SST anomalies (Handoh et al., 2006). All these
studies showed the existence of a relationship between ENSO and AZM but this relationship is
inconsistent. For instance, an El Nifio is sometimes followed by a warm AZM event contrary to
what the above studies showed. Several studies discuss the causes for this fragile relationship
between ENSO and AZM (Chang et al., [2006; Liibbecke and McPhaden, 2012; Tokinaga et al.,
2019). Based on the analyses of response in the tropical Atlantic to an El Nifio in various model
experiments and observational data sets, these studies attribute the fragility of the relationship to
1) the competing effects of warming induced by the tropospheric temperature response in the At-
lantic, and cooling produced by the surface easterlies and subsequent Bjerknes feedback (Chang
et al., [2006) ii) generation of downwelling Rossby wave to the north of equator in the tropical
Atlantic during boreal spring, which upon reflection at the western boundary, tends to kill the
AZM cold event which resulted from the direct response in the surface easterlies (Liibbecke
and McPhaden, 2012), and iii) differential impacts of El Nifio events lasting over single versus
multiple years (Tokinaga et al., 2019). Thus far, we have discussed the influence of ENSO on
the AZM with a delay of about six months but even a developing ENSO event active in boreal
summer has a similar opposite relationship with the contemporaneous AZM during the satellite
period (e.g., Kucharski et al., 2009; |Wang et al., 2009; Pottapinjara et al., [2014). Normally,
the opposite phases of ENSO and AZM co-occur, i.e., an El Nifio (La Nifia) event accompanies
a cold (warm) AZM event. However, the relationship between ENSO and AZM, either con-
temporaneous or with a delay, depends on the period of analysis and is not stationary (Chiang
et al., 2000; Wang, |2006b; Kucharski et al.,|2009; Martin-Rey et al., 2018). From the analysis of
observational and reanalysis data sets, Chiang et al. (2000) argue that the relationship between
ENSO and its induced surface winds in the western equatorial Atlantic in boreal spring has an
interdecadal variability which is controlled by the spring maximum of the ENSO SST anomaly.
Further, Martin-Rey et al. (2018) show that the relationship between ENSO and the tropical At-
lantic can be modulated by the Atlantic Multidecadal Oscillation. From the above discussion,
it is clear that different factors, both local and remote to the Atlantic, control the generation of

AZM events. The causative mechanisms of the AZM will be discussed in detail in Chapter 4]
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Earlier studies showed that the AZM can affect the weather patterns of the regions ad-
joining the tropical Atlantic such as South America (e.g., Nobre and Shukla, |1996; Liibbecke
et al., [2018) and West Africa (e.g., Rodriguez-Fonseca et al., 2015)), and the remotely located
regions like Europe (e.g., |Garcia-Serrano et al., 2011), Mediterranian (e.g., [Losada et al.,
2012)), equatorial Pacific (e.g., Keenlyside et al., 2013; Polo et al., 2015b)) and Indian Ocean
(e.g., [Wang et al., 2009).

The effect of AZM on the ISM is of particular interest to us. This effect reported in var-
ious previous studies till date is summarized in the following. The warm (cold) SST anomalies
associated with the AZM are shown to induce anomalous subsidence (rising motion) over India
reducing (enhancing) the ISMR (Kucharski et al., 2007, 2008). Given that the SST anomalies
associated with ENSO and AZM are anti-correlated, Kucharski et al.| (2007) suggest that the
weakening of the ENSO-ISM relation in the recent decades could be due to the strengthening
of the AZM SSTs which tend to negate the effect of ENSO on ISM. Sabeerali et al.| (2019a)
also show that the inverse relation between the AZM and ISM is strengthening in the recent
decades. Kucharski et al.| (2008) and |Wang et al. (2009) highlight the importance of the AZM
in impacting the ISM by showing that when the effect of summer time ENSO SST anomalies
on the ISMR is linearly regressed out, the resulting ISMR correlates the strongest with the SST
anomalies associated with the AZM. On a similar note, from the analysis of an ensemble of
Atmospheric General Circulation Model (AGCM) experiments and considering only the con-
tribution of summer time SST anomalies in the tropical oceans, Cherchi et al. (2018) argue
that the strongest factor next to ENSO in influencing the monsoon extremes is the AZM. Us-
ing an AGCM, Kucharski et al. (2009) propose a physical mechanism wherein the response to
the heating associated with a warm AZM is a quadrupole in the upper level stream function.
The northeastern arm of the quadrupole is situated over India with an upper level convergence
and lower level divergence leading to a reduction in precipitation over India. The heating in
the tropical Atlantic also weakens the low level monsoon flow in the Arabian Sea and causes
an increase in the SST in the Arabian Sea due to reduced upwelling and evaporation (Wang
et al., 2009). Further, using a regional ocean model coupled with an ecosystem model, Bari-
malala et al.| (2013a) demonstrate that a cold (warm) AZM strengthens (weakens) the Somali
Jet, favors more (less) upwelling and results in more (less) phytoplankton concentrations in the
Arabian Sea. In addition, Barimalala et al.| (2012)) examine the simulation of relation between

the AZM and ISM in some state-of-the-art Coupled Model Intercomparison (CMIP) 3 models,
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with an emphasis on the physical mechanism proposed by |[Kucharski et al. (2009). They find
that a majority of the coupled models examined, display the teleconnection but with a weaker
intensity which they attribute to the warm SST bias in the tropical Atlantic. While the physical
mechanism proposed by Kucharski et al.| (2009) is constrained to the tropics, |Yadav| (2017) ar-
gues that the AZM can affect the ISM also via an extratropical pathway by inducing alternate
highs and lows in the geopotential. In this mechanism, a warm (cold) AZM induces an upper
level low (high) to the northwest of India which weakens (reinforces) the monsoon especially
over the northwest India (Yadav, 2017; |Yadav et al., [2018). Analyzing the hindcast simula-
tions initialized in two different months in a coupled general circulation model, |Sabeerali et al.
(2019b)) show that the hindcast which simulates the AZM and its teleconnection to the ISM has
higher prediction skill for the ISMR.

1.4 Modulation of the frequency of monsoon depressions in

the Bay of Bengal by the AZM

As can be seen from the above, while several studies focused on the impact of AZM
on ISM on interannual timescales, none examined if the AZM can also affect the monsoon
transients, for example, the monsoon depressions. As mentioned already in Section [[.1] the
monsoon depressions forming during boreal summer in the Bay of Bengal (BoB) can account
for about 50% of the monsoon rainfall over the core monsoon region and eventually contribute
to seasonal total monsoon rainfall (e.g., |Krishnamurti, |1979;|Goswami et al., 2003} 'Yoon and
Chen, 2005; Krishnamurthy and Ajayamohan, [2010; |Krishnan et al., 201 1; |Praveen et al., 2015)).
Hence, any change in the frequency of monsoon depressions can be expected to cause a change
in the total monsoon rainfall. In our recent related study [Pottapinjara et al. (2014), we have
investigated the influence of the AZM on the characteristics of monsoon depressions in the Bay
of Bengal. Further, we have also suggested a plausible physical mechanism which links the
tropical Atlantic and the ISM. This study, conducted before the formal beginning of the thesis,
led to and forms the basis of body of work documented in this thesis. Therefore, the key results

of our study Pottapinjara et al.|(2014)) are discussed in some detail in the below.

Segregating the monsoon (June-July-August) depressions into those that occurred dur-
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Figure 1.11: The locations of genesis (brown circles), and tracks (blue lines) of monsoon (June-
July-August) depressions in the BoB that occurred during a) cold and b) warm phases of AZM.
The AZM events that co-occur with ENSO events are omitted in the analysis to highlight the
intrinsic influence of AZM on the depressions. The period of analysis is 1975-2012. The
depressions data provided by the IMD is available at http://www.imdchennai.gov.
in/cyclone_eatlas.htm The AZM and ENSO events are identified using the June-July-
August Atlantic 3 and ONI indices, respectively. The indicse are prepared from the HadISST
(Rayner et al., 2003). The identification of AZM and ENSO events, and their respective lists
are the same as in Chapter

ing cold, warm and neutral phases of AZM, we have found that the tendency of formation of
monsoon depressions in the BoB is significantly more during the cold AZM compared to that of
the warm AZM (Pottapinjara et al., [2014). Further, the difference between the average number
of depressions in the season between the cold and warm AZM remains statistically significant
even after accounting for the co-occurrence of AZM warm (cold) with the La Nifa (El Nifio)
(see Chapter |3| for details of AZM and ENSO events; |Pottapinjara et al., 2014). It indicates
that this difference in the frequency of monsoon depressions in the BoB is an intrinsic response
of the AZM. Further, a majority of depressions during cold AZM are found to form in the
northeastern part of BoB, and their tracks are found to be long and clustered along the mon-
soon trough axis. However, during the warm AZM, the genesis of depressions occurs over a
broader region in the BoB, and the tracks are short and more divergent. This observation also
holds even when the AZM events co-occurring with ENSO events are omitted from the analysis
(Fig.[I.T1). Interestingly, we could not find any significant difference either in the frequency, or

in the organization of tracks of monsoon depressions in the BoB between El Nifo and La Nifia.

In Pottapinjara et al.|(2014), we have also suggested a plausible mechanism by which the
AZM can influence the frequency of monsoon depressions in the BoB during June-July-August.

The mechanism takes a tropical pathway to connect the AZM operating in the southeastern
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equatorial Atlantic, and (rainfall over) India and (frequency of monsoon depressions in) the
BoB located to the north of equator in the Indian Ocean. Previous studies showed that the for-
mation of monsoon depressions in the BoB depends on large scale atmospheric conditions such
as cyclonic vorticity at lower levels, vertical wind shear, and moisture transport into the BoB,
among others (e.g., (Goswami et al., 2003; |[Krishnan et al., 2011; |Yanase et al.,|2012). That is,
the enhancement of low level cyclonic voticity and moisture transport, and reduction of vertical
wind shear in the BoB favor the formation of monsoon depressions in the BoB. During the cold
(warm) AZM, the cross equatorial moisture transport into the BoB and cyclonic vorticity at
lower levels (850 hPa) increase (decrease), and the vertical wind shear between lower (850 hPa)
and upper (200 hPa) levels weakens (strengthens), creating more (less) favorable conditions for
the formation of monsoon depressions in the BoB (Fig. [[.12). A teleconnection between the
tropical Atlantic and the Indian Ocean is shown in Fig. The diabatic heating associated
with the convection anomalies of AZM can trigger a response in the tropospheric temperature
(TT). The response has a Rossby wave-like structure in the tropical Atlatnic with its two lobes
on either side of the equator, and has a Kelvin wave-like structure which extends eastward and
reaches the Indian Ocean. The positive correlations shown in Fig. indicate that a warm
(cold) AZM can increase (decrease) the mid-tropospheric temperature over the Indian Ocean
in the equatorial belt. As discussed earlier in Section the TT gradient between over the
Indian subcontinent and the Indian Ocean (TT over land — TT over ocean) during summer
drives the mean monsoon circulation (Webster et al., [1998; Wang, |2006a). The enhancement
(reduction) of TT over the Indian Ocean induced by the warm (cold) AZM can weaken (en-
hance) the strength of TT gradient between the land and ocean, and lead to an anomalously
weaker (stronger) than normal monsoon circulation which in turn decreases (increases) rainfall
over India. It also decreases (increases) moisture transport into the BoB. As shown in Fig.[1.12]
the warm (cold) AZM also induces a weakening (an enhancement) of low level cyclonic vor-
ticity, and an increase (a decrease) in vertical wind shear in the BoB. In effect, the warm (cold)
AZM creates less (more) favorable conditions for the formation of monsoon depressions in the
BoB which in turn contribute to decreasing (increasing) rainfall over India. This teleconnection
mechanism entails the thermodynamic manifestation of the influence of the AZM on ISM, and

is consistent with the mechanism proposed by |[Kucharski et al.| (2009).
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Figure 1.12: The differences of seasonal (June-July-August) composites of anomalies of a)
vertically integrated moisture transport b) vorticity (10”7 s™) overlaid by winds at 850 hPa, and
c) vertical wind shear (m s™') between levels 850 and 200 hPa. The composites of anomalies
of each variable are first computed during the cold and warm phases of AZM separately, and
the difference of cold and warm (cold—warm) composites, is presented here. The contours in
pink and white (in b and ¢) indicate the significance levels of 20% and 10%, respectively as per
Student's t-test. The variables are taken from NCEP's Reanalysis—2 (Kanamitsu et al., 2002).
The period of analysis is 1979-2012. The list of AZM events used in this analysis is a subset of
that in Chapter[3] See Chapter [2) for details on how to compute the composites and determine
the level of statistical significance.
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Figure 1.13: The simultaneous correlation between monthly time series of tropospheric tem-
perature (TT) anomalies averaged over 1000 through 200 hPa, and the Atlantic 3 index. The
influence of ENSO is regressed out from these variables before computing the correlation to
highlight the impact of AZM on the TT anoamalies. All the shaded values are statistically
significant at the 10% level as per Student's t-test. The tropospheric temperature is taken from
NCEP's Reanalysis-2 (Kanamitsu et al., 2002). The period of analysis is 1979-2012. See Chap-
ter [3] for details on why and how to regress out the influence of ENSO on the target variable.
See [Pottapinjara et al.| (2014)) for further details such as development and decay of this response
with time.
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1.5 Scope of the work

While considerable research has been carried out on understanding the relation between
the AZM and ISM, and possible physical mechanisms at work, a lot of gaps still remain. Im-
portantly, studies by Keenlyside and Latif] (2007) and Ding et al. (2010) show that winds, heat
content, and SST in the equatorial Atlantic during boreal spring are significantly related to
the AZM during boreal summer. Further, Servain et al. (1999) and Murtugudde et al.| (2001)
demonstrated that the meridional migration of the ITCZ during spring also is closely related to
the AZM. That is, precursors to the summer AZM are available during boreal spring. However,
it is not yet known if the evolution of cold and warm AZM events is symmetric as in the case
of ENSO. Also, the relation between the AZM and ISM as such does not provide any lead re-
lationship of the AZM to the ISM as both of them are active during almost the same time in
boreal summer, and none of the above studies addressed it. Addressing these issues is of course
important and eventually would lead to a better understanding, and therefore a better handle on
the prediction, of the impacts of cold and warm AZMs on global climate, including the ISM.
In this background, the objectives of the thesis are set as follows, and will be addressed in the
subsequent chapters.
(i) To explore the lead association of the known precursors of the AZM in boreal spring to the
following ISM
(i1) To investigate if the evolution of warm and cold AZM in the boreal spring is symmetric
which would enhance our understanding of the AZM
(iii) To explore the capability of a current day seasonal forecast model in simulating the rela-

tionship between the AZM and ISM

1.6 Summary

In this chapter, an up-to-date status of the prior research on the AZM-Indian summer
monsoon rainfall is presented, along with some other useful background information. The im-
portant gaps are identified, based on which, a list of objectives to be achieved in the thesis are

set. Chapter [2| provides a description of different datasets and analysis techniques used in the
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thesis. Chapter [3] Chapter ] and Chapter [5] address the Objectives i, ii and iii, respectively.

Chapter [6] the last chapter, presents a summary and elucidates the results in light of the objec-

tives.



Chapter 2

Description of Datasets and Statistical

Methods

In this chapter, the datasets and statistical techniques that are common to several subse-
quent chapters are described. Any specific datasets and analysis techniques used in a certain

chapter will be discussed in the respective chapter.

2.1 Datasets used

The results presented in this thesis are, in general, based on the analysis of different
datasets during the period of 1979-2012. However, several other results are prsented for a
broader period of 1975-2013. The 1979-2012 period was chosen because of the availability of
good quality datasets which was made possible by the advent of satellites and other improved
observation platforms. Further, notwithstanding that the research presented in this thesis was
carried out over a period of time, efforts have been made to keep the datasets used uniform
throughout the study. Having said this, a few variables have been taken from different datasets
depending on the problem at hand and these choices have been justified below. In addition, for
the variables of winds and ocean temperature, we chose to work with the data sets of improved
quality and higher resolution as they became available. Given the qualitative nature of the
results, even though the choice of datasets should not have any bearing on the results, we have

made efforts to ensure that there is always a qualitative agreement across the data sets. Since
27
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this is mainly concerned with the results of Chapter 3] we demonstrate the robustness of the
results across the data sets by reproducing some important analyses of Chapter [3| using the

newer datasets and presented them in Appendix [Al

2.1.1 Sea Surface Temperature

We have used the Hadley Centre Sea Ice and Sea Surface Temperature (HadISST; Rayner
et al., |2003) developed by the Hadley Centre for Climate Prediction and Research of UK Met
Office. It is a globally complete gridded dataset with a spatial resolution of 1°x 1° and temporal
resolution of a month, available from 1871 to date. The input data used to prepare HadISST
are taken from various observational platforms. They are quality controlled for biases, errors,
inhomogeneities, etc. and interpolated to reconstruct the data in the data-sparse regions. Further
details are available from Rayner et al.|(2003). This dataset is mainly used to identify the AZM

and ENSO events throughout the study to maintain the list of events uniform.

2.1.2 Rainfall

For the study of rainfall variations over India, a high resolution rainfall dataset prepared
by the India Meteorological Department (IMD) has been used (Pai et al., 2014). The IMD is
the official agency that collects meteorological data, through its numerous stations spread all
over India. The IMD converts the data thus collected into various useful products. This dataset
is a daily gridded product prepared after quality controlling for errors and interpolation. It can
be obtained from the website of IMD, Pune (http://dsp.imdpune.gov.in/). Ithasa
spatial resolution of 0.25° x 0.25° and is available for the period 1901-2013 (Pai et al., [2014).
This dataset is mainly used in Chapter

In Chapter 5] to compare the simulation of the relationship between the AZM and rainfall
associated with ISM in the model against the observations, we have used the precipitation from
the Global Precipitation Climatology Project (GPCP; |Adler et al., 2003). It is a monthly dataset
with a spatial resolution of 2.5°x2.5°. This dataset provides global coverage of precipitation
on both land and oceans. Given that models often misrepresent the rainfall distribution, it is

reasonable to compare the simulation of the relationship in the both over land and ocean (north
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Indian Ocean). Hence, a dataset with contiguous coverage such as GPCP is more relevant from
this context than the IMD's rainfall dataset discussed above which is available only on land

(India).

2.1.3 Winds

The wind data used are from two well documented reanalysis products. In Chapter [3]
the National Centres for Environmental Prediction (NCEP)'s Reanalysis 2 (Kanamitsu et al.,
2002) winds were used. The NCEP Reanalysis 2 is a daily/monthly gridded atmospheric re-
analysis product that provides various atmospheric parameters at a spatial resolution of 2.5° x
2.5° and is available for the period 1979 to date. It can be downloaded from the website of
NOAA/OAR/ESRL PSD, Boulder, Colorado, USA,i.e.,https://www.esrl.noaa.gov/

psd/.

Tracking the position of Inter-tropical Convergence Zone (ITCZ) is crucial to Chapter 4]
but to trace its position, wind data of a high spatial resolution is necessary, as the criterion for
tracking the ITCZ is based on winds (see Chapter [ for details). Therefore, in Chapter |, we
chose to use the wind data from the European Centre for Medium Range Weather Forecast
(ECMWF)'s Re-analysis (ERA) Interim (Dee et al., 2011). This is a daily/monthly atmospheric
reanalysis dataset with varying spatial resolutions but the resolution of data we used is 0.7°x
0.7° which is higher compared to NCEP’s Reanalysis 2 used in Chapter 3] This dataset is avail-
able for the period 1979-2019. It can be downloaded from the ECMWF's website at https:
//apps.ecmwf.int/datasets/data/interim—-full-daily/. This dataset has

also been used in Chapter [5]

2.1.4 Ocean Temperature

The oceanic subsurface temperature data is mainly used to compute the upper ocean heat
content. The ocean temperature data used in Chapter |3} is obtained from Simple Ocean Data
Analysis (SODA; Carton and Giese, [2008) version 2.2.4, jointly developed by the University
of Maryland and Texas A&M University. The dataset is a monthly gridded product of spatial
resolution 0.25°x 0.25° with 40 vertical levels for the period 1871-2010. It is available for
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download from multiple data providers including the Asia Pacific Data Research Center from

their website at http://apdrc.soest .hawaii.edu/datadoc/soda_2.2.4.phpl

In Chapter 4], we have used EN4 subsurface analysis version 4.2.0 of the UK Met Office
(Good et al., |2013). It provides monthly global objective analyses of subsurface temperature
and salinity with a spatial resolution of 1°x1° with 40 vertical levels for the period 1900 to the
present. The temperature and salinity vertical profiles from various collections of in situ data
were quality controlled for errors before preparing the objective analyses. This product does
not involve any ocean model, and thus avoids errors introduced by the ocean model. It can
be obtained from their website at https://www.metoffice.gov.uk/hadobs/en4d/
download.html. As stated already, some important analyses of Chapter [3| are reproduced

using this data set and presented in Appendix

2.2 Statistical Methods

In this study, the most common statistical techniques used to analyze the datasets men-
tioned above are, the composite analysis, the linear correlation, and the linear regression. Al-
though most of these methods are routinely used (Von Storch and Zwiers, [1999; |Wilks, 2011),
we discuss them here briefly for the sake of completeness. The statistical tests to determine the
significance of the statistics calculated using these methods, will be explained immediately af-
ter. Note that there are many details to these methods but we describe only those aspects which
are relevant to this thesis. As our study is concerned with inter-annual timescales, the monthly
or seasonal mean anomalies are computed by removing the monthly or seasonal climatology,
respectively. These anomalies are de-trended before any further analysis, as will be explained

later in the chapter.

2.2.1 Composite Analysis

As the name itself suggests, the composite analysis involves compositing or segregating
events of interest from a collection of data and analyzing the data employing statistical mea-
sures, most often the mean. The composite analysis provides insights into patterns or structures

associated with phenomena such as ENSO, which are otherwise masked in the totality of the
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data (e.g., Guan et al., 2003} Saj1 and Yamagatal 2003; Ashok et al., 2004a; Ashok and Saji,

2007; [Kao and Yul, [2009; Welhouse et al., 2016). The segregation of events usually requires a
certain criterion. The sequence of steps involved in the composite analysis is as follows. Sup-
pose that we want to study the relation between two variables, x (or x;,7 = 1,..n) and y (or
Yi,© = 1,..n), with 7 denoting the index of z. The events of x are defined depending on the
value of 7: whenever ¢ assumes a certain value or a range of values, the corresponding values of
y are segregated and their average is computed. The analysis does not make any assumptions as
to the relation between the two variables, whether linear or non-linear (Von Storch and Zwiers,

1999; [Xie et al., 2017).

The difference of composite means has also been used to highlight the contrast between
two sets of events (e.g., [Lau and Nath, 2003; |Ashok et al., |2004b; [Tejavath et al.l 2019).
For instance, the difference between the averages of wind anomalies during AZM cold events
and AZM warm events contrasts the effect of a cold AZM event on winds against that of a
warm AZM event (Fig. d.7). This difference of composite means is also useful to determine
whether the aspects of x captured by their respective segregating criterion are also expressed
in y (Von Storch and Zwiers,, [1999). For example, the events of El Nifio and La Nifia are de-
fined depending on the value of ONI index, and by using the difference of composite means,
it can be checked whether or not the rainfall over India is also different during El Nifio and La
Nifia. Given that the climate is variable, care must be taken while compositing the data and

interpreting the results.

2.2.2 Linear Correlation

The linear correlation is a measure of association between two variables, say x and y
(Wilksl, 2011). The most common correlation is the Pearson correlation, which is what we use

in this thesis. The correlation coefficient r,, is given by,

1 > i (@i — 2)][(y: — 9)]
! (2.1)
n_l\/nlzz1xz \/MZ“ )

where (z;, y;) forms a data pair, Z and g are the averages of all corresponding data points x; and

Toy =

y; each totaling to n, respectively. The correlation coefficient is a scalar and its value ranges
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between -1 and 1. The higher the magnitude of correlation coefficient (excluding the sign), the
stronger is the association between the variables. However, a low or zero correlation does not
necessarily mean that the variables are not related, as the correlation we discussed tells us only
the linear relation between the variables and does not give us any idea of non-linear association
between them. Therefore, they can be still be related non-linearly and yet have a correlation of

zero (Von Storch and Zwiers, [1999)).

In addition to the simple linear correlation discussed above, a lead and lagged correlation
analysis has also been used. The lead or lagged correlation between time series of two variables
is useful to find if a change in one variable is associated with that in the other with a time delay
(e.g., McPhaden, 2003} Ashok and Saji,[2007; Ren and Jin, 2011). A lead (lagged) correlation
coefficient is obtained essentially in the same manner as above except that z;s are shifted below
(above) and data pairs are formed with the undisturbed y;s, i.e., z;y;, y; (x;—;, y;), where [ is the
number of steps by which x; are shifted and called the lead (lag). In a lead or lagged correlation,

the total number of data pairs decrease by the same number as lead or lag, respectively.

2.2.3 Linear Regression

The simple linear regression is a linear approach which seeks to summarize the relation-
ship between two variables using a straight line (Wilks}, 2011). One of the two variables is an
independent variable and the other is a dependent variable, often denoted by x and ¥, respec-
tively. The value of y as predicted by the regression given the observations of z, i.e., ¥, is given
by,

J=a+bx (2.2)

where a and b are the y intercept and slope of the line, respectively. The parameters a and b can

be obtained as follows.

b— Z?:l (xz - f)(yz - y)
> i (@i — @2
a=7—bx (2.4)

(2.3)

The linear regression line has the least error for the predictions of y. The most common criterion

used for error minimization is the least of the sum of the squared differences between y and g.
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As can be seen, the correlation coefficient r,, (Eq. (2.1)) described earlier and linear regression
slope b (Eq. (2.3)) are related. Note that neither regression nor correlation imply causality,

hence these statistics must be interpreted with caution.

The geophysical time series often exhibit a trend which originates from various sources
including the low frequency internal variability, and systematic changes in the forcing of climate
system (Von Storch and Zwiers, |1999; Kumar et al., 1999). In this thesis, the focus is neither on
the low frequency variability nor on the climate change but the interannual variations of AZM
and its impact on the ISMR. Therefore, the trend in various parameters has been removed. The

de-trended time series of (t), i.e., Z4¢(t) can be obtained by,
Taer(t) = x(t) — b x t (2.5)

where b is the slope of the linear regression between the time series x(t) and time ¢.

As discussed in Chapter [I, ENSO is a major driver of climate variability around the
globe. Further, the SST anomalies associated with AZM are weak compared to ENSO, and
ENSO and AZM often co-occur. Hence, to delineate the effect of AZM on a certain target field,
as is our interest, removing the effect of ENSO on that field is necessary. It can be partially
achieved by regressing out the impact of ENSO linearly on the target field (e.g., Kucharski
et al., [2008; Joseph et al., [2011)) as described in the following. Assuming that the target field
time series 7'(t) is significantly related to ENSO that is characterized by the ONI index (or the
Nind 3.4 index), residual of T'(t), i.e., T;.s(t), which is free from the linear effect of ENSO is
given by,

Tyes(t) =T — b x ONI(t) (2.6)

where b is the slope of the linear regression between 7'(¢) and ONI(t). This is a linear method
based on linear regression and does not guarantee to remove the influence of ENSO on the target

field completely. It is used in Chapter[5]and its extended variant is used in Chapter 3]

2.2.4 Determination of statistical significance

Thus far, we have discussed various statistical techniques that will be employed in this

thesis. However, a statistic not accompanied by a measure of its significance is not helpful,
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and can often lead to incorrect interpretations. The significance of a statistic is determined by a
procedure called hypothesis testing. The elements of hypothesis testing are: 1) identification of
an appropriate test statistic that is computed from the sample data, 2) defining a null hypothesis,
which usually is that the sample data are a result of chance but not of a systematic process, 3)
defining an alternative hypothesis, which often is that the null hypothesis is not true, 4) obtaining
a sampling distribution that the test statistic follows, assuming that the null hypothesis is true,
and 5) the comparison of the observed test statistic to the sampling distribution. If the test
statistic falls in the improbable region, then the null hypothesis is rejected. Otherwise, the
alternative hypothesis is accepted (Wilks, 2011). These steps will become clear when we apply

the procedure to determine the significance of statistics discussed in the following.

To gauge the significance of composite mean of members (monthly mean SST anomalies
associated with cold AZM events, for example) from a small sample size (n < 30; n is the

sample size or the number of observations), the test statistic ¢ is given by,

_ T~ o
t = SE() 2.7
SE(F) = —— (2.8)

NG
where SE is the standard error, T is the sample mean, 1 is the population mean and s is the
sample standard deviation. The population refers to the collection of all possible values of the
members. The statistic ¢ follows the Student's ¢ distribution with n — 1 degrees of freedom
(the number of independent values of the sample that enter the final calculation of test statistic).
The computation of ¢ as defined in Eq. (2.7), requires the sample standard deviation s which
in turn needs the sample mean & to be calculated. It implies that the number of independent
sample data points entering the computation of ¢ goes down by 1 from n, and hence the value
of degrees of freedom is n — 1. The null hypothesis is that the population mean p is zero, and
the alternative hypothesis is that ;o # 0 because the mean of the anomalies can take either a
positive or a negative value. To account for the possibility of mean going in either direction, the
two-tailed Student's ¢-test is used. The null hypothesis is rejected if the test statistic is greater
than or equal to the critical value of ¢, i.e., t..;, which is associated with a given significance
level. The critical value t..;; can be read from standard ¢-tables. The significance levels of 0.05

(or 5%) and 0.1 (or 10%) are often used. The rejection of null hypothesis here implies that it is
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less probable that the composite mean is the result of chance and conversely, it is probable (at
the specified level of significance) that the mean is a result of systematic process (Von Storch
and Zwiers, [1999; Wilks, 2011} Gonick and Smith, [1993). The level of significance has been

indicated wherever it is used in the thesis.

The test statistic to estimate the significance of difference of means of two composites

for small samples is the same as in Eq. (2.7 except that the standard error in the equation is

given by,
1 1
SE(%; — Z2) = Spool - + — (2.9)
1 2
where,
(n — 1)s?+ (n2 — 1)s3
Shool = 2.10
poot \/ ny +ng — 2 ( )

In Eq. (2.9) and Eq. (2.10), #; and 2, are means of samples of sizes n; and ns, re-
spectively. Further, s; and s, are standard deviations of the samples in the same order. The
test statistic thus constructed follows a t distribution, assuming that the population standard

deviations are equal. The degrees of freedom of this ¢ distribution is 11 + ns — 2 (Wilks, 2011).

In the case of linear correlation, the test statistic is similar to Eq. (2.7, and is given by,

t = 2.11
SE(r)’ 2.11)
where,
1—r2
SE(r) =4/ ——% (2.12)

and r is the sample correlation coefficient given by Eq. (2.I). The null hypothesis is that the
correlation coefficient is zero, implying that there is no association between the two variables,
whereas the alternative hypothesis is that the correlation coefficient is non-zero. The test statistic
in Eq. (2.T1) follows the ¢ distribution and the significance of correlation coefficient can be
determined in the same manner as discussed above (Von Storch and Zwiers, [1999). The two-
tailed Student's ¢-test has been used to determine the significance of the correlation coefficients

throughout this thesis, unless mentioned otherwise.



Chapter 3

Exploring clues of predictability of the
Indian Summer Monsoon Rainfall in the

tropical Atlantic’

In Chapter I} we have discussed the relationship between the Atlantic Zonal Mode and
Indian Summer Monsoon Rainfall as reported by earlier studies including our recent study
Pottapinjara et al.| (2014). However, since both AZM and ISM are contemporaneous, the re-
lationship between the two does not provide us any predictive value for the ISMR. Therefore,
in this chapter, we seek a predictive relationship between the tropical Atlantic and the ISMR
based on the known teleconnections, by exploiting the fact that a great part of the variability of
AZM is explained by ENSO-like dynamics. Our attempt is based on the expectation that any
prior clues of an oncoming AZM event eventually lead to a better forecasing of the monsoon in

advance via the physical pathways discussed in Chapter [T}

' An edited version of this chapter appeared in International Journal of Climatology as Pottapinjara et al.
(2016): ‘Relation between the upper ocean heat content in the equatorial Atlantic during boreal spring and the
Indian monsoon rainfall during June—September’ ©Royal Meteorological Society
Further, Nature India, a publication of Nature Publishing Group, highlighted this work in their article entitled
‘Indian monsoon prediction clues in equatorial Atlantic’ (available athttps://www.natureasia.com/en/
nindia/article/10.1038/nindia.2015.140).
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3.1 Introduction

India's food security and 60% of the employment base depend on rain fed agriculture,
which in turn depends on 80% of the seasonal rainfall received during June-September, i.e.,
Indian Summer Monsoon Rainfall (ISMR). It is well known that the ISMR exhibits significant
interannual variability in both intensity and spatial distribution leading to extreme events like
floods and droughts (e.g., [Parthasarathy et al., |1994; |Gadgil, |2003). Hence, it is of immense
socioeconomic importance to forecast these variations in advance to devise better policies to
mitigate possible disasters and plan for suitable crops. Even though significant improvements
have been made in the simulation and prediction of ISMR, the skill of statistical, atmospheric,
and coupled models in predicting the ISMR leaves a lot to be desired (Rajeevan and Nanjundiah,
2009; (Gadgil and Srinivasan, 2011; Kim et al., 2012). For example, the monsoon predictions
using atmosphere or coupled ocean-atmosphere models by most of the leading centers in the
world could not predict the large deficit in rainfall during the summer monsoon of 2009 (Nan-
jundiah, |2009). Fortunately, steady progress in dynamical seasonal prediction of the ISMR is
being made (Rao et al.,|2019; [Pattanaik et al., 2019). Nonetheless, in addition to the necessary
improvements in the modeling and data assimilation, a critical need is to understand the system
better, particularly on interannual time scales, and identify hitherto undiscovered drivers of the
Indian monsoon variability. As discussed in Chapter [I] earlier studies have examined the influ-
ence of different climate modes on the interannual variability of ISMR (e.g., |Webster and Yang,
1992 Webster et al., 1998)). Among them, El Nifio-Southern Oscillation (ENSO) and the Indian
Ocean Dipole (IOD) are the dominant interannual modes in the tropics. In general, a La Nifia
(an El Nifio) or a positive (negative) IOD event leads to an enhancement (a reduction) of the
ISMR. A strong relationship exists between ENSO (Philander et al.,|1989) and the ISMR (Web-
ster et al.,|1998), even though the relationship is not stationary and depends on the type of ENSO
(Kumar et al., 1999, 2006; Ashok and Saji, 2007). The recent failures of monsoon predictions
in 2012 and 2014 were also accompanied by the unexpected demise of ENSO highlighting the
tenuousness of relying on ENSO for monsoon predictions. Further, ENSO explains only 30%
of the interannual variability of ISMR (Rajeevan and McPhaden, 2004; Gadgil, [2014). It in-
dicates that the development of an ENSO event may not always have its impact on the ISMR.
For example, in the year 1997, a strong El Nifio occurred but the ISMR was normal. This is

demonstrated to be associated with an opposing impact from the co-occurring strong IOD event
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(e.g., Webster et al., |1999; Murtugudde et al., 2000; Ashok et al., 2001, 2004b). Moreover,

there are a few dry and wet years, which cannot be explained by either ENSO or IOD events
(Varikoden and Preethi, 2013). For instance, the ISMR was above normal in 2013, even though
there was no ENSO or IOD event. Hence, it is imperative to find out the influence of other trop-
ical teleconnections to the Indian monsoon, especially during non-ENSO years. This motivates

us to explore any likely skill from another tropical ocean, viz., the tropical Atlantic.

As described in Chapter |1} the Atlantic Zonal Mode (AZM; also called as Atlantic
Nino), a coupled ocean-atmosphere phenomenon from the tropical Atlantic, is similar to ENSO
in terms of coupled dynamics but weaker (Zebiak, |1993; Xie and Carton, [2004; Burls et al.,
2012)). The AZM is phase locked to seasonal cycle and usually peaks during the boreal sum-
mer (June—August; Liibbecke et al., 2010) coinciding with the Indian summer monsoon period
(June—September), although some AZM events can occur later in the fall (Monger et al., [1997;
Okumura and Xie, [2006)). A series of studies have shown that a warm (cold) AZM event can de-
crease (increase) the ISMR (Kucharski et al., 2007, 2008; |Wang et al., | 2009; |Barimalala et al.,
2013b)). In Pottapinjara et al.| (2014)), we have extended these earlier studies by investigating
how the AZM can influence the ISMR by altering the number of monsoon depressions in the

Bay of Bengal which contribute significantly to the ISMR.

Although the existence of a relation between the AZM and ISMR is shown by the earlier
studies as well as in our recent study Pottapinjara et al.| (2014), there is no predictive value
in the SST associated with AZM to ISMR since both of them are active almost at the same
time during boreal summer. Understanding the dynamics of AZM may help us in eventually
deriving a predictive relation for the ISMR. |Keenlyside and Latif (2007) showed the existence
of Bjerknes feedback (Bjerknes, [1969) involving a positive feedback between the zonal winds,
thermocline, heat content, and SST in the equatorial Atlantic in the evolution of AZM, similar to
the case of ENSO. Further, Ding et al.|(2010) showed that variations in upper ocean heat content
(or heat content; see Section |3.3|for details) averaged in the equatorial Atlantic belt precede SST
anomalies in the cold tongue region (6°S—2°N and 20°W-0°W) by 4-5 months. That indicates
a potentially predictive value from heat content to the SST anomalies during the AZM. Hence,
it is worthwhile to examine the changes in heat content in the equatorial Atlantic which precede
the AZM to determine if those changes can foretell the ensuing summer monsoon anomaly

sufficiently in advance. Our interest in the heat content variability in the equatorial Atlantic and
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ISMR is motivated by a study by Rajeevan and McPhaden (2004). They have shown that heat

content or, its equivalent - the volume of warm water in the tropical Pacific, can act as a better
predictor for ISMR with a lead time of at least one season, compared to ENSO SST indices
which do not have any predictive value for the ensuing monsoon rainfall. Moreover, McPhaden
and Nagura (2014) have shown that the heat content in the Indian Ocean equatorial belt can
be a predictor of the IOD development through a mechanism similar to that of ENSO in the
Pacific. They explained these results in the framework of the recharge oscillator theory (Jin,
1997b). However, the relationship between heat content variability in the equatorial Atlantic
and ISMR is not investigated thus far, to the best of our knowledge. The primary objective of
this chapter is to describe and explain the existence and the mechanistic connection between the
heat content and other Bjerkenes feedback components in the equatorial Atlantic, and ISMR.

This might shed some light on the ensuing monsoon, especially during non-ENSO years.

3.2 Relationship between the AZM and ISMR

In Chapter|[I} we have discussed the relation between the AZM and ISMR as reported by
earlier studies and our recent study (Pottapinjara et al.,|2014). However, as will be noted in the
following, the effect of AZM on rainfall over India is not uniform. In this chapter, we pay atten-
tion to the spatial variability of the relationship, and to examine its details, the daily high resolu-
tion (0.25°x 0.25°) gridded rainfall data provided by the India Meteorological Department (Pai
et al., 2014) is used. The method of selection of AZM and ENSO events for the analysis pre-
sented in this chapter is discussed here. The same method is followed in the subsequent chapters
as well. The Atlantic 3 (Atl3; average of SST anomalies over 3°S-2°N and 20°W-0°E) index
that is characteristic of the AZM, is used to identify the AZM events. Whenever the Atl3 index
crosses one standard deviation (0.48°C) during June—August (JJA) season, it is called a warm
(cold) event, if the sign of the anomalies is positive (negative) (Burls et al., 2012). The Atl3
index is based on the detrended Hadley Centre Sea Ice and Sea Surface Temperature (HadISST)
product (Rayner et al., [2003)). Due to the constraints posed by the availability of different data
sets, we will restrict ourselves only to the period 1975-2010. During this period, AZM cold
events are found to occur in years 1976, 1978, 1982, 1983, 1992, 1994, 1997, and 2005 (a total
of 8), and warm events during 1984, 1987, 1988, 1995, 1996, 1998, 1999, 2008, and 2010 (a
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Figure 3.1: Differences of composites of rainfall (mm) between the cold and warm events of (a)
AZM, (b) AZM only (excluding those co-occurring with ENSO), (¢c) ENSO and (d) ENSO only
(excluding ENSO events co-occurring with AZM). The two regions selected for the analysis,
i.e., Central India (15°N-26°N and 76°E—85°E; black box) and the Western Ghats (10°N-23°N
and 72.5°E-75.5°E; pink box) are shown in (b). The contours in black color indicate 10%
significance level.

total of 9). Following the same criterion for selecting ENSO years as for AZM, but using ONI
index (SST anomalies averaged over 5°S-5°N and 170°W-120°W; standard deviation 0.5°C),
years of La Nifia events are identified to be 1975, 1985, 1988, 1998, 1999, 2000, and 2010 (a
total of 7); and, El Nifio events to be 1982, 1987, 1991, 1997, 2002, 2004, and 2009 (a total
of 7) (consistent with the list of ENSO events given at http://www.cpc.ncep.noaa.
gov/products/analysis_monitoring/ensostuff/ensoyears.shtml). It can
be noted that there are some years in which both the AZM and ENSO occurred. The cold AZM
events which did not occur along with ENSO are 1976, 1978, 1983, 1992, 1994, and 2005 (a
total of 6), and the warm events independent of ENSO are 1984, 1995, 1996, and 2008 (a total
of 4). The differences (cold—warm) between seasonal (June—September) composites of rain-
fall over India during the cold and warm AZM years, including and excluding the co-occurring

ENSO events are shown in Fig. [3.Th and Fig. [3.1b, respectively.
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Figure 3.2: The lead-lag correlations between ONI index, and rainfall over Central India (blue)
and the Western Ghats (red) before (thick line) and after (dashed) removing the effect of ENSO

over the respective regional rainfall. The dashed straight lines indicate the 10% significance
level for the correlations using the two-tailed Student's t-test.

Consistent with the earlier studies (Kucharski et al., 2007, 2008, 2009; Pottapinjara et al.,
2014), Fig. [3.1a and Fig. [3.1b clearly depict the relationship between the AZM and ISMR with
enhanced (reduced) rainfall in the lower parts of the Western Ghats and over Central India but
with decreased (increased) rainfall over northeastern India and southeastern India during a cold
(warm) AZM event. Similar maps of difference (La Nifia—El Nifio) of seasonal composites of
rainfall over India during La Nifia and El Nifio phases of ENSO including and excluding the
co-occurring AZM events are shown in Fig. and Fig.[3.14d, respectively. From the figure, it
can be seen that the spatial patterns of rainfall composites for the AZM (Fig.[3.Th and Fig.[3.1b)
and ENSO (Fig. 3.1k and Fig. [3.1d) are different. It is also clear from the figure that the spatial
pattern of rainfall for the AZM where ENSO years are excluded (i.e., for only non-ENSO AZM
events; Fig. [3.Ip) becomes more prominent. From this, we can discern that the AZM does
affect the rainfall over India independently of ENSO, and its effects are not homogeneous over
India. To capture the variation of the influence of AZM over rainfall, two dominantly affected
regions, i.e., Central India (15°N-26°N and 76°E-85°E; shown as a black box in Fig. )
and the Western Ghats (10°N-23°N and 72.5°E-75.5°E; shown as a pink box in Fig. [3.1p), that
show significant difference in rainfall between the cold and warm phases of AZM, are selected

to analyze the problem further.

It is well known that ENSO is a dominant phenomenon remotely affecting the Indian
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monsoon. The lead-lag correlation analysis between the rainfall over Central India and the
Western Ghats (regions shown in Fig. [3.1p), and the ONI index yields (Fig. significant
correlations both in the present and previous year's monsoon seasons. The previous year's
monsoon correlations represent the cyclic nature of the correlation pattern between the rainfall
and ENSO (Rajeevan and McPhaden,|[2004)). In order to highlight the relation between the AZM
and monsoon rainfall, the effect of ENSO on rainfall needs to be removed first. The details of a
statistical method that can remove the effect of ENSO on the rainfall in both seasons are given
here. The method to remove simultaneous effect of ENSO on a given target field as described
in Section|2.2.3] is extended here to serve our purpose. The effect of ENSO on June—September
(JJAS) rainfall time series is removed by taking JJAS ONI index (or Nifio 3.4 index) both during
the previous, and present monsoon seasons as shown in Eq. (3.1). In the equation, the SST leads
are with respect to the JJAS rainfall during the present monsoon season. The residual time series

of rainfall which is free from the linear effect of ONI index is given by,

Rainfall,.s = Rainfall — Slopey x ONI(present) — Slopey X ON I,..s(previous), (3.1)

where,

ON I, s(previous) = ONI(previous) — Slopes x ON I (present)

In Eq. (3.1)), Slope; and Slope, are the least square regression fit slopes between the rainfall, and
ONI index during the present monsoon season and ON I,..s(previous) (residual of ONI index
in the previous monsoon season that is uncorrelated with ONI index in the present monsoon
season), respectively. And, Slopes is the slope of the least square regression fit between ONI
index in the present and previous monsoon seasons. The second term in the equation (involving
Slopesy) accounts for the effect of ONI index of the previous season on rainfall that is not related
to ONI index of the present season. Correlating the residual of JJAS rainfall anomaly time series
with the ONI index confirms that the correlations after removing the effect of ENSO are well
below the significance levels (Fig. [3.2)). These residual rainfall time series of the two regions
are used in the analysis. If we wish to keep it simple by removing the influence of ENSO on
ISMR only during the present season, the results presented in this chapter still hold although
the strength of correlation might drop. As mentioned already, in this chapter, we have used
the method described above (Eq. (3.1))), to account for the biennial relation between ENSO and

ISMR involving cyclic correlations (Webster et al., [1998).
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Figure 3.3: a) The time series of JJA Atl3 (blue line) and JJAS rainfall over the Western Ghats
and Central India before (line) and after (dashed line) removing the influence of ENSO on the
rainfall. While the rainfall over the Western Ghats is marked in black, that over Central India is
marked in red. All time series are normalized by their respective standard deviation.

Central India rainfall versus JJA Atl3 | Western Ghats rainfall versus JJA Atl3
—0.15 —0.29
After removing the ENSO effect over the respective rainfall
—0.34 —0.35

Table 3.1: Correlation coefficients between JJA Atl3 index and JJAS rainfall anomalies over
Central India (15°-26°N and 76°-85°E) and Western Ghats (10°-23°N and 72.5°-75.5°E) be-
fore and after removing the effect of ENSO on the respective rainfall series. The coefficients
marked in bold are significant at the 10% level.

Resuming our discussion on the relation between the AZM and ISMR, Fig. [3;5] shows the
JJA Atl3 index, and JJAS rainfall anomalies averaged over the Western Ghats and Central India
(as shown in Fig.[3.1)), before and after removing the effect of ENSO over the respective regional
rainfall time series following the method described above. Further, simultaneous correlations
among the time series are presented in Table [3.1] From the table, it may be noted that the
correlations (—0.15 over Central India; —0.29 over the Western Ghats) improve and become
statistically more significant after removing the effect of ENSO (—0.34 over Central India;
—0.35 over the Western Ghats) over the respective rainfalls. It may also be noted that the sign

of correlations agrees with the difference of seasonal composites of rainfall maps presented in
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Fig. and Fig. and also is consistent with our result from (Pottapinjara et al., 2014). In

addition, it implies that the AZM can explain about 12% (square of the correlation coefficient)
of variability of the rainfall over the Western Ghats or Central India after removing the effect of
ENSO on rainfall. Given the shortage of reliable predictors of ISMR when there is no ENSO
event, it is worthwhile to pursue the study of the linkages between AZM and ISMR, and any
potential lead relationship for the AZM may eventually translate into a predictive signal of the

ISMR.

3.3 Evolution of the zonal wind, heat content and SST in the

equatorial Atlantic associated with AZM

Having shown the existence of a relation between the AZM and ISMR and its spatial
variability, we seek indicators portending the SST anomalies associated with AZM which might
serve as predictors for ISMR anomalies. To see if any lead-time indicators exist for an impend-

ing AZM event, dynamics associated with the AZM are examined in the below.

A dynamical positive feedback between the winds, SST and thermocline depth was pro-
posed by Bjerknes to explain the growing phase of ENSO (Bjerknes, 1969) as discussed in
Chapter |1} In an equatorial ocean basin where the normal conditions are characterized by a
warm pool in the west and a cold tongue in the east, the feedback can be explained as fol-
lows. A warm SST anomaly in the east (produced by local reduction in upwelling or a remotely
driven deepening of the thermocline, typically by a Kelvin wave from the west), weakens the
temperature gradient between the western warm pool and the eastern cold tongue, which fur-
ther weakens the easterly trade winds. Weakened trades will further weaken the upwelling and
surface cooling, and allow the warming to persist or grow in the east driving a positive coupled
ocean-atmosphere feedback that needs to be terminated by other processes (Wang and Picaut,
2004).The relations between these three components of the Bjerkenes feedback are examined

below in the context of AZM.

To show the changes in wind field associated with the Bjerknes feedback in the equatorial
Atlantic, the National Centers for Environmental Prediction’s (NCEP) Reanalysis-2 product for

wind (1979-2010; [Kanamitsu et al., 2002) is used. The upper ocean heat content per unit area
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Figure 3.4: Spatial correlations between the anomalies of (a) SST in the Atl3 region and zonal
winds, (b) western equatorial Atlantic (3°S—3°N and 40°W-20°W; WEA) zonal winds and heat
content, (c) eastern equatorial Atlantic (3°S-3°N and 5°W-10°E; EEA) heat content and SST,
and d) monthly lead-lag correlations between anomalies of SST in the Atl3 region and WEA
zonal wind (black), WEA zonal wind and EEA heat content (red) and EEA heat content and
Atl3 (blue). The zonal winds are taken at 850 hPa level. In spatial correlation plots (a, b and ¢),
contours of 20% and 10% significance are indicated in pink and black colors respectively and
in (d), the level of 10% significance is indicated by a pink dashed line. The correlations over
land are masked in (a) to highlight the same over the ocean. The black box in (c) indicates the
Atl3 region.

above 20°C isotherm (‘heat content’ hereafter) is synonymous with the thermocline depth and
is given by Eq. (3.2). The heat content is calculated using ocean temperature data obtained from

the Simple Ocean Data Assimilation (SODA) v2.2.4 (Carton and Giesel, 2008).

1 2(T=20°C)
ZQM = pC, / T(z)dz (3.2)
z=0m

In Eq. (@, Q0t 1s the total heat content; A is the surface area; p is the density of water; C), is
the specific heat of water; 7' is the temperature of water; and, z is the depth of the ocean. Spatial
correlations between the anomalies of low level zonal wind (850hPa), heat content and SST are

shown in Fig.[3.4] The correlations between the Atl3 index and low level zonal wind anomaly
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presented in Fig. tell us that warm SST anomalies in the Atl3 region are associated with
positive wind anomalies in the western equatorial Atlantic (WEA; 3°S-3°N and 40°W-20°W).
The zonal wind anomalies averaged over the WEA are positively correlated with heat content
anomalies in the eastern equatorial Atlantic (EEA; 3°S—-3°N and 5°W-10°E; Fig. @b), which
indicates that westerly (easterly) zonal wind anomaly in the WEA drives an enhancement (a
reduction) of heat content in the EEA. The heat content anomalies averaged in the EEA are
positively correlated with SST anomaly in the Atl3 region (Fig.[3.4k) indicating that anomalous
increase in heat content in the EEA is tied to an increase in SST in the east, likely through
thermocline-mixed layer interactions. From Fig. [3.4p, Fig. 3.4b, and Fig. [3.4k, note that the
three components (the wind anomalies in the WEA, heat content anomalies in the EEA, and
SST anomalies in the Atl3 region) can potentially work together to form a positive feedback.
Also, note that these are all simultaneous correlations and do not give us any clue on the possible
leads or lags. Monthly lead-lag correlations between the three components shown in Fig. [3.4d
indicate a lag of one month in peak correlations both between SST in the Atl3 region and winds
in the WEA, and between winds in the WEA and heat content in the EEA. It also shows a lag
of about one month in the peak correlation between heat content in the EEA and SST in the
Atl3. These different correlations are significant with at least two months lead. These results
are consistent with |[Keenlyside and Latif (2007)) where the Bjerkenes feedback is shown to be at
work in the tropical Atlantic as in the case of ENSO but with a weaker intensity. All these are
monthly correlation analyses from which we can say with confidence that the development of

an AZM event involves coupled ocean-atmosphere feedbacks.

To gain more confidence in the causal links, monthly composite analyses of the three
components mentioned above are presented in Fig. [3.5]for both the cold and warm AZM events.
In the figure, during a cold (warm) AZM event, the low level zonal winds in the WEA reaches
its farthest in April (May) followed by the heat content in the EEA in May (June) and SST in
the Atl3 region in June (June). From the above and Fig. [3.4] it may be argued that during a
warm (cold) AZM event, anomalous westerlies (easterlies) in the western equatorial Atlantic
lead to an anomalous increase (decrease) in heat content in the EEA with a lag of one month.
It can be further argued that the anomalies in the heat content are reflected in SST in the Atl3
region within one month's time which in turn feeds back to winds in the WEA, thus completing
a positive feedback loop. It can be noticed that zonal surface winds in the EEA become the

strongest (weakest) in June (June) during the cold (warm) events of AZM acting as a dampening
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Figure 3.5: Evolution of composites of anomalies of western equatorial zonal wind (red), east-
ern equatorial zonal wind (pink), eastern equatorial heat content (black) and SST in the Atl3
region (blue) during the warm (a) and cold (b) events of AZM. All the fields are normalized
before compositing. The zonal winds are taken at 850 hPa level. The peaks of different fields
plotted are marked as vertical lines in their respective colors. The statistical significance of the
composites at the 10% is indicated by circles in their respective colors.

factor in the feedback loop. Once again, the chain of events in the feedback loop agrees well

with Keenlyside and Latifl (2007).

The most important observation from Fig.[3.5]is that the development of different signals
during the cold and warm AZM events is clearly distinct, and it is indicative of the impending
AZM event as early as early spring itself. This suggests that wind anomalies in the WEA and
heat content anomalies in the EEA during boreal spring might offer potential predictability of
the development of an AZM event in the ensuing summer. Hence, the key question is whether
this information can provide some clue on the ISMR anomalies associated with AZM. The
relationship between equatorial Atlantic winds and heat content, and the ISMR is examined

below.
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3.4 Relationship between the ISMR, and the variability of

heat content and winds in the equatorial Atlantic in bo-

real spring

The spatio-temporal evolution of correlations between the heat content in the Atlantic,
and JJAS rainfall anomalies over Central India and the Western Ghats, before and after remov-
ing the effect of ENSO over the respective rainfall time series are shown in Fig. [3.6] (Fig. [3.6p
and Fig. [3.6p: Central India; Fig. [3.6c and Fig. [3.6d: the Western Ghats; see Section [3.2] for
the details of method to remove the effect of ENSO over rainfall). It is evident from the figure
that consistent signals are present in the eastern equatorial Atlantic Ocean in nearly the same
regions as in Fig.[3.4b. The correlations of the equatorial Atlantic heat content with ISMR over
both the regions start to build up from January and become strongest in February and March and
weaken later. It can also be seen that the correlations further improve after removing the effect
of ENSO on rainfall (Fig. [3.6b and Fig. [3.6{d). It is worth re-emphasizing that the correlations
between the rainfall and Atl3 SST also improve similarly as shown in Table[3.1} After removing
the effect of ENSO over respective rainfall time series, the correlations between the heat con-
tent and rainfall over the Western Ghats persist from January to May, whereas the correlations
between rainfall over Central India and heat content, get weaker in April and May. However,
this figure clearly indicates that the heat content in the EEA in January—May may hold some
clues for the summer rainfall anomalies over these Indian land regions. The Bjerknes feedback
component that precedes the heat content in the Atlantic as shown in Fig. [3.5]is the anomalous
westerly surface winds in the WEA. Similar to Fig. the correlations between the low level
(850hPa) zonal winds and rainfall are shown in Fig. For rainfall over the Western Ghats,
there are clear signals in low level zonal winds in the WEA, both before and after removing
the effect of ENSO. However, for Central India rainfall, after removing the effect of ENSO,
there seems to be some association with the low level wind in the WEA in April and May, but
it is comparatively weaker than that for the Western Ghats. From the above analysis, it may be
concluded that low level winds in the WEA may be a potential predictor for rainfall anomalies

over Western Ghats and Central India one season in advance.

Synthesizing the different arguments made above, we can state that the coherent changes

in low level zonal winds, heat content, and SST (Bjerkenes feedback) precede an AZM event
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Figure 3.6: Monthly correlations, during January—May, between anomalies of heat content and
JJAS rainfall anomalies over Central India (a and b), and the Western Ghats (c and d), before (a
and c) and after (b and d) removing the effect of ENSO on the respective regional rainfall during
the monsoon season. Correlations above 10% significance level around the equator are shown
in black contours. This figure is consistent with Fig. which is repeated using a different
dataset to demonstrate the robustness of the results across datasets.

as shown in Fig. [3.4] and Fig. [3.5] The extant relation between the AZM and ISMR is shown
in Table [3.T)and is consistent with the earlier studies discussed in Chapter [T} The Bjerknes feed-
back components of heat content in the EEA and surface zonal winds in the WEA during Jan-
uary—May are shown to be related to the rainfall over India in June—September in Fig. [3.6 and
Fig.[3.7] In addition, it is also shown that the relationship improves after removing the effect of
ENSO over the rainfall. In summary, we can conclude that by tracking the zonal surface winds

in the WEA and heat content and SST in the EEA, we may gain some short lead-time potential
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Figure 3.7: Monthly correlations, during January—May, between anomalies of low level winds,
and JJAS rainfall anomalies over Central India (a and b), and the Western Ghats (c and d), before
(a and b) and after (b and d) removing the effect of the ENSO on the respective regional rainfall
during the monsoon season. The contours of 20% and 10% significance levels are indicated
in pink and white colors, respectively. Correlations over land are masked to highlight the same
over the ocean. This figure is consistent with Fig.[A.2|which is repeated using a different dataset
to demonstrate the robustness of the results across datasets.

predictability in monsoon anomalies, especially during non-ENSO years.

It may be worthwhile to sum up different analysis methods used in this chapter to allevi-
ate any confusion. The major analysis techniques used are the linear correlation and composite
analysis which have been discussed already in Chapter [2] Fig.[3.Tand Fig. [3.5] are the result of
composite analysis whereas Fig. [3.2] Fig.[3.4] Fig.[3.6 and Fig. 3.7 are obtained using linear
correlation analysis. In the composite analysis, the AZM (or ENSO) years are used includ-

ing or excluding the other to elucidate the distinct patterns in different fields associated with
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the AZM (or ENSO). The linear correlation analyses (Fig. Fig. and Fig. are per-

formed with the total time series. To clearly depict the impact of AZM that is otherwise masked
by ENSO, Eq. (3.1) is used to remove the effect of ENSO from the rainfall, as ENSO confounds
the analysis in the full time series. The residual rainfall time series is used for further correlation

analysis.

3.5 Summary and Discussion

Several recent studies have highlighted the relationship between the AZM and ISMR
(e.g., Wang et al., [2009). The SST anomaly associated with the AZM in the eastern equato-
rial Atlantic affects the ISMR via both dynamical and thermodynamical pathways as reported
in earlier studies (Kucharski et al., 2009; Pottapinjara et al., 2014). Extending these earlier
studies, in Pottapinjara et al. (2014), we have examined how the AZM influences the ISMR
by modulating the frequency of monsoon depressions in the Bay of Bengal. In this chapter,
we have attempted to find a potential predictor that may give some indication of the ensuing
AZM event in the Atlantic which might in turn offer predictive value for the ISMR. As shown
by (Keenlyside and Latif, [2007), Bjerknes feedback is the dominant causative mechanism for
the evolution of AZM events. Consistent with earlier studies, we find that the evolution of low
level zonal winds, heat content, and SST are different for warm or cold AZM events starting as
early as boreal spring of the same year. Importantly, our analysis shows that the upper ocean
heat content in the eastern equatorial Atlantic and zonal surface winds in the western equato-
rial Atlantic during boreal spring season are indicators of an impending AZM event. This in
turn should provide us with valuable early clues to an imminent ISMR anomaly through the
AZM's impact on monsoon depressions and via its teleconnection to the monsoon with a rea-
sonable lead-time. We believe that these novel causal linkages offer a testable hypothesis for the
state-of-the-art coupled climate models used to forecast the Indian summer monsoon, especially

during non-ENSO years.

Our analysis shows that there is a clear and consistent correlation between the rainfall
over the Western Ghats, and heat content and low level zonal winds in the equatorial Atlantic
(Fig. [3.6d and Fig. 3.7d). However, the same cannot be observed in the case of correlation
between rainfall over Central India and equatorial Atlantic zonal winds (Fig.[3.7b) although the
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correlation is a bit more convincing between the heat content and the rainfall (Fig. [3.6b). This
may be because the rainfall over Central India has several contributing factors like the monsoon
depressions in the Bay of Bengal and the direct moisture transport by the southwest monsoon
winds (see Chapter 3 of Pant and Kumar, [1997). The rainfall distribution over India is not
uniform and different mechanisms may be operating in determining the rainfall over different
parts of India (e.g., Raol 1976} Krishnamurthy and Shuklal 2000; Vecchi and Harrison, 2004).
As depicted in Fig. [3.1] the influence of AZM too is not uniform over India and that might
explain why there is a difference in correlations with rainfall over Central India and the Western
Ghats (Fig. and Fig. [3.7). For example, a relation between the heat content of the eastern
Indian Ocean and monsoon droughts was reported by (Krishnan et al., 2006)). It is possible that

the impact of AZM on ISMR is not only confounded by ENSO but also by the IOD.

Although different generation mechanisms of AZM have been proposed (Enfield and
Mayer, |1997; Latif and Grotzner, 2000; Huang et al., 2002; Foltz and McPhaden, 2010; |Liibbecke
et al., 2010; Lubbecke, 2013} Liibbecke et al., [2014), none of them can explain the occurrence
of all AZM events. Hence, in a sense, the total interannual variability of the equatorial Atlantic
can be said to be achieved only through the synthesis of different mechanisms. However, at the
heart of almost all of these mechanisms lies the Bjerknes feedback, which is often initiated by a
wind anomaly in the western equatorial Atlantic, and is found to explain most of the variability
associated with AZM. In this chapter, we are primarily interested in the coherent changes in
different components of the Bjerknes feedback that may foretell the occurrence of AZM events

and thereby the ISMR, specifically during non-ENSO years.

Our findings are essentially consistent with |Ding et al.| (2010) in that the heat content
anomalies in the equatorial Atlantic precede the changes in Atl3 SST associated with the AZM.
In addition, the existence of a relationship between the AZM and rainfall over India is reported
by some earlier studies (e.g., [Kucharski et al.,[2008)) as well as in our recent study Pottapinjara
et al. (2014)). Naturally, as one would expect, a predictive value for the Indian monsoon in the
heat content in the equatorial Atlantic is of utmost importance, especially during non-ENSO
years, and is indeed shown to exist by our analysis. Unfortunately, with our current analysis,
why the correlations between the seasonal (JJAS) mean rainfall and the heat content in the
EEA drop in May (Fig. cannot be explained. These require some sensitivity experiments

with models and this analysis can be performed with forced ocean and coupled climate models
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separately but we will not pursue this problem in this thesis.

Unlike Ding et al.[|(2010), the local relation we seek between the EEA heat content and
SST is driven by maximum correlation specifically for predictive value to ISMR. It should be
noted that the local and remote forcing of the thermocline variability in the EEA and the east-
west contrast (Busalacchi and Picaut, |1983) is lost in the analysis of (Ding et al., 2010) due to
their averaging of the heat content over the tropical Atlantic and thus the lead time of their heat
content with the AZM is about a season in contrast to the one-month lead we find here between
the EEA heat content and the AZM. The role of the Bjerknes feedback and the east-west contrast
we report must play a role in determining the anomalous ITCZ position and the strength of the
correlation between the meridional and zonal modes and thereby the link between the ITCZ and

Indian monsoon. This aspect partly motivates our effort presented in Chapter

In our analysis, the composite evolution of different components of the Bjerknes feed-
back of the warm AZM events does not appear to be a mirror image of that of cold events
(Fig.[3.3). It may be due to differences in the timing and strength of the associated cold tongue.
The possibility of other processes playing a role in generating AZM warm events and the likely
absence of Bjerknes feedback in some events might be a reason why composites of winds and
heat content for the warm AZM events do not appear so smooth (Fig. [3.3). This possibility is

addressed in part in Chapter [4]



Chapter 4

Asymmetric relation between boreal
spring position of Atlantic Inter-tropical

Convergence Zone and Atlantic Zonal

Mode

In Chapter [3| by taking the advantage of the inherent Bjerknes feedback mechanism of
the Atlantic Zonal Mode (AZM), we have shown that the early signs of an AZM event in surface
zonal winds and heat content in the equatorial Atlantic during boreal spring can give us valuable
clues to the ensuing Indian Summer Monsoon (ISM) through the teleconnections discussed in
Chapter|ll Extending that effort in this chapter, we examine the relationship between the AZM
and the meridional movement of the spring Atlantic Intertropical Convergence Zone (ITCZ),
another precursor to the AZM. Additionally, we gain some important insights into different
causative mechanisms of AZM including that in which spring ITCZ movement plays a crucial
role. These results can be expected to enhance our understanding of the AZM as well as that
of chronic model biases and contribute ultimately to the predictability of the ISM, among other

things.

'An edited version of this chapter appeared in Journal of Climate as Pottapinjara et al. (2019): ‘On the
Relation between the Boreal Spring Position of the Atlantic Intertropical Convergence Zone and Atlantic Zonal
Mode” © American Meteorological Society
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4.1 Introduction

It is well known that the interannual variability of the Indian Summer Monsoon Rainfall
(ISMR) is governed by both internal dynamics and external factors such as El Nifio-Southern
Oscillation (ENSO; Sikka, [1980; Keshavamurty, 1982; Mooley and Parthasarathy, |1984; Phi-
lander et al., |1989; [Webster et al., 1998)), Indian Ocean Dipole (I0D; Saji et al., |1999; Behera
et al.,|1999; Ashok et al., 2001; [Slingo and Annamalai, 2000), the dominant interannual modes
in the tropical climate. As discussed in Chapter [I] the Atlantic Zonal Mode (AZM), akin to but
weaker than ENSO (Zebiak, [1993), i1s active during boreal summer (June—August) contempo-
raneous with the Indian Summer Monsoon (ISM). It has been shown to influence the ISMR by
recent studies (Kucharski et al., 2008, 2009; [Wang et al., 2009; Pottapinjara et al., 2014} Richter
et al., 2014; Kucharski et al., 2016;[Yadav,2017) as well as in Chapter@ The warm (cold) phase
of AZM tends to reduce (enhance) rainfall over India with its effect being especially significant
when there is no co-occurring ENSO event (Chapter [3; Wang et al., 2009). On the other hand,
the AZM can sow the seeds for the development of an ENSO event (Rodriguez-Fonseca et al.,
2009; Ham et al., 2013; Martin-Rey et al., [2015; Kucharski et al., 2016). Therefore, an en-
hanced understanding of different causative mechanisms of AZM will aid in better prediction

of the ISM as well as a better understanding of ENSO dynamics, among other things.

In addition to the AZM, the interannual variability in the tropical Atlantic is dominated
by the Atlantic Meridional Mode (AMM; Nobre and Shukla, [1996; |(Chiang and Vimont, 2004;
Xie and Cartonl [2004), which is active during boreal spring. It is characterized by SST anoma-
lies of opposite sign on either side of the equator (Fig. see Section for the definition).
The two modes, AMM (active in boreal spring) and AZM (active in boreal summer), are related
via the meridional displacement of the Inter-tropical Convergence Zone (ITCZ) in boreal spring
(Servain et al., [1999; Murtugudde et al., 2001). These early studies indicate that the anoma-
lous meridional movement of ITCZ during spring is an important precursor to the AZM. The
factors that influence the variability of the boreal spring ITCZ are discussed in the following.
Chiang et al.| (2002) attribute the variability of the ITCZ position in the Atlantic to two factors,
namely, the cross-equatorial SST gradient (or AMM) and the remote forcing from the equato-
rial Pacific through ENSO. The SSTs in the tropical North Atlantic (TNA), the northern lobe
of AMM, can be influenced by ENSO (e.g., Huang, [2004; Amaya and Foltz, 2014}, among

other things. The TNA SST warming occurs a season after the mature phase of ENSO warm
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event (Enfield and Mayer, |1997; |Giannini et al., 2000; |Yang et al., 2018]). The role of AMM

in the meridional movement of the ITCZ during spring has already been discussed in previous
studies (Servain et al., [1999; Murtugudde et al., 2001). Apart from reiterating the importance
of AMM, |Chiang et al.| (2002) suggest that ENSO can also modulate the meridional position
of the ITCZ during spring in the Atlantic through Walker circulation. An El Nifio peaking
in boreal winter suppresses convection over equatorial Atlantic in the following spring via the
descending branch of anomalous Walker circulation. Without presenting the details, they note
that as a secondary effect of the suppression of rainfall over the equatorial Atlantic, the ITCZ
moves north. Lee et al.| (2008) stress the importance of persistence of the tropical Pacific forc-
ing into boreal spring in determining the tropical north Atlantic (TNA) SST and thus the ITCZ
movement. (Garcia-Serrano et al.| (2017) suggest that ENSO influences TNA SST through a
remote secondary Gill-type mechanism. In this mechanism, for example, a decaying El Nifio
that persists into boreal spring can suppress the convection over the deep tropical Atlantic and
generate two upper-level cyclonic circulations as though a heat sink is located over the same
region. From the above we conclude that the Atlantic ITCZ during spring can be affected di-
rectly (without much time lag) by AMM and also via convective processes by a decaying ENSO
(Neelin and Su, 2005)), or indirectly (with a time lag of few months) via TNA variability (Czaja
et al., 2002; |Czaja and Frankignoul, 2002; Wu and Liu, 2002; |Yang et al., [2018)). Putting it in
the context of the relationship between the AMM, ITCZ and AZM we mentioned earlier, the
ITCZ captures different remote influences apart from the influence of AMM and preconditions
the development of the AZM. Hence, in this chapter, we focus on the spring ITCZ movement

rather than on AMM.

As mentioned earlier, the meridional movement of the Atlantic ITCZ during spring is
an important precursor to the AZM. The relation between the two concisely is that the spring
ITCZ migration, through the resulting spring zonal wind anomalies over the equator, triggers
the Bjerknes feedback and leads to an AZM event in the following summer. The Bjerknes
feedback involves western equatorial Atlantic zonal wind anomalies forcing thermocline depth
variations in the eastern equatorial Atlantic which then influence the SST anomalies in the east
which in turn positively feedback to the wind anomalies (Keenlyside and Latif, 2007). The
correlation between the ITCZ position during spring and concurrent western equatorial Atlantic
zonal winds is —0.82, significant at 5% level (see Table and Section for details). Given

the apparent criticality of the spring western equatorial Atlantic zonal winds in the formation of
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Figure 4.1: Regressions of the Atlantic Meridional Mode (AMM) index onto March—May
anomalies of SST (°C) and winds (ms™). See Section for the definition of AMM index.

an AZM event, it may appear that the relation between the spring ITCZ and AZM is quite robust.
However, the correlation between spring ITCZ and Atlantic 3 SST index (Atl3; see Section @]
for definition) that characterizes the AZM reduces to a moderate —0.34, still significant at 5%
level but just above the threshold of significance (Table 4.I). This raises an interesting set
of questions: what causes the drop in correlations? Is there a limiting factor in the Bjerknes
feedback chain that may explain the drop? Does the relation hold equally well for both cold
and warm AZM events? In other words, is the ITCZ-AZM relation symmetric? More broadly,
are the generation mechanisms of warm AZM events the same as that of cold events? This
question is motivated by a result from ENSO diversity studies which highlight that the there is
more diversity in the warm events in the tropical Pacific (El Nifio) and that differences between
the cold events (La Nifia) are subtle (Kug and Ham, 2011} |Ren and Jin, 2011; Capotondi et al.,
20155 (Chen et al., 2015; |Ashok et al., 2017; Timmermann et al., 2018)). With regard to the
questions we have raised, a few recent reports make a passing mention of this knowledge gap

as discussed below.

Notably, extending the earlier studies (Servain et al., 1999; Murtugudde et al., 2001),
a recent study by [Foltz and McPhaden| (2010) shows that the equatorial zonal winds caused
by positive AMM (anomalously warm north and/or cold south; Fig. 4.1)), force off-equatorial
oceanic Rossby waves which are reflected as downwelling Kelvin waves from the western equa-
torial Atlantic opposite in sign to the directly forced Kelvin waves. The reflected downwelling

Kelvin waves in turn terminate the AZM warm event towards the end of summer. The conclu-
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CC CC

MAM AMM vs MAM ITCZ 0.81 MAM AMM vs JJA Atl3 —0.31
MAM ITCZ vs MAM zonal wind | —0.82 MAM ITCZ vs JJA Atl3 —0.34
MAM zonal zind vs AMJ EEA HC 0.65 MAM zonal wind vs JJA Atl3 0.54
AMJ EEA HC vs MJJ WEA HC —0.69 AMJ EEAHC vs JJA Atl3 0.50
MJJ WEAHC vs JJA Atl3 —0.43

Table 4.1: Correlation Coefficients (CC) between different parameters averaged over different
months (MAM: March—May; AMJ: April-June; MJJ: May—July; JJA: June—August). AMM:
Atlantic Meridional Mode; AZM: Atlantic Zonal Mode; zonal wind: central to western equa-
torial Atlantic zonal winds; EEA HC: Eastern Equatorial Atlantic Heat Content; WEA HC:
Western Equatorial Atlantic Heat Content; ITCZ: Inter-tropical Convergence Zone. See Sec-
tion @ and Fig. @ for the regions over which different parameters are averaged.

sion of [Foltz and McPhaden| (2010) that AMM and AZM are related, is from a correlation anal-
ysis which is insensitive to the asymmetry, if any, in the relation. With regards to differences
between cold and warm AZM events during their lifetime, Liibbecke and McPhaden| (2017)
show, based on a composite analysis, that the Bjerknes feedback components of cold events are
mirror images of those of warm events, i.e., AZM is essentially symmetric. However, |Liibbecke
and McPhaden! (2017) do not rule out the possibility of existence of an asymmetry in forcing
of cold and warm events. While the former study did not raise the question of existence of any
asymmetry between the ITCZ (or AMM) and AZM, the latter did not rule out such a possi-
bility. Putting these in context, almost all of these previous studies imply that the anomalous
northward (southward) shift of the ITCZ in spring can lead to a cold (warm) AZM event, which
implicitly implies a symmetric relation between the ITCZ in spring and AZM. Further, the stud-
ies on the diversity of generation mechanisms of AZM are absent, to the best of our knowledge.
Hence, despite the above mentioned studies, the questions we raised remain unanswered and we
attempt to address them in this study. These answers should contribute to the predictability of
the monsoon (ISM), especially during non-ENSO AZM years by improving our understanding
of the AZM which is shown to influence the ISM in Chapter 3]

It may be recollected that in Chapter [3] we have shown that from the early signs in the
zonal wind and heat content in the equatorial Atlantic in boreal spring, an oncoming AZM
event may be foretold which might in turn give us clues about the ISMR one season in advance.
However, the causative mechanisms that trigger wind anomaly in the equatorial Atlantic which

is a necessary factor for the development of AZM are not yet fully understood. Understanding
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different causative mechanisms of AZM events may contribute to the predictability of the ISMR
by providing any signals that stretch further back in time giving an advanced warning of a forth-
coming AZM event and thus of the impact on ISMR. It may also contribute to the knowledge
of different biases that can arise in the coupled models especially those that are used to forecast

the monsoon and thereby provide process understanding for the improvement of such models.

4.2 The relevance of AMM and spring ITCZ to the AZM

As already discussed above, studies such as [Servain et al. (1999), Murtugudde et al.
(2001)), and [Foltz and McPhaden| (2010) demonstrate the existence of a relationship between the
AMM, ITCZ, and AZM. This relation is shown in Tableas well but before going into details,
we breifly discuss here the indices of AZM, AMM, and ITCZ, and the datasets used to obtain
those indices. In this chapter, we have used the same method of identifying the AZM events
and the SST data product (HadISST; [Rayner et al., 2003) as in Chapter [3] (see Section [3.2).
As discussed in Chapter [3| a warm (cold) AZM is considered to occur in any year when the
June—August average of Atl3 index exceeds (falls below) +1 (—1) standard deviation (Zebiakl,
1993; Burls et al., 2012)). Following this definition, during the study period (1979-2013), we
identify nine warm AZM events which occurred in 1984, 1987, 1988, 1995, 1996, 1998, 1999,
2008, and 2010 and six cold AZM events in years 1982, 1983, 1992, 1994, 1997, and 2005. This
list is consistent with that in Chapter 3] Further, following [Foltz and McPhaden| (2010), AMM
index is defined as the difference between SST anomalies averaged over northern (5°N-28°N
and 60°W-20°W) and southern (20°S—5°N and 30°W-10°E) tropical Atlantic. The meridional
movement of ITCZ is tracked using the latitude of the zero meridional surface wind speed
along the longitude of 28°W in the latitudinal range of 5°S-20°N (Servain et al., [1999). And
the wind data used is taken from the European Centre for Medium Range Weather Forecasting
(ECMWF)'s Reanalysis (ERA-Interim; Dee et al., 2011). In the remainder of this study, all

seasons used are from the perspective of the northern hemisphere, unless mentioned otherwise.

As evident from Tabled.T] the AMM which is active during boreal spring is significantly
correlated with the concurrent Atlantic ITCZ position (correlation coefficient of 0.81 significant
at 5% level), and both AMM and spring Atlantic ITCZ are also related to the AZM in the
following summer. Note that the correlation between Atl3 index and MAM ITCZ (—0.34)
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Figure 4.2: Interannual variations of anomalous meridional position of ITCZ in March—May
(black). The time series is normalized by its standard deviation and standard deviation is
indicated by a black dashed line. Whenever the central to western equatorial zonal wind in
March—May is sufficiently strong crossing 4+-0.9 (—0.9) of its respective standard deviation, i.e.,
westerly (easterly), it is indicated by blue (red) circles. Whenever the Atl3 SST in June—August
crosses +1 (—1) of its respective standard deviation, i.e., when there is a warm (cold) AZM
event, it is indicated by red (blue) stars.

is marginally higher than that with AMM (—0.31). Further, the correlation between MAM
zonal winds (crucial for the development of AZM) and MAM ITCZ (—0.82) is also larger
than that with zonal wind and AMM (—0.73). As discussed in Section 4.1, we focus on the
ITCZ movement rather than on AMM in this study, and the above comparison of correlations
supports our choice. In addition, these significant correlations suggest that understanding the
ITCZ movement will give a fresher and potentially a different perspective on the asymmetry in

its relation with AZM.

Concentrating on the spring ITCZ movement, Table 4.1|also shows that during the study
period, the correlation between the spring ITCZ position and spring zonal winds is —0.82 but
the correlation between ITCZ and JJA Atl3 index is —0.34 (0.33 is the threshold correlation
at 5% significance level for a sample size of 35). The reduction in correlation implies that not
all the meridional excursions of the spring ITCZ lead to AZM events in the following summer
despite the variations in the position of ITCZ strongly affecting the spring equatorial zonal

winds, a prerequisite for an AZM event.
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4.3 Asymmetry in the relationship between the Atlantic spring

ITCZ position and AZM

To see how many meridional excursions of ITCZ ultimately lead to the AZM events, the
interannual variations of spring ITCZ position along with the indicator of the AZM occurrence
(listed in Sectiond.2) are plotted in Fig. 4.2l Whenever the spring ITCZ position exceeds its +1
(—1) standard deviation, the ITCZ is considered to be located anomalously north (south) from
its mean position. From the figure, it can be seen that the ITCZ in spring is anomalously north
in six years (1981, 1983, 1992, 1997, 2005 and 2012) and in four of these years (1983, 1992,
1997 and 2005), the AZM cold events occurred in the following summer. On the other hand,
while the ITCZ is anomalously south in six years (1985, 1986, 1989, 1995, 2009 and 2011),
an AZM warm event occurred in the subsequent summer in only one of these years (1995). It
1s worth mentioning that two AZM warm events that occurred in 1984 and 1996 have spring
ITCZ position just short of the threshold of anomalous southward position, i.e., —1 standard
deviation. The ratio of AZM cold (warm) events that are preceded by anomalous northward
(southward) ITCZ in spring is 4:6 (1:9), i.e., 66% (11%). Even if we include the two ‘just-
below-the-threshold” warm events of 1984 and 1996, the ratio of warm AZM events preceded
by southward migration of ITCZ in spring is 3:9 (33%), which is still significantly less than its
counterpart for the cold AZM. Therefore, while an anomalous northward ITCZ in spring tends
to give rise to an AZM cold event in the following summer, an anomalous southward position
of the same is less likely to lead to an AZM warm event. Clearly, there is an asymmetry in the
relation between the position of ITCZ in spring and AZM in the ensuing summer, an important

result which has not been reported thus far.

Since the relation between ITCZ and AZM is skewed towards the cold events, to under-
stand different processes involved when the northward displacement of ITCZ in spring leads
to an AZM cold event in the following summer, we show the monthly evolution of composite
anomalies of different fields including heat content in Fig. The upper ocean heat content
(per unit area) above 20°C isotherm as given by Eq. (3.2) is calculated using ocean tempera-
ture data from EN4 analysis of UK Met Office Hadley Centre (Good et al., 2013). A positive
AMM type of SST configuration (relatively warm in the north and/or cold in the south; sim-

ilar to Fig. {.1)) during February—-May moves the ITCZ anomalously north in spring (MAM).
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The resultant cross-equatorial winds strengthen the concurrent southeast trades and weaken the
northeast trades around the equator in spring. The net result is an enhancement in the strength
of easterlies over the equatorial band, a prerequisite for the development of a cold AZM event.
The strengthened equatorial easterlies, in turn, result in the increased heat content in the western
equatorial Atlantic by deepening the thermocline. An upwelling Kelvin wave propagates to the
east to shoal the thermocline and leads to cooler SSTs in the following summer, thus leading to
a cold AZM event. As already mentioned in Section {.T|, the AMM is not the only factor influ-
encing the spring Atlantic ITCZ position but the other factors are not discussed here in Fig.

for the sake of simplicity.

It is interesting to inquire what gives rise to the asymmetry in the relation between the
position of the ITCZ in spring and AZM. We pose a question as to whether the asymmetry can
be explained by the findings of (Richter et al., | 2014)). Taking monthly means of ITCZ position
and equatorial zonal winds, and compositing the winds over each unique ITCZ position during
the entire study period, Richter et al. (2014)) show that as the ITCZ moves from its southern most
to its northern most position, equatorial zonal winds remain easterly and grow stronger almost
linearly. Given that anomalous equatorial easterlies in spring are a precondition to a cold AZM,
if a relation between anomalous spring ITCZ and contemporaneous anomalous equatorial zonal
winds holds as presented in Richter et al.| (2014), i.e., if any anomalous meridional movement
of spring ITCZ produces concurrent anomalous equatorial easterlies, it would explain the skew-
ness between spring ITCZ and AZM. But does such a relation exist in reality? The high negative
and significant correlation in spring between the ITCZ and central to western equatorial Atlantic
zonal winds of —0.82 (Table [4.1) tells us that the anomalous northward migration of ITCZ in
spring is indeed associated with anomalous easterly winds over the central to western equato-
rial Atlantic. However, a southward migration of the ITCZ in spring is associated with westerly
anomalies. A scatter plot between these two quantities (Fig. .4)), underscores the same imply-
ing that the finding of Richter et al. (2014) cannot serve us to explain the asymmetry. Therefore,
considering the importance of spring wind anomalies for AZMs, the reason for the asymmetry
must lie elsewhere and the interaction of the seasonal cycle and the interannual anomalies may
be crucial. The supposed contradiction between the result of Richter et al. (2014) and ours is
discussed later in Section The seemingly counterintuitive westerlies in the equatorial band
associated with the anomalous southward movement of ITCZ in spring (analyzed in Table

and Fig. can be explained by a careful observation of evolution of composites of wind
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Figure 4.3: Monthly (February—August) evolution of composites of (a) ITCZ position (lines)
and zonal wind anomalies (shading; ms™); (b) anomalies of winds (vector) and heat content
(shading; 10'° Jm™) and (c) SST (shading; °C) when the spring Atlantic ITCZ is anomalously
northwards and gave rise to a cold AZM event. In (a), red line (dot inside a black circle) in-
dicates the ITCZ position at respective longitudes (along 28°W) whereas the blue lines (circle)
indicate the envelope of ITCZ variability, i.e., middle blue line (circle) indicates the climato-
logical ITCZ position in that month, and the top and bottom blue lines (circles) indicate +1
standard deviation of the position from the mean in the same month. The calendar month is
indicated on each subpanel. Only those zonal winds in (a) and vectors in (b) that are significant
at the 5% level are shown. The significance of heat content anomalies in (b) and SST anomalies
in (c) are indicated by line contours. The rectangular boxes in black [in (a); April], red [in
(b); May], and blue [in (b); June] and thick black [in (c); July] indicate the regions over which
anomalies of winds, eastern equatorial Atlantic heat content, western equatorial Atlantic heat
content and SST are averaged respectively, for use in other analyses.
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Figure 4.4: Scatter plot between the normalized indices of MAM western equatorial Atlantic
(WEA) zonal winds (averaged over 3°S—-3°N and 40°W-10°W) and MAM ITCZ position. The
black dashed horizontal (vertical) lines indicate the 1 standard deviation of ordinate (abscissa).
The points surrounded by blue (red) circles indicate the years in which cold (warm) AZM events
occurred in the following summer.

anomalies of individual events when the ITCZ is anomalously south in spring (Fig. .5). The
wind anomalies in spring that are northerly or northeasterly just north of the equator turn and
develop a westerly component as they cross the equator (Fig. d.5b). The westerly component
just south of the equator is stronger than the easterly component just north of the equator, giving
rise to net westerly winds when averaged in the equatorial band for the analysis in Table
and Fig. The mechanisms for the these westerly anomalies need further investigation but

we will not discuss it in this study.

The reason for the asymmetry in fact lies in the peculiar features of climatological move-
ment of the ITCZ in the Atlantic (Fig. 4.6). From the figure, it may be noted that during Jan-
uary—April the mean position of the ITCZ is relatively close to the equator and the variability
of the position of ITCZ is at its highest. The drastic change both in the mean position and the
variability occurs during May—June, with the position of the mean ITCZ moving north by about
6 degrees and the standard deviation falling to about % of that in April (standard deviation is

1.743 and 0.576 degrees latitude in April and June, respectively). During the study period, i.e.,
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Figure 4.5: Same as Fig. but the composites of different fields presented here are of events
when the spring ITCZ is anomalously in the south. As discussed in Section 4.3] execpt in the
year 1995, no southward movement of spring ITCZ led to a warm AZM event in the ensuing
summer. This singular event is excluded while computing the composite to ensure its homogen-
ity as well as to highlight the predominantly westerly nature of winds in the western equatorial
Atlantic in all events included. The composite of ITCZ position in (a) is shown in green for
better visibility. In (b), even the non-significant wind anomalies are also shown to highlight the
variation of their strength across the equator.

1979-2013, the position of ITCZ in spring is anomalously southward in six years and in four
of those years, winds that are northerly or northeasterly just north of equator develop a strong
westerly component upon crossing the equator in spring, as noted above (winds during individ-

ual events are not shown but it can be observed from their composite in Fig. #.5p as well). The
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Figure 4.6: Monthly evolution of the mean position of the ITCZ in the Atlantic (black line;

along 28°W; °N) with the shading indicating the 1 standard deviation about the mean in the
respective months.
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Figure 4.7: (a),(b): Hovmoller diagram of the composite of anomalies of thermocline depth
(shading) overlaid by zonal winds (contours) over the equator in the Atlantic when the MAM
ITCZ is anomalously north (south) and zonal wind anomalies over WEA are easterly (westerly).
(c) Hovmoller diagram obtained by adding the anomalies shown in (a) and (b) [= anomalies in
(a) — negative of anomalies in (b)], intended to show the dominance of anomalies in (a) over
that in (b). In (a) and (b), only the wind anomalies that are significant at the 5% level are shown.
In (c), the significant wind anomalies are indicated by the contour lines in red. Significance
contour lines become discontinuous if the zonal winds between the two ends of a contour are
not significant.

maximum of this wind anomaly is centered around 7°S with weaker westerlies over the western
equatorial Atlantic (WEA) compared to easterlies in spring in the same region when the ITCZ

is anomalously north shown in Fig. d.3p. The westerlies can drive an equatorial downwelling
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Kelvin wave and remotely deepen the thermocline in the east, if they are sufficiently strong.
Nonetheless, the westerlies weaken further in May—June as the climatological ITCZ moves into
the northern hemisphere and the inherent variability of the ITCZ itself reduces as shown in
Fig. 4.6l This leads to a premature death of a weak incipient warm event resulting ultimately
in a very low proportion of AZM warm events surviving into the summer. Fig. shows that
in the years when spring ITCZ position is anomalously south and winds are westerly over the
WEA, the westerlies are not as strong and are less persistent in contrast to those years when the

position of ITCZ in spring is anomalously north and winds over WEA are easterly.

In light of the above explanation, a reconsideration of why an anomalous northward
movement of ITCZ in spring is highly likely to lead to a cold AZM event, is necessary. The
fact that the mean position of the ITCZ in February—March is south of the equator, implies that
even when the ITCZ is anomalously north, the center of maximum easterly wind anomalies is
closer to the equator and thus the magnitude of the easterlies over the WEA is stronger than
that of the westerly wind anomalies associated with anomalous southward position of the ITCZ
(Fig.[4.7). The strong spring easterlies shoal the thermocline in the east preparing the ground
for an oncoming AZM cold event but weaken in early summer as the mean ITCZ itself moves
further north. Nevertheless, the easterlies persist albeit restricted to an area to the west of 30°W.
In a nutshell, the asymmetry in the relation between the position of Atlantic ITCZ in spring and

AZM is inherent in the seasonal cycle itself.

From earlier studies (Murtugudde et al., 2001} |Liibbecke and McPhaden, 2017}, and our
analysis presented in Fig. 4.3] and Table [4.2] we identify the different factors involved in the
mechanism where the anomalous spring migration of ITCZ leads to an AZM in the following
summer to be: (i) position of ITCZ in spring (MAM ITCZ), (ii) the concurrent zonal winds
averaged over the central to western equatorial Atlantic (3°S-3°N and 50°W-10°W), (iii) heat
content averaged over the eastern equatorial Atlantic in mid-spring to early summer (AMJ EEA
HC; 3°S-3°N and 5°W-15°E), (iv) heat content averaged over the western equatorial Atlantic
in late spring to mid summer (MJJ] WEA HC; 5°S-5°N and 50°W-30°W) and (v) SST aver-
aged over the Atl3 region in summer (JJA Atl3; 3°S-2°N and 20°W—-0°W). Note that these are
closely related to the Bjerknes feedback components discussed in Chapter [3] Monthly evolu-
tion of composites of these different factors averaged in their respective regions are presented

in Fig. 4.8 to identify any distinct signatures associated with the cold AZM events that are pre-
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MAM MAM| AMJ | MJ] | MAM| AMJ | MJ] | MAM| AMJ | MJJ TIA
ITCZ Zonal | Zonal | Zonal | WEA | WEA | WEA | EEA | EEA | EEA A3
Wind | Wind | Wind HC HC HC HC HC HC

MAM
AMM

MAM
ITCZ

MAM
Zonal 0.96 | 0.82 | —0.71| —0.82] —0.89] 0.51 | 0.65| 0.54 | 0.54
Wind
AMJ
Zonal 0.93 —0.76| —0.83 0.65| 0.56 | 0.66
Wind
MJJ
Zonal —0.67 0.53 | 0.76
Wind
MAM
WEA —0.45| —0.47| —0.34| —0.29
HC

AMJ
WEA —0.56] —0.65| —0.52] —0.39
HC

MJJ
WEA —0.53] —0.69] —0.60] —0.43
HC

MAM
EEA 0.52
HC

AMJ
EEA 0.50
HC

Ml
EEA 0.44
HC

0.81 | —=0.73] —0.62| —0.47] 0.78 | 0.82 | 0.82 | —0.47| —0.60] —0.53| —0.31

—0.82| —=0.70| —=0.47| 0.63 | 0.70 | 0.79 | —0.35] —0.47| —0.41| —0.34

Table 4.2: Correlations between different factors representing a chain of processes with respect
to relation between AMM, ITCZ and AZM. The abbreviations are the same as in Table
Additionally, the first three lettered string of each factor represents the season in which the factor
is averaged (e.g., MAM: March-April-May; AMJ: April-May-June). The cross-correlations
among the factors MAM ITCZ, MAM zonal wind, AMJ EEA HC, MJJ EEA HC, JJA Atl3 are
the highest and are shown in blue color. These factors are used in further analysis in @}
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Figure 4.8: Monthly evolution of composites of anomalies of (top) zonal winds (ms™) in the
western equatorial Atlantic and position of ITCZ ( ° latitude) and (bottom) SST averaged over
Atl3 region (°C), heat content (10'° Jm2) averaged in the western/eastern equatorial Atlantic,
composited in the years when MAM ITCZ is north and leads to the development of a cold
AZM event in the subsequent summer. The circles on each line indicate when the respective
composite means become significant at the 5% level.

ceded by northward spring ITCZ. From the figure, it can be seen that the maximum northward
displacement of the ITCZ occurs during March-April-May (MAM) with the central to western
equatorial easterlies peaking simultaneously. The heat content in the eastern equatorial At-
lantic reaches its minimum during April-May-June (AMJ) while the heat content in the western
equatorial Atlantic attains its maximum during May-June-July (MJJ). The SST anomalies in
the Atl3 region are at their coldest during June-July-August (JJA). The timings of these factors
agree with the previous studies (Keenlyside and Latif, 2007) and with Fig.[3.5] and also yield
the highest correlations with the links above and below in the chain of processes (Table 4.2).
These seasonal timings of when different factors become important will be used later to show

the distinction of the cold AZM events preceded by northward ITCZ in spring.
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4.4 Relationship between the meridional migration of spring

ITCZ and strong canonical AZM events

In the above, we have shown the existence and cause of asymmetry in the relation be-
tween the spring Atlantic ITCZ and AZM. We will now explore if the cold AZM events pre-
ceded by anomalous northward spring ITCZ, have any distinct features. However, before doing
that, a useful background information is provided first. As mentioned earlier, the Bjerknes
feedback is a dominant mechanism that explains AZM (Keenlyside and Latif, 2007) although
there are several other mechanisms contributing (Foltz and McPhaden, 2010; Zhu et al., 2012;
Liibbeckel 2013; Richter et al., 2013} |Liibbecke et al., 2018). Richter et al.|(2013) classify AZM
events into those that can and cannot be explained by ENSO-like dynamics. The distinctive cri-
terion that Richter et al.| (2013) adopt for the classification is that if a warm (cold) AZM event
in summer is preceded by westerly (easterly) winds in the central to western equatorial Atlantic
in spring, then it is referred to as a canonical warm (cold) event. On the other hand, if it is
preceded by winds of opposite sign, it is called a non-canonical event. It is worth noting that
oceanic subsurface changes, which are an important part of the Bjerknes feedback, are not taken
into account in this classification. Also, those events which have near neutral winds cannot be
covered by their classification. Modifying their definition to account for the above events as
well, we classify a ‘strong canonical’ warm (cold) event to be one that is preceded by west-
erly winds in March—May, positive (negative) heat content in the eastern equatorial Atlantic in
April-June and negative (positive) heat content in the western equatorial Atlantic in May—July.
All those events that do not meet this criterion are classified as ‘non-strong-canonical’ warm
(cold) events. Note that the respective timings when different Bjerknes components become
important are only for a typical AZM event (Keenlyside and Latif,|2007). Interannual variations
of these different factors are normalized by their respective standard deviations and plotted in
Fig.[4.9] To categorize an AZM event as ‘strong canonical’, the amplitude of these factors (with
the exception of winds) are required to exceed one respective standard deviation. This condition
is relaxed in the case of winds as they tend to be noisy. The threshold of amplitude is lowered
to 0.9 times their standard deviation. In addition, the relaxation accommodates several events
for which the amplitude of winds falls short of the threshold imposed on all other factors, i.e.,

one standard deviation.
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Figure 4.9: Interannual variations of anomalies of western equatorial Atlantic zonal winds in
March-May (red; ms™'), eastern equatorial Atlantic heat content in April-June (purple; 1010 J
m2), western equatorial Atlantic heat content in May-July (green; 10'° J m?) and SST in the
characteristic Atl3 region in June—August (blue; °C). Strong canonical cold (warm) events are
indicated with black dashed line in upper (lower) portion. All the time series are normalized
by their respective standard deviation. Whenever the spring ITCZ crosses +1 (—1) standard
deviation, i.e., north (south), it is indicated with blue (red) thick circles.

Going by this definition, it can be seen from Fig. .9 that the strong canonical (non-
strong-canonical) cold AZM events are 1983, 1992, 1997 and 2005 (1981 and 1994). For every
strong canonical cold event, normalized factors clearly exceed one respective standard deviation
along with the spring ITCZ position in Fig. 4.2] The strong canonical (non-strong-canonical)
warm events are 1984, 1996 and 2008 (1987, 1988, 1995, 1998, 1999 and 2010). None of
the strong canonical warm events have the spring ITCZ located further southwards than the
threshold position, although the ITCZ was appreciably southwards in 1984 and 2008. The
proportion of strong canonical cold (warm) AZM events is 4:6 (3:9), i.e., 66% (33%). In other
words, the proportion of strong canonical events is larger in case of cold events than that of
warm events. It is interesting to note that all strong canonical cold AZM events are preceded
by northward movement of ITCZ in spring whereas only two out of three strong canonical
warm events are preceded by southward movement of ITCZ in spring. The proportion of strong
canonical events, either warm or cold, that can be explained by the spring movement of ITCZ
is 86%. From this, we may conclude that most of the strong canonical AZM events can be
explained by anomalous spring position of ITCZ and this relation is stronger in the case of cold
events compared to that of the warm events. This point is also demonstrated by the drop in
correlation between anomalous ITCZ position in MAM and JJA Atl3 index. The correlation
when the cold events preceded by ITCZ northward movement in spring are included is —0.34
and is significant at 5% level (Table {.1)). The correlation drops to a statistically insignificant

—0.13, when those events are removed. A major reason for the reduction in the correlation
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may be attributed to changes in the heat content in the western equatorial Atlantic (MJJ WEA
HC) as it is the only factor whose correlation falls below significance after removing the strong
canonical cold AZM events. The correlations between JJA Atl3, and MAM zonal wind, AMJ
EEA HC and MJJ WEA HC, the factors plotted in Fig. @], dip from 0.54, 0.50, —0.43 as
shown in Table {.1|to 0.36, 0.34 and —0.20, respectively, when the events are excluded. It must
be clarified that we separate AZM events into ‘strong canonical’ and ‘non-strong-canonical’
as opposed to the separation of ‘canonical’ and ‘non canonical’ of Richter et al.[(2013) that is
based on Bjerknes feedback mechanism and our classification of ‘non-strong-canonical’ does
not imply that those events cannot be explained by the said mechanism. On a related note,
it should also be mentioned that our classification of AZM events into ‘strong canonical’ and
‘non-strong-canonical’ events is sensitive to the data product used and the classification of a few
events may change. However, it does not alter our result that almost all the ‘strong canonical’
AZM events can be explained by the spring Atlantic ITCZ movement and that the relation is

stronger for the cold AZM events.

It may be noted that not all anomalous northward excursions of ITCZ in spring lead to
AZM cold events in summer. There are two years (1981 and 2012) in which despite the ITCZ
being anomalously north in spring, a cold AZM event did not follow (details are discussed
separately in Section for the sake of lucidity). Although the northward excursion of ITCZ
in spring is a necessary condition for the development of a cold event, it is not sufficient unless

its position and resulting easterlies over the equatorial Atlantic are sustained throughout spring.

4.5 Diversity of causative mechanisms of cold and warm AZM

events

In the above, we have shown that most of the strong canonical AZM events are explained
by the ITCZ movement in spring and subsequent Bjerknes feedback. It is interesting to explore
what other mechanisms may explain the AZM events apart from the ITCZ movement and/or
the dominant Bjerknes feedback. As it is difficult to show spatial evolution of each and every
event, we present a novel pictorial representation of the evolution of the Bjerknes components

of all the AZM events during the study period in Fig. 4.10] This representation serves multiple
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Figure 4.10: Evolution of different Bjerknes components during March—July of each AZM
event in the phase space of zonal winds averaged over central to western equatorial Atlantic
(abscissa; m s!) and heat content in the western equatorial Atlantic (ordinate; 10'° J m2) with
the color of each point/symbol representing the SST in the Atl3 region (°C). Different symbols
are used to mark different AZM events and the red (blue) dashed lines connecting them indicate
a warm (cold) AZM event. The starting point of each year, i.e., March, is indicated by a black
circle. The gray line connects the one standard deviation points in the phase space during
March—-July and the March point is indicated with a bigger gray circle. This line serves as a
reference against which the strength of a particular event can be compared. All the Bjerknes
components plotted are smoothed by a 3-month running mean for better appearance. For the
Bjerknes feedback to be considered active all three elements of (Keenlyside and Latif, 2007)
have to be present. While the heat content and zonal wind anomalies are used as the axes, SST
in the Atl3 region is shown filling different symbols used to differentiate between the events
and is easy to miss. Since only the AZM events which we already know have an SST response
(AZM definition is based on Atl3 SST index) are plotted, this representation is adequate to tell
us whether or not an AZM event can be explained by the Bjerknes feedback.

purposes: (i) whether or not a particular event can be explained by the Bjerknes feedback can
be conveniently determined (ii) evolution of multiple events can be summarized in one frame.
For an easy interpretation of the figure, tracking of the cold event in 1983 is explained. While

the equatorial zonal winds remain almost steady during March—May, the heat content in the
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western equatorial Atlantic increases. Both the winds and heat content decrease in strength
after May. The SST in the Atl3 region reaches its peak in May—June. The movement along the
trajectory in a clockwise direction indicates that the changes in the zonal winds precede those in
the heat content. From the figure, it can be noted that normally the trajectories of cold (warm)
events are in the top left (bottom right) quadrant. All such events can be explained by Bjerknes
mechanism to one degree or another whether preceded by an appropriate ITCZ movement in
spring or not. However, there are exceptions: cold event of 1994 and warm events of 1987,
1998 and 2010. The cold event of 1982 is a slight exception in that its track is close to the
origin due to weak Bjerknes components but ultimately moves to the top left quadrant when
the components become strong enough. Apparently, the two exceptions among cold events
(1982 and 1994) are also the events that are not preceded by a spring northward movement of
ITCZ. This figure is clearly reminiscent of |[Kessler (2002)) and captures similar aspects of the
recharge-discharge processes involved in AZM, although the focus there was on whether ENSO
is an oscillation or a series of events. A similar question is relevant for AZM as well but we will

not discuss it in this study.

What are the mechanisms by which cold AZM events form without a northward move-
ment of ITCZ and/or the Bjerknes feedback? As mentioned earlier, the AZM cold events that
are not preceded by northward ITCZ in spring occurred in 1982 and 1994. In both of these
events, a negative SST anomaly forms due to winds off the equator (either southerly alongshore
or easterlies parallel to the equator) and spreads over to the equator to eventually become a cold
event (see Section for detailed discussion of the events). Thus, during the study period,
most of the cold AZM events are explained by Bjerknes feedback associated with the spring
movement of ITCZ and the rest by the wave activity induced by alongshore winds off Angola

and/or off-equatorial winds.

The causative mechanisms and timing of the triggers of a warm event appear to be more
diverse than that of a cold event. As mentioned earlier, only two out of nine warm events are ex-
plained by ITCZ movement in spring and subsequent Bjerknes feedback. The remaining warm
events are: 1987, 1988, 1995, 1999, 2008 and 2010. Most of them can be broadly explained
by the Bjerknes feedback mechanism if we do not adhere strictly to the requirement of a strong
subsurface response (1988, 1995, 1999 and 2008; Fig. and Fig. 4.9). The exceptions are
the warm events of 1998, 1987 and 2010 (see Section 4.6 for details). Although, the Bjerknes



Sec. 4.5 Chapter 4 75

0.8
0.7
0.8
0.5
0.4
0.3
0.2
C.1
0.0
-0.1
—-0.2
-0.3
-0.4
-0.5
-0.6
-0.7
-0.8

1.00 / o \\ -

@_ :
L

\ A
0.00 - -

Heat Content

—-1.00 /e -

T T T T
—1.00 0.00 1.00

Zonal Winds

H1984 «1987 mm 988 1995 #1996 #1998 »1999 %2008 J2010
H1982 «1983 m 992 #1994 #1997 #2005

Figure 4.11: Same as Fig. except that in case of the cold event in 1994, the zonal winds are
averaged in the region centered around 5°S (7°S-3°S and 20°W-10°E) and the heat content is
negative of that averaged in the eastern Atlantic centered around 5°S (7°S-3°S and 0°E-15°E).
In the case of warm event in 1998, the zonal winds are averaged over 3°S—3°N and 5°W-15°E.

feedback mechanism seems to be at the centre of most of the warm events, only a few events
are triggered by a southward spring transition of ITCZ. On a side note, it is interesting to see
that after accounting for the change of centre of action as in the case of the cold event of 1994
and the warm event of 1998, trajectories of all the cold events move in a clockwise direction
which means that the changes in the zonal winds precede the changes in heat content (Fig. [4.11).

However, the trajectories of warm events of 1988 and 1998 move in an anticlockwise direction.

Several previous studies have discussed different mechanisms by which a warm AZM
event can occur. Richter et al. (2013) show that AZM warm events that cannot be explained by
ENSO-like dynamics are driven by a mechanism in which surface wind anomalies just north of
the equator induce warm heat content anomalies which are advected towards the equator and
propagate to the east. They argue that such warm events are caused by AMM with warm SST

anomalies in the TNA. This is different in details compared to the mechanism suggested by
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Foltz and McPhaden| (2010) which involves waves described earlier in Section Zhu et al.
(2012)) show an interesting relation between the AMM and AZM on a 3—4 year time scale. The
positive heat content anomalies in northern tropical Atlantic resulting from positive AMM, can
discharge into the equatorial waveguide when the AMM weakens, and stimulate a warm AZM
event about 12—15 months later (the warm event of 1987 is an example of this mechanism but on
shorter timescales). [Liibbecke (2013) summarizes different mechanisms causing a warm event.
Our findings here add a finer point via the asymmetry in the ITCZ-AZM interactions. In this
study, we are more specifically focused on the asymmetry of cold and warm events related to

ITCZ variability and not on proposing any new mechanism for the AZM itself.

4.6 The peculiar AZM events

We discuss the events which do not fit the general patterns described above and examine
the possible reasons for their departure in the following. These events are mentioned earlier but

their details are presented here separately for the sake of lucidity of main results.

As mentioned before in Section |4.4] in the years of 1981 and 2012, despite the ITCZ
in spring being in the north, a cold AZM event did not follow. In the year 1981, although the
ITCZ was north in March—April, it did not stay north in May (Fig. 4.12). More importantly, the
northward ITCZ did not result in southeasterlies over the equator due to the presence of an SST
anomaly in the southern tropical Atlantic west of 5°W, which caused the cross-equatorial winds
to be mostly southerly, i.e., lacking the easterly component. If it were not for this SST anomaly,
there could have been a cold AZM event as all other signs were favorable. In the year 2012,
the ITCZ position did not fall as drastically as in the year 1981 and as a result, the required
sustained easterly winds were present (Fig. .13} compare it with Fig. d.12). However, requisite
changes in heat content (enhanced in the west and reduced in the east) did not occur (Fig.[4.13).
Therefore, although the northward excursion of ITCZ in spring is a necessary condition to the
development of a cold event, it is not sufficient unless its position and resulting easterlies over

the equatorial Atlantic are sustained throughout spring.

The mechanisms by which cold AZM events form without a northward movement of
ITCZ in spring and/or the Bjerknes feedback are discussed here. As noted previously in Sec-

tion 4.5 the AZM cold events that are not preceded by northward ITCZ in spring occurred in
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Figure 4.12: Same as Fig. but the anomalies of corresponding variables in the year 1981 are
presented instead of the composites.

1982 and 1994. In the year 1982, upwelling favorable northward alongshore winds near the
coast of Angola from January-onwards helped develop an initial negative SST anomaly which
spread and evolved into an AZM cold event that lasted into the following winter (Fig.[d.14). The
equatorial easterly wind anomalies did not precede the event: rather they occurred as a result
of the already developed SST anomaly. It is also reflected in its trajectory which is close to the
origin on the vertical initially (Fig. 4.10). However, once all the feedback components kick in,
the event evolves like any other cold event. The persistence of negative heat content anomalies

in the eastern equatorial Atlantic helped maintain the cold SST even after the summer. This
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Figure 4.13: Same as Fig. but for the year 2012.

event can be deemed special owing to the dominance of SST over other Bjerknes feedback
components and due to the persistence of the SST anomalies into winter by which time a typi-
cal AZM event ends. The other event in 1994 also seems to be special for several reasons. The
Bjerknes feedback components such as equatorial easterly winds, negative (positive) heat con-
tent in the east (west) either do not favor or instead disfavor the formation of a cold AZM event,
explaining why its track is close to the origin and passes into the bottom right corner where
usually the warm events are found (Fig. .10). However, it is the off-equatorial easterly winds
centered around 5°S in March—May that shoal the thermocline in the east along African coast

centered around 5°S and form an initial SST anomaly which subsequently spreads to lower lat-
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Figure 4.14: Same as Fig. but for the year 1982

itudes developing into a cold AZM event (Fig. d.15)). So, this event has the essential Bjerknes
components at play but the centre of action is shifted to 5°S. Accounting for such a change
of centre of action, moves its trajectory to the usual top left quadrant (compare Fig. .10 and
Fig.[d.11)). However, we must say our current understanding of the mechanism of such events is
incomplete and further investigations are required. Nonetheless, in both of these events, a neg-
ative SST anomaly forms due to winds off the equator (either southerly alongshore or easterlies

parallel to the equator) and spreads over to the equator to eventually become a cold event.

The causative mechanisms of a warm event other than the Bjerkenes feedback mech-

anism are discussed here. As noted already in Section {.5] the warm events that cannot be
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Figure 4.15: Same as Fig. but for the year 1994,

explained by the Bjerknes feedback mechanism are 1998, 1987 and 2010. The warm event
of 1998 has the spring westerly winds in the eastern part of the equatorial Atlantic (3°S—-3°N
and 5°W-15°E) but easterlies in the western equatorial Atlantic. The opposing zonal winds
are manifest in its weak subsurface response or heat content (Fig. #.16)). Upon accommodating
the change of location of the favorable zonal winds, its trajectory moved to bottom right corner
(compare Fig. d.10] and Fig. 4.11)). However, the Bjerknes components of westerly winds and
heat content are the weakest compared to any other warm event which explains why its trajec-
tory is the closest to the origin. The warm event of 1987 is associated with northward migration

of ITCZ in spring which usually causes a cold event so its track evolves the same as a cold
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Figure 4.16: Same as Fig. but for the year 1998.

event but with a warm SST (Fig.[d.2] Fig.[d.9and Fig. 4.10). This special event is explained by
a mechanism proposed by [Zhu et al.| (2012]), whose key points are already discussed earlier in
Section[4.5] This event was discussed by Richter et al.| (2013) as well. In 2010, all the Bjerknes

components indicated the development of a cold AZM but a warm AZM event occurred instead
(Fig. 2] Fig. 4.9 and Fig. #.10) which cannot easily be explained in the absence of sufficient

data.
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4.7 Summary and Discussion

Earlier studies have discussed the existence of a relationship between the ITCZ position
in spring in the tropical Atlantic and the AZM in summer, using correlation analyses (Servain
et al.,[1999; Murtugudde et al., 2001)). In this chapter, we go into the details of this relationship
and begin our investigation with a question why the high correlation between the anomalous
position of ITCZ and equatorial zonal winds in spring, a prerequisite for the development of
an AZM event, does not translate into strong association between the ITCZ position in spring
and AZM in summer. To the best of our knowledge, none of the previous studies addressed
this question. By starting from an initial hypothesis that the ITCZ-AZM relation may have an
asymmetry with regards to cold and warm AZM events, we show that the relation between the
ITCZ in spring and AZM is stronger for cold AZMs than warm AZMs with a skew towards cold
events (Fig.[d.17). It implies that the evolution of cold and warm AZM events with respect to
the meridional position of Atlantic ITCZ during boreal spring is asymmetric. We further show
that the asymmetry is inherent in the seasonal cycle itself. The weakened and less persistent
westerly winds in the western equatorial Atlantic during warm events preceded by southward
spring ITCZ and the resultant lack of support from the subsurface ocean response, an impor-
tant factor in Bjerknes feedback, is argued to result in a weak association between the ITCZ and
warm AZM. We also show that the AZM events caused by ITCZ movement are ‘strongly canon-
ical’, i.e., associated not only with zonal surface winds in spring but also an oceanic subsurface

response in late spring to mid-summer.

Further, we observe that the timing and causative mechanisms of a cold AZM event are
less diverse than that of a warm event. We infer that the asymmetry in the diversity may be
explained by the fact the AZM is phase locked to the seasonal cycle (Keenlyside and Latif,
2007), which is due to the seasonal ITCZ movement (Richter et al., 2014, 2017). Further, the
cold AZM being simply an enhancement of the climatological condition and the warm AZM
being an anomaly in its true sense, may also be important to consider. It should be noted that
there are more warm events in the study period than cold events and thus inadequate sampling
may be an issue. However, it must be observed that almost all the studies that propose a different
mechanism other than the straight forward Bjerknes feedback do it only for a warm AZM case.
We opine that the asymmetry is inherent in the strong association of the AZM with the seasonal

cycle.
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Figure 4.17: A schematic diagram summarizing the most likely scenario when the Atlantic
ITCZ in spring is anomalously (a) north and (b) south. When the Atlantic ITCZ in spring
is anomalously north as shown in (a) at point 1, it leads to concurrent anomalous winds that
have strong easterly component over the WEA (point 2), which in turn shoals the equatorial
thermocline in the east and deepens the same in the west with a delay of 1 or 2 months (point
3; dashed line: mean thermocline; thick line: shifted thermocline), finally resulting in a cold
AZM event in the following summer (point 4). On the contrary, when the ITCZ in spring is
anomalously south as shown in (b) at point 1, it leads to concurrent anomalous winds that are
predominantly northerly in the vicinity of the equator but develop a strong westerly component
upon crossing into the south but away from the equator (point 2). The westerly component of the
winds in the WEA is so weak that they cause insufficient deepening of equatorial thermocline
in the east (point 3) inducing weak warm SST anomalies and thus no warm AZM event (point
4). In summary, while the anomalous northward spring ITCZ leads to a cold AZM event in the
following summer most of the times, the converse is less likely and hence the skewness in the
relation between spring ITCZ position and AZM. Atl3 region is marked with a rectangular box.
The above is only for representative purposes and not to scale.

We started our investigation of the relation between the spring Atlantic ITCZ and AZM
with a question of what causes the drop in correlation between the ITCZ in spring and AZM
despite a high correlation between ITCZ and equatorial zonal winds in spring, and apparent
criticality of these winds for the development of an AZM. However, a related question of why
the relation between wind anomalies in spring and SST anomalies in summer is weaker than
the correlation between equatorial trades and ITCZ latitude (Table 4.1)), can be also posed.
This has been addressed by several studies either overtly or implicitly. [Foltz and McPhaden
(2010), Liibbecke and McPhaden| (2012) and Richter et al.| (2013) talk about how spring warm
SST anomalies in the TNA can sometimes cause a warm AZM event in the following summer

instead of the usual cold AZM event. The positive meridional mode is associated with equatorial
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easterly winds in boreal spring which normally is a precondition for a cold AZM. However,
in some special cases, via the mechanisms discussed in earlier studies (Foltz and McPhaden,
2010; Libbecke and McPhaden, 2012} [Richter et al.,[2013)), warm AZM events can occur which
weakens the relation between the spring equatorial winds and the summer SSTs. On a related
note, Chang et al.| (2006) talk about how the tropospheric warming over the tropical Atlantic
induced by an El Nifio destructively interferes with the spring equatorial easterly winds which
leads to a summer SST cooling in the STA. This can contribute to reducing the association
between the spring winds and summer SST anomalies. Nonetheless, as shown in Table the
correlation between the spring ITCZ position and summer Atl3 index is lower than that between

spring WEA zonal winds and summer Atl3 index making our set goal worthwhile.

A close relation between equatorial zonal winds and position of the ITCZ has been noted
in an earlier study by Richter et al.| (2014) who show that the equatorial easterlies grow strong
almost linearly when the ITCZ is to the north of equator but they are uniformly weak when the
ITCZ is in the south, nevertheless the winds remain easterly throughout. Although their result
appears to be at odds with our observation that anomalous northward (southward) movement of
ITCZ during spring is associated with concurrent anomalous easterlies (westerlies), it is not in
reality, owing to differences in methodology and time period of the two studies. While Richter
et al.| (2014)) average the monthly mean absolute equatorial zonal wind stress over each unique
absolute ITCZ position during their entire study period which represents the mean picture and
removes some of the seasonal preferences, we focused on the relation between anomalies of
ITCZ and equatorial zonal winds only during spring. Therefore, we posit that our findings are
novel in eliciting the asymmetric relation between the spring position of the ITCZ and AZM

and its explanation through interaction between the seasonal cycle and interannual anomalies.

We have described different processes involved when an anomalous northward spring
ITCZ, which can be influenced by AMM among other things, leads to a cold AZM in the fol-
lowing summer in Fig. Contrary to our intention, the figure might give an impression that a
northward I'TCZ shift and easterly wind anomalies occur before the development of significant
cool SST anomalies in the southeast Atlantic in the late spring to summer, leading to the ques-
tion of causality: is the AMM a result of anomalous spring I'TCZ position rather than a cause?
We clarify this apparent contradiction here. Note that Fig. shows the composite of anoma-
lies of different fields including SST and winds for all those cold AZM events preceded by the
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Figure 4.18: Monthly (February—August) evolution of SST anomalies in the years a) 1983, b)
1992, ¢) 1997 and d) 2005 when the anomalous spring ITCZ in the north leads to a cold AZM

event in the following summer. These are the SST anomalies used to compute the respective
monthly composite shown in Fig. 3¢

ITCZ displaced anomalously north in spring. A positive AMM type of SST structure (warm
north and/or cool south) during spring is not present in all the composite years but whenever it
is present (in 1997 and 2005) it persists from February itself followed by a northward displace-
ment of ITCZ in spring and the associated equatorial easterlies (Fig. 4.18). In the composite
picture (Fig. #.3)), the AMM pattern appears weak in the north but strong in the south because

AZM has early SST anomalies of the same sign in the south overlapping with that of AMM
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there but no signal in the north which adds to the fact that AMM SST pattern is not present in
all the constituent years. The question of causality is also not supported by earlier studies (e.g.,
Hu and Huang, 2006) which show that the development of an AMM event can span from boreal
fall to boreal spring preceding the anomalous meridional displacement of ITCZ in spring with

the associated equatorial easterlies.

Our observation that causative mechanisms of the cold AZM (counterpart of La Nifia
in the tropical Atlantic) are less diverse than that of warm AZM (counterpart of El Nifio) is
supported by studies about ENSO diversity reporting similar results (Kug and Ham, 2011; Ren
and Jin|, 2011}; |Chen et al., [2015; |Ashok et al.| [2017)). |Chen et al.| (2015)) attribute the cause of
asymmetry, irregularity and extremes of El Nifio to westerly wind bursts and also point out that
the wind bursts strongly affect El Nifio but not La Nifia. |Capotondi et al.| (2015) and |Ashok
et al.| (2017) suggest that while different types of El Nifio are distinguishable, the La Nifa
events are not. Timmermann et al. (2018)) also note that La Nifia events exhibit less diversity
in their spatial patterns compared to El Nifio events pointing to an asymmetry in the dynamical
processes involved. These results lend a hand to our speculation that cold AZMs have less
diversity compared to warm AZMs. The verification of the validity of this hypothesis can form

the subject of a separate study but we will not undertake it in this thesis.



Chapter 5

Simulation of interannual relationship
between the Atlantic Zonal Mode and the

Indian Summer Monsoon in CFSv2

As discussed in Chapter [I] previous studies have shown that the Atlantic Zonal Mode
(AZM) can influence the Indian Summer Monsoon (ISM) on interannual timescales. Expand-
ing on these studies, in our recent study Pottapinjara et al.[(2014)), we have proposed a plausible
thermodynamics-baesd mechanism by which the AZM can influence the ISM. In this chap-
ter, we report from various sensitivity experiments we carry out using the CFS version 2, a
state-of-the-art coupled dynamical model, whose high resolution variant is utilized for mon-
soon forecasts in India on operational basis. We examine whether the model simulates the
observed relationships between the AZM and ISM, and the physical mechanisms proposed in

earlier studies.

5.1 Introduction

The importance of understanding the relation between the Indian summer monsoon
(ISM) and its external drivers is discussed elaborately in Chapter|[T]and the focus in this thesis is
on the relation between the ISM and climate mode of interannual variability housed in the trop-

ical Atlantic, i.e., the Atlantic Zonal Mode (AZM). Earlier studies have shown that the AZM
87
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influences the ISM on interannual timescales (Kucharski et al., 2008, |2009; Wang et al., 2009;
Barimalala et al., [2013bj; Pottapinjara et al., 2014; Kucharski et al., [2016; |Yadav et al., 2018;;
Sabeerali et al., 2019alb). A series of studies conducted by |Kucharski et al.| (2007, 2008, [2009)
show the existence of a relation between AZM and Indian Summer Monsoon Rainfall (ISMR)
in which a warm (cold) AZM event leads to a low-level divergence (convergence) over India
and thereby reduced (increased) ISMR. Further, in Pottapinjara et al. (2014), we have shown
that the AZM can affect the monsoon transients: in response to a warm (cold) AZM event, the
number of monsoon depressions forming in the Bay of Bengal decreases (increases) and thereby
contributes to a reduction (an enhancement) of rainfall over India. We have also suggested a
physical mechanism in which the AZM influence propagates in tropospheric temperature via
Kelvin-like waves to the east to reach the Indian Ocean and influences the monsoon by modu-
lating the mid-tropospheric land-sea thermal gradient and thereby the seasonal mean flow. This
mechanism entails a thermodynamic manifestation of the response of ISM to the AZM. The
changes thus induced in the mean flow were shown to affect the monsoon depressions in the

Bay of Bengal and rainfall over India (see Section|1.4|for an outline of these results).

For optimum societal benefit, understanding the variability of the monsoon and efforts
to forecast it must go hand in hand. In this context, the operational/semi-operational efforts of
forecasting the ISM are discussed here briefly. The India Meteorological Department (IMD)
is the agency tasked with the responsibility of providing the meteorological services in India
including the monsoon forecasts. Currently, the IMD uses a suite of statistical and dynamical
models to forecast the monsoon (Pai et al., 2011; [Kumar et al., 2012; |[Pai et al., 2017, 2019).
In addition to the existing models, the IMD has recently adopted a variant of the Coupled
Forecasting System version 2 (CFSv2; Saha et al., 2014a) for the operational monsoon forecasts
(Ramu et al.| 2016; |Pokhrel et al., |2016; Sahai et al., 2017, [2019; Krishna et al., 2019; [Pattanaik
et al., 2019; Pai et al., 2019). The CFSv2 is a state-of-the-art coupled ocean-atmosphere general
circulation model, originally developed by the National Centers for Environmental Prediction

(NCEP).

The CFSv2 simulates the general features of the monsoon and its variability reasonably
well (e.g., Jiang et al., [2013; Saha et al., 2014a). However, it has some serious biases, impor-
tantly, a dry bias over land (Saha et al., 2014bj Narapusetty et al., 2016, 2018). The success

of monsoon forecasts using the CFSv2 depends on, among other things, how well the model
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simulates the links of the monsoon with external factors. Previous studies have investigated the
simulation of ENSO and IOD, and their relation to the ISMR in the model (e.g., |George et al.,
2016} Saha et al., 2016)) and report that while the ENSO-monsoon relation is too strong com-
pared to observations, the IOD-monsoon relation is completely out of phase due to inadequate
representation of coupled dynamics in the Indian Ocean. However, the simulation of AZM and
its relation to the ISMR in the model is yet to receive its due attention. In a recent study, Sabeer-
ali et al. (2019b) analyze the hindcasts of CFSv2 initialized in different months and show that
a simulation that erroneously forecasts the AZM loses predictive skill for the monsoon. While
their interest was on assessing the predictive skill of the AZM in the model, in this study, we
will focus more on the simulation of observed AZM-ISM relation and teleconnections in the
model, particularly as proposed in our recent study |Pottapinjara et al.| (2014) and outlined in
Section This helps in identifying the shortcomings, if any, in the model with respect to
AZM-ISM relation and would potentially contribute to improving the forecasts of ISM issued
using this model. We will at first examine the representation of the mean state in the tropical
Atlantic in Section [5.3] and the simulation of the AZM and its relation to the ISMR in a free-
run we carried out with the model in Section Further, in Section [5.5] we will present the
details of a complementary sensitivity experiment in which the SST anomalies associated with
the AZM in the tropical Atlantic are imposed and the response of ISM to those anomalies is

examined.

5.2 The model, observed data and design of the sensitivity

experiment

As mentioned earlier, in this chapter, we use the standard configuration of the CFSv2
model developed by the NCEP (Saha et al.,[2014a,b). The atmospheric component of the model
has a resolution of T126 (0.9°) in the horizontal and has 64 sigma-pressure hybrid levels. The
oceanic component has a horizontal resolution of 0.25-0.5° and 40 vertical levels. This model
is used in understanding of the monsoon processes (e.g., Roxy et al., [2015). The performance
of the model free-run in simulating the climatology in the tropical Atlantic, the AZM and its
relation with the ISM is validated against various observational and reanalysis data products.

The Hadley Centre Sea Ice and Sea Surface Temperature (HadISST; |Rayner et al., [2003) is
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used for model forcing. The Atlantic 3 index (Atl3) and Oceanic Nino Index (ONI) are used to
identify the AZM and ENSO events, respectively the same way as described in Chapter [3] and
Chapter @] The monthly precipitation data from the Global Precipitation Climatology Project
(GPCP; |Adler et al., 2003)) is also used. The position of the Atlantic ITCZ is identified as the
latitude at which the meridional component of the surface winds vanishes along 28°W between
the latitudes of 5°S and 20°N (Servain et al.,[1999), again the same way as in Chapter @ The
wind data from the European Centre for Medium Range Weather Forecasting (ECMWEF)'s Re-
analysis, known as the ERA-Interim (Dee et al., |2011), for the period 1979-2012 is used to
validate the model performance. The Tropospheric Temperature (TT) data is also taken from

ERA-Interim reanalysis.

As will be shown later from the model free-run analysis, the model simulates climatology
of the tropical Atlantic, and the AZM and its relation with the ISM reasonably well, despite
some biases. Therefore, the model is used to conduct the sensitivity experiment to see how the

ISM responds to imposed SST anomalies associated with AZM.

In our simulations, we use a 100-year free-run with the CFSv2 coupled model (hence-
forth referred to as the CFSv2ggr), starting with well-balanced ocean and atmospheric initial
conditions. As mentioned earlier, before conducting the sensitivity experiments, the perfor-
mance of the model in simulating different systems involved such as AZM and ISMR is eval-
uated using 20 years of the model free-run, leaving the first 50 years of the free-run for al-
lowing the model to reach dynamical stability. The results of this analysis are presented in
Section [5.3] In addition to this reference run, we carry out a sensitivity experiment (referred
to as the CFSv2gs7 run) designed as follows. We start from the model state in the month of
May of every year of the 20-year free-run and impose the SST anomalies associated with an ob-
served warm AZM event in the tropical Atlantic (Fig. from June through September (when
both the AZM and ISM are active) of each year. This ensemble of runs with different initial
conditions but with the same imposed SST anomalies in the Atlantic constitutes the sensitivity
experiment (CFSv2ggr run). The details of how the imposed SST anomalies are constructed
is discussed later. The average of the differences between the sensitivity run (CFSv2gsr) and
the reference run (CFSv2ggr), i.€., the average of (CFSv2sst — CFSv2ggr), over the period of
experiment is considered as the response of the model to the imposed SST anomalies and this

response is analyzed to examine the if the model simulates the mechanisms proposed.
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The SST anomalies imposed (Fig. are prepared from the observed SST data as
follows: 1) monthly SST anomalies (SSTA) are averaged over the period of June—August (JJA)
of each year 2) JJA SSTA are de-trended and 3) the detrended anomalies are composited in all
those years when there is a warm AZM event during the period 1950-2012. It may be noted that
although in reality the AZM SST anomalies vary both in spatial extent and magnitude during its
life cycle, i.e., June—August, the SST anomaly pattern imposed in the experiment is not changed

during the experiment to keep it simple.

5.3 'The mean state of the tropical Atlantic in CFSv2

Before examining how the ISM in the model responds to the imposed AZM SST anoma-
lies, it is imperative to see if the model simulates the climatological features in the two ocean
basins. As mentioned earlier, the model simulates the climatological features of summer mon-
soon including the tropospheric temperature over the land and ocean reasonably well (Jiang
et al., 2013} Saha et al.| 2014a)b). Hence we will not present the simulation of the mean mon-
soon or its variability but will focus on the simulation of the seasonal cycle in the tropical
Atlantic here. Fig.[5.T|shows the observed monthly climatological evolution of SST and surface
winds in the tropical Atlantic. The high SST band with temperatures above 25°C transits in
the north-south direction with the season. Notably, it is followed by a zone of convergence of
the trade winds (or the Inter-tropical Convergence Zone; ITCZ) from either hemisphere with
a delay of about one month. With the progress of the season, and as a result of intensified
winds and northward excursion of the ITCZ during late boreal spring—early boreal summer,
the thermocline in the southeastern Atalntic is lifted up. The associated upwelling leads to a
drop of about 5°C in SST and thereby to the development of a distinctive seasonal cold SST
tongue with temperatures below 25°C in the eastern equatorial Atlantic during boreal summer
(Fig. Dippe et al., 2018). The cold tongue region has the highest SST variability and its
interannual modulation in the timing and/or strength leads to an AZM event (e.g., Burls et al.,
2012; |Liibbecke et al., 2018). This observed seasonal cycle of the tropical Atlantic has already
been discussed in Chapter (1| Fig. shows the bias of the model in simulating the seasonal
cycle in SST and surface winds in the Atlantic. It can be seen from the figure that there is a

warm SST bias of about 3°C in the tropical South Atlantic during May—September and the bias



Sec. 5.3 Chapter 5 92
— 15.0m/s
ogen LEoaes 1o W8 Jan [ke=225%4 May [FeceeS%s Sep [
Begces ! «[B52?d + [Eozeze) A
10N EeerZ i iy Fooz ot ST 1p
1 = N1 7. | xR 1 TSN AAANA 7 I
0° KETTEBTINNN 110 o aamaanSAAT T | RNV g o} - 29
1 SNSSNAAV T H SANNSNANAA LT SSENNANANA A H
10°S - ~~ 1 SENNNNA SSISNNANANALY Y |+ 28
| ~SNSNANA 1 AP R TR, § \,( |
o —— sNSNAA S TN S cm—msSNAN L o7
USRIV AAARSSRRN N NG O W AN B JPRRIIRRPRRRAL G, ¢ W
. ~SANAN R BT T e e - =SS e rersn e nhN |
— Ta® : — = = 1 T ——% — 26
A==« i - Lo == L
oN - _fr'/;;// Jun _-—-—-—:zzll Oct L
] [Fere S [P s ¢ L
10°N 3 = & & . ; -—.—:-—rv- : ) - 24
° 1 SN ANSNAANANAND 1 SN AAANAAD 7 i
0° 1 NN IR XN FH 23
' RN A | e AN
og | SN n L
e P\ SN
-~ ———— LS N
20°S A STt e e asAAM PO oI 21
Crrrs--- -..I..:..I....\\\\ -..,I,,,I.,‘,....Ic.xl\\§ F 20
= 75 |
e mmeery | g /// L
20°N {m==rrr sy Mar :::.j //// o
7 Ve s 2 i
10°N 1 IS Sxwxii [ 18
o 1 -\\\\\\ ’
0 TNNNN SN A F 17
1 SRaNNA A :
10°S 1 \\\\N\\::QQ [ 16
1 Ty Sy Sy \\ i
20°S 1 e~ - o o o
7 e ¢ ¢ « ¢ ¢ ¢ e v e =N
i L= o= o o /// L H 14
20°N | ek o
10°N 1 e s ¢ i
] S ISSSAASSD [ H 12
0° A SNNNKSAAA T | SR I
; SNARSNAANA ~—— L 1
10°S AN SNANNANA Vg — L
1 \\\\\\\\\l — L 10
° ——— =S aNAA 7 0 A==
20°S A \ ,(,-ssxxx\'\'\\ T 2 0= I
R \ '-,’,,..~~~~s\\‘\. -"""lll""'\ F
40°W  20°W 0° 40°W  20°W 0° 40°W  20°W 0°

Figure 5.1: The observed monthly climatology of SST (°C; shaded) overlaid by surface winds
(vectors), and position of the oceanic ITCZ (thick blue line) in the tropical Atlantic. The SST
contour of 25.5°C is overlaid (blue) to show the development of the seasonal cold tongue in the
southern tropical Atlantic during boreal spring—summer. The corresponding month is indicated
on each subpanel. This figure is the same as Fig. E}

has the highest spatial extent in June—July. The winds over the equator have a northerly bias

and the highest bias is in April-May with a reduction in the later months. The SST bias follows

that of equatorial winds. Note that the model bias in SST in summer has a structure similar to

that of seasonal cold tongue shown in Fig. Simulation of the development of seasonal cold

tongue in the tropical Atlantic is important for the model to capture the AZM properly. The

movement of ITCZ is strongly tied to the seasonal cycle and it may reveal more about the SST
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Figure 5.2: Monthly evolution of the bias (CFSv2ggr — Observations) in the annual cycle of
SST (shaded; °C) and surface winds (vectors; ms™') when the reference run is compared against
the observations.

bias. A comparison of the monthly climatological position of the ITCZ in the model with that
of the observations is shown in Fig. General features of the Atlantic ITCZ spending most
of its time in the northern hemisphere and occupying the southernmost position in or around
spring and northernmost position in or around summer are captured accurately by the model (as
discussed in Chapter ). However, the model ITCZ lags behind the observed ITCZ reflecting
the delayed seasonal cycle in the model which leads to a late development of cold tongue and
causes the warm SST bias (Fig.[5.2). The model ITCZ is the farthest from the observed ITCZ

in boreal spring but the difference between their positions reduces in the later months. It should
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Figure 5.3: The monthly climatological position of the ITCZ (degree north) in the Atlantic in
the model reference run (CFSv2ggr; solid line) and in the observations (dashed line).

be noted that the position of the ITCZ in the model almost coincides with that of observations
in August. As we will see later, this point becomes important when interpreting the results of
the sensitivity experiment. From the above, we can conclude that the model simulates the de-
velopment of seasonal cold tongue that is characteristic of the tropical Atlantic but with a delay
of about two months, giving rise to the warm SST bias. The biases in SST in the cold tongue
region, surface winds over the equator and the position of ITCZ are intimately connected with
each other and they decrease after July. As may be noted, the interannual SST anomaly of
this cold tongue, its accompanying anomalous winds, and the thermocline depth, among other
things, manifest as an AZM event. Hence, we may expect that the occurrence of the AZM in
the model may be late compared to that in the observations. We examine in the below how well

the model simulates the AZM using the free-run (CFSv2ggg) of the model.

5.4 Simulation of the AZM and its links with the Indian sum-

mer monsoon in CFSv2 free-run

The composites of anomalies of SST and wind of cold and warm AZM events (see Sec-
tion[5.2]for the identification of events) in CFSv2 free-run (or CFSv2ggr) are compared with that
of the observations in Fig. @ In the observations, the SST anomalies associated with an AZM

event peak in June or July and decay thereafter. These SST anomalies extend from the coast
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Figure 5.4: Monthly composites of anomalies of SST (shaded; °C) and low level winds at 850
hPa (vectors; ms™!) of cold and warm AZM events in a) observations and b) in the reference run
during June-September. a) is the same as Fig. [I.10)

of Angola to the Atl3 region (3°S—2°N and 20°W-0°E) over the equator (Fig.[5.4p) and are ac-
companied by divergent (convergent) surface winds during a cold (warm) event. The northerly
(southerly) wind anomalies along the Angolan coast in the latter months of July and August con-
tribute to the decay of a cold (warm) event. However, in the model, although the SST anomalies
in the proximity of equator are present from June onward, a clear sign of an AZM event in SST,
1.e., the SST anomalies extending from coast of Angola to the Atl3 region, emerges only in
July and peaks in August or September (Fig. [5.4b) which is late compared to the observations
(Fig.[5.4p). Further, the magnitude and spatial extent of SST anomalies in the model are smaller
compared to that in the observations. Interestingly, the least bias in the climatological position
of the ITCZ during the season (June—September) occurs in August/September. Furthermore, the
reduction of bias in ITCZ position is intimately connected to the delayed development of cold
tongue as discussed above (Fig. [5.2] and Fig.[5.3). Given that the modulation of the seasonal

cold tongue manifests as an AZM event, the delayed development of cold tongue leads to a
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delayed AZM event compared to the observations. Nonetheless, the important feature of phase
locking of AZM to the seasonal cycle is captured by the model. Hence, although delayed and

weak compared to the observations, the model simulates the AZM.

As mentioned earlier in Chapter [2| and Chapter [3, ENSO influences the global climate.
The relation between the AZM and ENSO in the model is discussed here. The standard devi-
ation of the JJA Atl3 index in the observations is 0.48 but it is 0.23 in the model implying that
the AZM is less variable in the model compared to the observations. The correlation between
JJA Atl3 and JJA ONI in the model is 0.5 against -0.41 in the observations. While the AZM
and ENSO have an opposite phase relation in the observations (also see Section [3.2)), they are
cooperative in the model. We have tried to take care of this issue by removing the effect of
ENSO on a target field as described in Chapter [2, whenever necessary. However, it must be

noted that this approach cannot remove the effect of ENSO completely.

As mentioned earlier in Section[5.1]and outlined in Chapter [I} Pottapinjara et al| (2014)
proposed a physical mechanism by which the AZM in the tropical Atlantic can affect the [ISM:
an AZM excites a response in the mid-tropospheric temperature (TT) field which propagates
to the east and disturbs the thermal gradient between over the Indian subcontinent and over the
Indian ocean (Webster et al., [1998; Goswami and Xavier, 2005) and thereby affects the mean
circulation and rainfall over India (Fig. [5.54). In Fig.[5.5] the key element of eastward propa-
gation of TT response is shown both for the model and observations. The positive correlation
between the Atl3 index and the TT shown in the figure indicates that as a response to SST and
convection anomalies associated with a warm (cold) AZM event, the tropospheric temperature
over the Atlantic and Indian oceans rises (falls). In the observations (Fig. [5.5a; similar to Fig.
10 of Pottapinjara et al. (2014)), the TT response in the Atlantic grows (before -1 month TT
lead), peaks (between -1 and 1 months lead) and decays (after 1 month lead) with time. This
Matsuno-Gill-type response (Matsuno, [1966; Gill, 1980) has a Rossby wave-like structure with
two lobes of high positive correlation on either side of the equator in the Atlantic and has an
eastward propagating Kelvin wave like-structure in the equatorial band. The response propa-
gates to the east through the Indian Ocean and reaches as far as 140°E in the Pacific at its peak.
The warming of the troposphere in the equatorial belt (confined to 10°S and 10°N) in the Indian
Ocean can weaken the positive TT gradient between the land (Indian subcontinent) and ocean

(Indian Ocean) that is shown to be critical for the circulation of ISM (e.g., |Webster et al., [ 1998;
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Figure 5.5: The monthly lead-lag correlations between the Atl3 index and Tropospheric Tem-
perature (TT) integrated over 600 hPa to 200 hPa after removing the effect of ENSO on both
TT and Atl3 index in a) Observations and b) Model. The lead of TT in months is indicated on
each subpanel. The effect of ENSO is removed to elicit the signal clearly (as discussed in Sec-
tion [3.2). The removal also takes care of the wrong AZM-ENSO relation in the model, albeit
partially. The correlations are statistically significant at the 10% level.

Goswami and Xavier, [2005). In Pottapinjara et al.| (2014)), the modulation of TT gradient by the
AZM is argued to be intimately connected to the lower level moisture transport to the Indian
subcontinent, low level cyclonic vorticity in the Bay of Bengal (BoB), number of depressions
in the BoB and finally the rainfall over India (see Section [[.4] for an outline). A similar figure
(Fig. [5.5b) for the model tells us that an AZM indeed excites a response in TT. Although it is
weaker and decays faster compared to observations, the key features of the response in terms of
structural similarity, propagation to the east into the IO, and growth and decay are all captured

by the model.

It is interesting to see if the simulation of the relation between the AZM SST and TT in
the model is reflected in AZM-ISMR relation as well. Fig.[5.6]shows the correlation between the

Atl3 index and precipitation over India both in the observations and in the model. As reported
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Figure 5.6: The correlation between the JJA Atl3 index and the JJAS precipitation over India in
the a) observations and b) model reference run (CFSv2ggg), after removing the effect of ENSO
over precipitation. The correlations are significant at the 20% level.

in previous studies (e.g., |Kucharski et al., [2008; |Wang et al., [2009; [Pottapinjara et al., 2014),
the observed relationship between the AZM and ISMR is that a warm (cold) AZM decreases
(increases) rainfall over the Western Ghats and central India and enhances (reduces) rainfall over
northeastern India (Fig.[5.6p). An opposite relation between the AZM and rainfall over a band
extending from the Bay of Bengal to the northwest India can be seen as well. However, in the
model, only the relationship between the AZM and rainfall along the Western Ghats is captured
correctly (Fig.[5.6b). Note that the rainfall along the Western Ghats is directly influenced by
changes in the mean flow. Further, the rainfall over central India has several contributors apart
from variations in the mean flow (e.g., |Pant and Kumar, [1997) and for the model to capture its

relation with the AZM, all such factors need to be simulated properly.

5.5 Response of the ISM to the imposed warm AZM SST

anomalies

In the above, examining the model free-run (CFSv2ggg), we have shown that the model

simulates the relation between the AZM and ISMR through Kelvin wave-like in the TT field
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reasonably well despite some shortcomings. To gain insights and more confidence about the
influence of AZM on the ISM in the model, a sensitivity experiment is conducted as described

in Section[5.2]

The response of the ISM to the imposed warm AZM SST anomalies shown in Fig.
i.e., the CFSv2ggr is analyzed here. The observed relation between the AZM and the rainfall
and low level winds is shown in Fig. [5.8a. A warm AZM causes easterly wind anomalies in
the eastern tropical Indian Ocean and north-easterly wind anomalies in the Arabian Sea; the net
effect being the weakening the boreal summer seasonal mean flow. As a result, a warm AZM
suppresses rainfall over the Western Ghats and over a band extending from the Bay of Ben-
gal to the Northwest India but enhances the rainfall over the eastern equatorial Indian Ocean.
The seasonal (June—September) average of the response in precipitation and low level winds is
shown in Fig. [5.8p. It appears that the imposition of warm SST anomalies in the tropical At-
lantic weakens the low level mean flow in the Arabian Sea (in agreement with the observations;
compare with Fig. [5.8h) but enhances precipitation along and to the west of Western Ghats
(contrary to the observations; compare with Fig. [5.8a). It also seems to cause an anticyclonic
low level flow over central India and an increase in rainfall over the same region. The response
in the low level winds in the eastern equatorial Indian Ocean is easterly, in agreement with the

observations (compare with Fig.[5.8p). While the response in the low level winds is roughly as

we would expect based on our earlier results in Pottapinjara et al.|(2014)) and the analysis shown

in Fig. [5.8, the response in the precipitation is not. Further, note that the responses in the low

level winds and precipitation are not consistent with each other. This apparent inconsistency

SO0 00000O =
(SIS RN S SRR SRS, BN RN

60°W 30°W 0°

Figure 5.7: Composite of observed JJA SST anomalies (shaded; °C) of warm AZM events that
is imposed in the sensitivity experiment. The composite is statistically significant at 10% level.
The construcion of the composite is described in Section@
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Figure 5.8: Influence of the AZM on the seasonal mean precipitation and low level circulation
in the Indian Ocean in the a) observations and b) model sensitivity experiment (CFSv2gs7). a)
Regression of JJA Atl3 index onto anomalies of JJAS precipitation (shading; mm day™') and
low level winds (850 hPa; vectors; m s!) after removing the influence of ENSO b) JJAS mean
response in precipitation (shading; mm day™') overlaid by winds (vectors; m s!). In (a), the
statistically significant regressions at 20% in precipitation (winds) are shown in red contours
(blue vectors).

must be investigated first before delving into further details. A similar plot of monthly mean
responses in precipitation and winds during June—September shown in Fig. [5.9)tells us that the
two fields are consistent with each other in all individual months of the season. Whenever
the response in winds opposes (strengthens) the seasonal mean flow, the precipitation is less
(more) than the corresponding climatological mean. However, note that the response in neither
the precipitation nor winds is uniform in sign in the season and the precipitation response is
disproportionate to that of winds. For instance, the wind response of about 2 ms™' along the

west coast of India in September (5.9d) generates disproportionately widespread and stronger
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ber).

in the same region in

precipitation response compared to the wind response of about 4 ms!

August (5.9c). Hence, the inconsistency between the wind and precipitation in the seasonal

mean response shown in Fig. arises from averaging their respective responses which are

non-linearly related in individual months.

the warm SST anomaly in the tropi-

) and Chapter
cal Atlantic leads to a reduction in precipitation along the Western Ghats and over central India

d

From the earlier analysis (Fig. |5.8

conducive conditions for the formation of monsoon depressions in the Bay of

non

as well as

2014). However, this relation in the sensitivity experiment can be

>

Bengal (Pottapinjara et al.

seen only in the month of August and the response in other months is either weak, or the oppo-

site (Fig.[5.9). In the month of August, a strong easterly flow extending from the west Pacific

to the Somali coast that opposes the seasonal mean can be observed (Fig. [5.9 and Fig. [5.1Th).
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A strong anti-cyclonic circulation in the Bay of Bengal which tends to oppose the formation of
monsoon depressions can also be noticed (compare Fig. and Fig. with Fig. [5.8] and
Fig. [I.12b). This response in winds is accompanied by a reduction in precipitation along the
Western Ghats and over the Bay of Bengal, and an enhancement in precipitation over the central
to eastern Indian Ocean between 10°S and the equator. All this response is consistent with the
observations (Fig. [5.8h). However, the precipitation response over central India is mixed with
reduction over some place and the enhancement over the other. It must be borne in mind that
rainfall over central India has several contributing factors and obtaining the right response over
there needs proper simulation of all those contributing factors in the model (Pant and Kumar,
1997). As may be noted, this relation between AZM and precipitation over central India could
not be simulated in the model reference run (CFSv2ggr) as well (Fig. [5.6). Nonetheless, on the
whole, the response in the month of August (5.9¢) is very close to the observations. Before
addressing the question of whether or not the response in August is consistent across different
fields, we must examine why the experiment yields observed response only in August and not

in other months.

A relevant study by Richter et al. (2014) provides us a clue. Analyzing the Coupled
Model Intercomparison Project 5 (CMIP5) models, Richter et al. (2014) note that the develop-
ment of the cold tongue in the eastern equatorial Atlantic is not adequately captured by most
of the models and that it may be partly due to westerly wind stress biases in boreal spring.
Using the pre-industrial runs of the CMIPS5 models, the study shows that there is a high corre-
spondence between the latitudinal position of Atlantic ITCZ and the strength of the equatorial
easterlies over the cold tongue region. Further, many models place the Atlantic ITCZ southward
than is observed during boreal spring which weakens the equatorial easterlies causing a warm
bias over the cold tongue region in the boreal summer and reversing the observed zonal SST
gradient. The position of the ITCZ during boreal spring is very sensitive to the SST gradient
between the north and south tropical Atlantic, and thus links the meridional and zonal modes in
the tropical Atlantic (Servain et al., 1999; Murtugudde et al., 2001). Following (Richter et al.,
2014), to find out why the model response is as observed only in August, the simulation of the
Atlantic seasonal cycle in the model is examined here. The proper simulation of the Atlantic
seasonal cycle in the model is essential because the AZM is tightly phase locked to the seasonal
cycle. The movement of the Atlantic ITCZ is an important aspect of the seasonal cycle and the

comparison of movement of Atlantic ITCZ both in the model and observation shows that the
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Figure 5.10: The response in vorticity at 850 hPa (shading; 10 s'!) overlaid by vectors of shear
between at 850 hPa and 200 hPa (winds at 850 hPa — winds at 200 hPa; ms™') in August.

seasonal cycle in the model is delayed compared to the observation (Fig. [5.3). However, the
ITCZ in the model is located where it should be as per the observation only in the month of
August and it is off by at least 3 degree latitude in other months during boreal spring—summer.
The timing of the least bias in the position of the ITCZ coincides with that of the western
equatorial Atlantic zonal winds (Fig.[5.2). As may be noted from Fig. the SST bias also
starts to decrease in August. Given that the SST anomalies imposed in the tropical Atlantic in
the experiment ride on the climatology, it may be concluded that the close-to-right background
conditions in the model in August gives us the desired response in the Indian ocean. Therefore,
we will concentrate on the response in different fields only in August. Henceforth, the model

response in the following would mean the response in August unless mentioned otherwise.

As discussed in Section the AZM can influence the rainfall over central India by
modulating the frequency of monsoon depressions forming in the Bay of Bengal (Pottapinjara
et al., 2014). As shown in Fig.[5.10] as a response to the imposed warm SST anomalies in the
tropical Atlantic, there is a negative vorticity and high wind shear between upper and lower

levels, which together oppose the formation of depressions there. The reduced number of mon-
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Figure 5.11: The response and analyses of different fields covering the tropical Atlantic and
Indian oceans: a) low level wind vectors at 850 hPa (m s!); b) precipitation (mm day™); ¢) SST
(°C; multiplied by 0.25); d) mid-tropospheric temperature averaged between 600 and 200 hPa
(0.1 K) e) upper level velocity potential at 200 hPa (shading; 10° m?s™! ) and low level stream
function at 850 hPa (contours; 10° m?s™!). The specified fields are scaled to have a common
color scale. In c), the SST response in the tropical Atlantic is masked because that is where
we impose the warm AZM SST anomalies. In (d), the positive (negative) contours of stream
function are shown in blue (red) colors to highlight the quadrupole structure of Kucharski et al.
(2009).

soon depressions tend to cause less rainfall over central India region that is normally frequented
by the monsoon depressions. So, the model simulates an important result of |Pottapinjara et al.

(2014).

A major aspect of the teleconnection mechanism, between the Atlantic and Indian oceans
is through Kelvin wave-like propagating in the tropospheric temperature field as discussed ear-

lier (see Section[I.4]and [Pottapinjara et al., 2014). To demonstrate this, the response in different
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Figure 5.12: Vertical cross sections of the response in mid-tropospheric temperature (TT; K) in
August, a) after averaging over the latitudinal band of 5°S-5°N to show the TT teleconnection
between the Atlantic and Indian oceans and b) after averaging over the longitudinal band of
60°E-120°E to show the gradient in TT between over the Indian subcontinent and Indian Ocean.

fields covering the tropical Atlantic and Indian oceans is shown in Fig.[5.T1] In response to the
imposed warm SST anomalies in the tropical Atlantic, the convection over the eastern equatorial
Atlantic results in precipitation over the same region (Fig.[5.I1b). A consistent low level west-
erly wind response in the central to western equatorial Atlantic can be also noticed (Fig.[5.1Th).
Further, a weak warm response in SST in the Arabian Sea due to the weakened monsoonal flow
can also be seen (Fig. [5.1Tk). Excited by the warm AZM anomalies and its resultant convec-
tion anomalies, a warm response in the mid-tropospheric temperature can be seen extending
into the Indian Ocean and reach up to 150°E in the western Pacific (Fig. [5.11(d). The vertical
section of TT averaged over the equatorial belt covering the Atlantic and Indian oceans shows
us that the TT in the mid-tropospheric column over the longitudes of Atlantic indeed warms

up and extends into the Indian Ocean (Fig. [5.12p). Further, the vertical section of the TT re-



Sec. 5.6 Chapter 5 106

sponse in the longitudinal band of 60°E—120°E covering both Indian subcontinent and Indian
Ocean reveals that the TT response over the Indian Ocean is warm, consistent with the warm
TT response originating from the Atlantic and is cold over the subcontinent (Fig. [5.12b). This
warm TT response over the ocean and cold TT response over land weakens the mean land-sea
mid-tropospheric thermal gradient and consequently reduces the strength of mean monsoonal
flow as shown in Fig. [5.10] and Fig. [5.ITa. Note that this TT response is consistent with the

response in precipitation and winds shown in Fig.[5.9]

As mentioned earlier in Section[5.1] a dynamical manifestation of the response of ISM to
the AZM is reported by |Kucharski et al. (2009). From a sensitivity experiment conducted using
an Atmospheric General Circulation Model (AGCM), they find that a positive (negative) AZM
SST anomaly in the tropical Atlantic causes a Gill-Matsuno type baroclinic quadrupole response
in the stream function. Further, from the the upper level velocity potential, they showed that
the heating associated with the warm AZM event induces an upper level divergence over the
Atlantic and Africa region, and an upper level convergence over India and the western Pacific
which is attributed to the reduction of rainfall over India. Interestingly, the upper level velocity
potential in the model response presented in [5.11] shows a similar structure with upper level
divergence over Atlantic and convergence over India. In addition, the quadrupole response
in lower level stream function can also be seen (Fig. ). Consistent with this, a reduced

precipitation over India and the Bay of Bengal can be also noticed (Fig.[5.11p).

From the above discussion of the sensitivity experiment, we may conclude with more
confidence that the observed teleconnection between the AZM and ISM is simulated by the

model reasonably well although it misses some finer details due to biases in the model.

5.6 Summary and Discussion

Earlier studies have shown the existence of a relation between the AZM and ISM (e.g.,
Kucharski et al., 2008} (Wang et al., 2009} [Pottapinjara et al., 2014). (Kucharski et al., [2009)
showed that the warm (cold) AZM SST anomaly induces a Matsuno-Gill type quadrupole struc-
ture causing a sinking (rising) motion over India which in turn reduces (enhances) rainfall over
India. In our recent study Pottapinjara et al. (2014}, we proposed a thermodynamic aspect of

the teleconnection by which the AZM affects the ISM. As per our hypothesis, the signal of the
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AZM propagates eastwards and reaches the Indian Ocean as Kelvin-like wave in tropospheric
temperature. Further, by modulating the mid-tropospheric temperature gradient between over
the Indian subcontinent and the Indian Ocean, it affects the seasonal mean flow and thereby the

rainfall over India (e.g., |Goswami and Xavier, 2005).

The IMD, the agency responsible for the monsoon prediction in India, employs the
NCEP CFSv2 coupled model as one of its dynamical models for the seasonal prediction of
monsoon. In the present study, we examine the fidelity of the simulation of the AZM-ISM re-
lation in the low resolution variant of the same model (CFS version 2). Further, we conduct a
complementary sensitivity experiment to examine if the physical mechanism proposed in |Pot-
tapinjara et al.| (2014)) is simulated by the model. An analysis of the 20 years of the free-run (or
CFSv2ggr) by the model suggests that variability of the AZM and its relation to the monsoon,
i.e., a warm (cold) AZM suppressing (enhancing) the rainfall over India, are captured reason-
ably well in the model but are subject to the biases linked to the mean state. Further analyses
of the sensitivity experiment are analyzed in the context of these biases to advance the process
understanding of the AZM-monsoon interactions. Because of the delayed seasonal cycle in the
tropical Atlantic in the model, the response to the imposed warm AZM SSTA in the precipita-
tion and low level winds are not consistent throughout the summer, as reflected in their seasonal
mean response. However, in the month of August, when the Atlantic ITCZ in the model is in
its correct position, the response of the ISM to imposed warm AZM SST anomalies is consis-
tent across precipitation, low level winds, mid-tropospheric temperature, vorticity and shear;
all simulating the physical mechanism suggested in |Pottapinjara et al. (2014) as mentioned ear-
lier. The reduction in rainfall along the Western Ghats as a response to warm AZM SSTA is
prominently seen as it is directly affected by the changes in the mean flow. However, the precip-
itation response over central India is not clearly seen owing to limitations of the model. Further,
the experiment also shows that the model simulates the dynamics-based physical mechanism
proposed by Kucharski et al. (2009) wherein a warm AZM SST anomaly has a Gill-Matsuno
type quadrupole response and induces an upper level convergence over India leading to reduced
rainfall. The two mechanisms may not be totally independent of each other but are different
manifestations of the total coupled nonlinear system. As shown in this study, the CFSv2 model
has some serious biases in simulating the seasonal cycle in the tropical Atlantic. This problem
is also seen in many coupled models participating in the CMIP5 as well (Richter et al., 2014)).

This study highlights the need for improving the mean state of tropical Atlantic in CFSv2 in
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order to account for a realtsic AZM-ISM connections, which will lead to better forecasts of the

ISM.

Although we have shown that the CFSv2 simulates the different manifestations of re-
sponse of ISM to AZM (of Kucharski et al., |2009; Pottapinjara et al., 2014), we have not
investigated the relative importance of these mechanisms. The response of winds and precipi-
tation in the Indian Ocean (Fig.[5.11] and Fig.[5.11p) seem a bit stronger for the imposed SST
anomalies. The strong response could be due to local positive feedbacks in the Indian Ocean or
a stronger dynamic response in addition the thermodynamic response. The cooling of TT in the
Bay of Bengal and western Pacific (Fig. [5.11d) could not be seen in the observations or in the
reference run of model (Fig. [5.5). It is likely that this cooling is induced by the sinking motion
as a secondary response. The enhancement of precipitation in the southeastern Indian Ocean,
and reduction of precipitation over the Bay of Bengal (Fig.[5.11p) are likely linked by the local
Hadley cell in the Indian Ocean. A slight cooling of TT in the central equatorial Atlantic in
Fig. is due to the cooling between the levels of 400 and 350 hPa (Fig. [5.12h) but we do
not understand why this occurs. In this study, while examining the simulation of the results
reported in Pottapinjara et al.|(2014), we did not actually track the monsoon depressions in the
model as the coarse resolution of the model does not support it. Rather, we have only shown the
response in the vorticity and wind shear that are crucial for the formation of monsoon depres-
sions in the Bay of Bengal. Further, in the experiment we have conducted only the response to
warm SST anomalies in the tropical Atlantic is studied. A subsequent experiment imposing the
cold SST anomalies can offer us more insights into possible non-linearity in the teleconnection
between the AZM and ISM with respect to the phase of AZM but we will not pursue it here in

this thesis.



Chapter 6

Conclusion and scope for future work

The Indian summer monsoon (ISM) is the lifeline of the south Asian region, a heavily
populated region in the world. The ISM contributes to about 80 % of the annual total rainfall
of India. The ISM varies on a spectrum of timescales but we focus on its inter-annual vari-
ability given the implications of these year-to-year variations of ISM for the economy and food
production of India. Understanding the variability of the monsoon and predicting the same has
an immense value. Motivated by this great societal need, in this thesis, we have attempted to
understand the interannual variability of the monsoon induced by the AZM, an aspect that has
not been explored in detail. The detailed summary of results and their limitations, if any, are
already discussed at the end of each of Chapter 3] Chapter 4| and Chapter[5] This chapter casts
the key findings of the thesis in the context of the set objectives and throws some ideas that can

be taken up for further study.

As the interannual variability of the ISM is a result of both internal dynamics and exter-
nal factors, and the influence of the external factors form the basis of prediction of the ISM, we
have surveyed the literature in Chapter || to understand the external drivers of the ISM, espe-
cially those operating in the tropics. Our literature survey informs us that the El Nifio-Southern
Oscillation (ENSO) and Indian Ocean Dipole (I0D), the coupled ocean-atmosphere modes of
variability operating in the tropical Pacific and Indian oceans respectively, are two major drivers
of the ISM. The survey also informs us that there is a similar mode of variability housed in the
tropical Atlantic called the Atlantic Zonal Mode (AZM) whose influence on the ISM is rela-

tively less studied compared to that of ENSO and IOD. We chose to focus on this relationship
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between the AZM and ISM, and conducted a thorough review of the prior research on the rela-
tionship in Chapter 1| The prior research includes a recent relevant study of ours Pottapinjara
et al. (2014) which is the basis for the body of work presented in the thesis. From the review of
the earlier research on AZM-ISM relationship, we identify important gaps based on which we
set the following objectives.

(i) To explore the lead association of the known precursors of the AZM in boreal spring to the
following ISM

(i1) To investigate if the evolution of warm and cold AZM in the boreal spring is symmetric,
which would enhance our understanding of the AZM

(ii1) To explore the capability of a current day seasonal forecast model in simulating the rela-

tionship between the AZM and ISM

We have used a variety of well documented observational and reanalysis datasets in our
analysis and described them in Chapter[2] We have tried to use the same set of datasets through-
out the thesis to mainain the uniformity, and discussed any exceptions and reasons thereof.
Nevertheless, we have demonstrated that the choice of datasets does not alter our results. In
addition, we have used CFSv2 model for the analysis discussed in Chapter [5] and the model
is described in the same chapter for the ease of readabilility. Further, different statistical tech-

niques employed to analyze these datasets have also been discussed in Chapter 2]

One of our goals is to investigate the lead associations of the ISM and our focus here is
on the relationship between the AZM and ISM. However, both the AZM and ISM are active dur-
ing boreal summer and hence the relation between the two does not provide any predictive value
for the ISM. Earlier studies showed that the Bjerknes feedback mechanism, which involves the
SST, surface winds and heat content in the equatorial region, explains a great part of variability
of the AZM. The previous studies also showed that these Bjerknes feedback components in the
tropical Atlantic during boreal spring indicate the development of an oncoming AZM event in
the following summer. Based on this prior research, in Chapter [3, we explore the lead associa-
tion of the Bjerknes components during boreal spring to the ISM (Objective 1). We find that the
coherent evolution of the surface zonal winds and heat content in the equatorial Atlantic during
boreal spring is significantly related to the summer monsoon rainfall over two important regions
in India. It gives us a clue of the ISMR one season in advance through the teleconnections re-

ported in the previous studies discussed in Chapter [T} This result is especially important and
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can offer us hope when ENSO, a major driver of the inter-annual variability around the globe

including the ISM, is not active.

Having shown the lead association for the ISM in the spring precursors of the AZM in
Chapter[3] we delve deep into the details of the evolution of AZM events in Chapter[d] (Objective
ii). As discussed in Section [3.5] some analyses of Chapter [3| also provide a good background
for our efforts presented in Chapter[d] Earlier studies showed that meridional migrations of the
Atlantic Inter-tropical Convergence Zone (ITCZ) during boreal spring affects the concurrent
surface zonal winds in the equatorial Atlantic which is a precursor of the AZM. We observe that
the relationship between the meridional position of spring Atlantic ITCZ and AZM is not as
strong as that between the location of spring Atlantic ITCZ and concurrent surface zonal winds
in the equatorial Atlantic. We find that it is due to an asymmetry in the relationship between
the spring Atlantic ITCZ position and AZM: while an anomalously northward spring ITCZ is
highly likely to lead to a cold AZM event in the following summer, an anomalously southward
spring ITCZ is less likely to cause a warm event. We also find that the asymmetry is inherent
to the Atlantic seasonal cycle. Putting it in the context of Objective ii, the evolution of cold and
warm AZM events with respect to the meridional position of Atlantic ITCZ during boreal spring
is asymmetric. In addition, we observe that the causative mechanisms of warm AZM events are
more diverse than that of cold events. This could imply that the AZM cold events are inherently
more predictable compared to the warm events. This important result paves the way for further
AZM diversity studies. The results presented in this chapter enhance our understanding of the
AZM and contribute to the predictability of different phenomena including the ISM via the

teleconnections discussed in Chapter [[]and Chapter 3]

In Chapter |3| and Chapter 4, we have investigated the relationship of the AZM with its
precursors, and the lead association of these precursors for the ISM through its teleconnections
with the AZM. However, these results based on the analysis of observational and reanalysis
datasets find their practical application when they are simulated by the numerical models used
for prediction of the ISM. In Chapter 5] we examine whether the relationship between the
AZM and ISM reported in earlier studies is simulated in the Coupled Forecast System version
2 (CFSv2), a state-of-the-art dynamical model used for the seasonal prediction of monsoon in
India (Objective 1i1). Our emphasis is on the simulation of results reported in our earlier study

Pottapinjara et al.| (2014), importantly, the influence of the AZM on the ISM rainfall and the
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thermodynamics-based teleconnection between the AZM and ISM via the Kelvin-like waves
in the tropospheric temperature field. From the analysis of the model free-run and the compli-
mentary sensitivity experiment we conducted, we find that the model simulates the AZM and its
relationship with the ISM as reported in our earlier study and other important studies reasonably
well despite some mean state biases. However, these biases, manifest in the delayed develop-
ment of the seasonal cycle in the Atlantic, determine the simulation of timing and strength of
the AZM-ISM relationship in the model. Our results strongly advocate that the simulation of
the annual cycle of the Atlantic ITCZ, and the AZM are critically important to capture the tele-
connections between the AZM and ISMR. It is relevant to note that many of the CMIP5 models
also fail to simulate the interannual ENSO-Monsoon relationship owing to a poor capability in
accurate simulation of the seasonal cycle of ENSO (e.g., Jourdain et al., 2013)). Such improve-
ment will, in turn, potentially contribute to improving the forecasts of the monsoon issued using

the model (CFSv2).

A brief summary of the key results is provided here.

1. The boreal spring zonal surface winds and heat content in the equatorial Atlantic, which
are precursors of AZM, are significantly related to the ISMR and can give us a clue of the

ensuing ISM one season in advance

2. The evolution of cold and warm AZM events with respect to the meridional position of the
spring Atlantic ITCZ, a precursor of the AZM, is asymmetric. In addition, the causative

mechanisms of warm AZM events seem to be more diverse than that of cold AZM events

3. The CFSv2, a state-of-the-art dynamical model used for the seasonal prediction of the
ISM in India, simulates the observed relationship between the AZM and ISM reasonably
well, despite mean state biases in the tropical Atlantic. However, the timing and strength

of the AZM-ISM relationship in the model are affected by the biases.

Having elucidated the key results of the thesis in the context of the set objectives, we dis-
cuss some ideas which are offshoots of these results in the following. These research problems

can be taken up in a future study.

In Chapter [3] we have shown that the spring precursors of AZM have a lead associa-

tion with the ISM. As discussed in Chapter [I] the climate modes of variability such as the the
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Atlantic Meridional Mode (AMM), the South Atlantic Anticyclone (SAA) and ENSO can trig-

ger the AZM events. In addition to the different causative mechanisms of the AZM discussed
in Chapter [5 there may be further unknown processes leading to AZM events. Hence, it is
likely that the different phenomena affecting the development of AZM (e.g., AMM, SAA and
ENSO) may influence the ISM via the AZM. The connections between such phenomena and

the monsoon either directly or via the AZM can be the subject of further studies.

As mentioned in Section one of the factors affecting the spring Atantic ITCZ move-
ment is, a decaying ENSO. This result from previous studies, together with our results discussed
in Chapter [4] hint at an interesting linkage between the tropical Pacific and the ISM in a novel
way. Previous studies show that a persistent (into spring) yet decaying El Nifio can suppress
the rainfall over the deep tropical Atlantic and move the ITCZ north in spring. The northward
spring ITCZ can cause a cold AZM event in the following summer which in turn can enhance
the rainfall over India. Normally, an El Nifio that is active in summer tends to reduce the ISMR.
However, an El Nifio peaking in preceding winter and decaying thereafter can enhance the
ISMR through the cold AZM, El Nifio’s reincarnation. This should at least motivate focused
model sensitivity studies to better understand the ITCZ-AZM-ISM interactions and its asym-
metries. In addition, a potential question to address is, can the AZM influence the following

Indian winter monsoon through its ‘capacitor effect’ in the equatorial Indian ocean?

In Chapter 5| we have shown that the CFSv2 has biases in the simulation of the mean
state in the tropical Atlantic. Such biases may initiate false AZM events which in turn may affect
monsoon predictions via the teleconnection mechanisms discussed in Chapter [I]and Chapter [5
The impact of these biases on the ISM in the models used for monsoon forecasts (CFSv2) needs
to be studied. Further, efforts must be made to reduce these biases to improve the simulation of

AZM variability and thus the monsoon forecasts issued using the CFSv2.
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Figure A.1: Same as Fig. but using EN4 subsurface analysis version 4.2.0 of the UK Met
Office (Good et a1.|, 2013)) for the computation of heatcontent.
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ABSTRACT: Earlier studies have identified a teleconnection between the Atlantic zonal mode (AZM) and Indian summer
monsoon rainfall (ISMR), both of which are active during the boreal summer (AZM: June—August; ISMR: June—September).
It is known that El Nifio-Southern Oscillation (ENSO)-like coupled dynamics are operational in the tropical Atlantic during the
AZM events. Our goal here is to extend this process understanding to seek a predictive relation between the tropical Atlantic
and the ISMR based on these known teleconnections. Monthly composite analysis of the zonal surface winds, heat content,
and sea surface temperature (SST) in the equatorial Atlantic tells us that signatures of a warm or cold AZM event begin to
emerge as early as January of that year. We found significant correlations between the ISMR and the low level zonal winds
in the western equatorial Atlantic and heat content in the eastern equatorial Atlantic in the boreal spring season. Tracking
coherent changes in these winds and the evolution of the heat content in the deep tropical Atlantic in the boreal spring may
offer the potential for skillful predictions of the ensuing summer monsoon anomalies, especially during non-ENSO years when

the predictability of ISMR tends to be low.
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1. Introduction

India’s food security and 60% of the employment base
depend on rainfed agriculture, which in turn is depen-
dent on 70% of the annual rainfall received during the
months of June—September (JJAS) [Indian summer mon-
soon rainfall (ISMR)]. It is well known that the ISMR
exhibits significant interannual variability in both inten-
sity and spatial distribution leading to extreme events like
floods and droughts (Parthasarathy ef al., 1994; Gadgil,
2003). So it is of immense socioeconomic importance to
forecast these variations in advance to devise better poli-
cies to mitigate possible disasters and plan for suitable
crops. Even though significant improvements have been
made in the simulation and prediction of ISMR, the skill of
statistical, atmospheric, and coupled models in predicting
the ISMR leaves a lot to be desired (Rajeevan and Nan-
jundiah, 2009; Gadgil and Srinivasan, 2011; Kim et al.,
2012). For example, the monsoon predictions using atmo-
sphere or coupled ocean—atmosphere models by most of
the leading centres in the world could not predict the large
deficit in rainfall during the summer monsoon of 2009
(Nanjundiah, 2009). It emphasizes the need to understand
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elling and Observations Group, Indian National Center for Ocean Infor-
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the system better, particularly on interannual time scales. A
strong relation exists between the El Nifio-Southern Oscil-
lation (ENSO; Philander ef al., 1989) and the ISMR (Web-
ster et al., 1998), even though the relation is not stationary
and depends on the flavour of ENSO (Kumar et al., 1999;
Ashok et al., 2007). The recent failures of monsoon pre-
dictions in 2012 and 2014 were also accompanied by the
unexpected demise of ENSO (from what seemed like an
evolving El Nifio during the summer of 2014, the weak
warm anomalies in the central-eastern equatorial Pacific
have evolved to that of a weak El Nifio by mid-March
2015 and persisted into September 2015; deficit in the
ISMR is about 14%), highlighting the tenuousness of rely-
ing on ENSO for monsoon predictions. This motivates us
to explore any likely skill from another tropical ocean, viz.,
the tropical Atlantic.

Earlier studies have examined the influence of differ-
ent climate modes on the interannual variability of ISMR
(Webster and Yang, 1992). Among them, ENSO and the
Indian Ocean Dipole/Zonal Mode (I0DZM) are the dom-
inant interannual modes in the tropics. Their individual
and combined effects on the ISMR have been investi-
gated by a number of earlier studies using observational
and modelling efforts (Neelin et al., 1998; Webster et al.,
1998, 1999; Saji et al., 1999; Clark et al., 2000; Krishna-
murthy and Shukla, 2000; Murtugudde et al., 2000; Ashok
et al., 2001; Ashok and Saji, 2007; Cherchi et al., 2007).
In general, a La Nifia (an EI Nifio) or a positive (negative)
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IODZM event leads to an enhancement (a reduction) of
the ISMR. The debate over whether an IODZM can occur
independently of ENSO continues, including whether the
IODZM is a real dipole at all (Annamalai et al., 2003;
Zhao and Nigam, 2015), but our goal is not to address this
issue. Apart from influencing the ISMR, the IODZM can
reduce the impact of ENSO on ISMR whenever modes of
the same phase co-occur and the IODZM is even argued
to impact an evolving ENSO (Ashok et al., 2001; Anna-
malai et al., 2005). It is worth mentioning here that ENSO
explains only 30% of the interannual variability of ISMR
(Rajeevan and McPhaden, 2004; Gadgil, 2014). It indi-
cates that development of an ENSO event may not always
have its impact on the ISMR. For example, despite the year
1997 being a strong El Nifio, the ISMR was normal. More-
over, there are a few dry and wet years, which cannot be
explained by either ENSO or IODZM events (Varikoden
and Preethi, 2013). For instance, the ISMR was above nor-
mal in 2013, even though there was no ENSO or IODZM
event. Hence, it is imperative to find out the influence of
other tropical teleconnections to the Indian monsoon, espe-
cially during non-ENSO years.

A similar to, but weaker than ENSO, ocean—atmosphere
interaction exists in the tropical Atlantic which is called the
Atlantic zonal mode (AZM; also called as Atlantic Nifio;
Zebiak, 1993; Xie and Carton, 2004; Burls et al., 2012).
The study by Keenlyside and Latif (2007) showed the
existence of Bjerknes feedback (Bjerknes, 1969) involv-
ing a positive feedback between the zonal winds, ther-
mocline, heat content, and sea surface temperature (SST)
in the equatorial Atlantic in the evolution of AZM, sim-
ilar to the case of ENSO. The typical characteristics of
a cold (warm) AZM event are manifested as an anoma-
lous cooling (warming) and a reduction (an enhance-
ment) of convection in the eastern equatorial Atlantic
(EEA) (Xie and Carton, 2004; Burls et al., 2012). How-
ever, these signals last only for a few months and the
strength is also relatively low compared to ENSO. The
AZM is phase locked to seasonal cycle and usually peaks
during the boreal summer [June—August (JJA); Liibbecke
et al., 2010] coinciding with the Indian summer monsoon
period (June—Spetember), although some events can occur
later in the fall (Monger et al., 1997; Okumura and Xie,
2006). A series of studies has shown that a warm (cold)
AZM event can decrease (increase) the ISMR (Kucharski
et al., 2007, 2008; Wang et al., 2009; Barimalala et al.,
2011). A physical mechanism as to how the effect of
AZM may reach the Indian subcontinent was demonstrated
by Kucharski ef al. (2009), where it is shown that the
warm (cold) AZM SST in the tropical Atlantic drive a
dynamic response producing a high (low) pressure over the
Indian landmass, which leads to a decreased (increased)
monsoonal flow. Consistent with this result, a recent
study by Pottapinjara et al. (2014) showed that warm
(cold) AZM SST can also convey its effect to the Indian
Ocean through Kelvin-like waves in the tropospheric
temperature field which tends to decrease (increase) the
mid-tropospheric gradient between the Indian land mass

© 2015 Royal Meteorological Society

V. POTTAPINJARA et al.

and tropical Indian Ocean leading to a weaker (stronger)
monsoonal flow.

Although the existence of a relation between the AZM
and ISMR is shown by these earlier studies, there is no
predictive value in the SST associated with AZM to ISMR
because both of them are active almost at the same time
in the boreal summer. Ding eral. (2010) showed that
variations in upper ocean heat content (or heat content; see
Section 2) averaged in the equatorial Atlantic belt precede
SST anomalies in the cold tongue region (6°S—2°N and
20°-0°W) by 4-5 months. That indicates a potentially
predictive value from heat content to the SST anomalies
during the AZM. Hence, it is worth examining the changes
in heat content in the equatorial Atlantic which precede the
AZM to determine if those changes can foretell the ensuing
summer monsoon anomaly sufficiently in advance. Our
interest in the heat content variability in the equatorial
Atlantic and ISMR is motivated by a study by Rajeevan
and McPhaden (2004). They have shown that heat content
or its equivalent, volume of warm water in the tropical
Pacific can act as a better predictor for ISMR with a lead
time of 2 months, compared to ENSO SST indices which
do not have any predictive value for the ensuing monsoon
rainfall. Moreover, McPhaden and Nagura (2013) have
shown that the heat content in the Indian Ocean equatorial
belt can be a predictor of the IODZM development through
a mechanism similar to that of ENSO in the Pacific. They
explained these results in the framework of the recharge
oscillator theory (Jin, 1997). However, the relationship
between heat content variability in the equatorial Atlantic
and ISMR is not investigated thus far, to the best of
our knowledge. The primary objective of this study is to
describe and explain the existence and the mechanistic
connection between the heat content variability in the
equatorial Atlantic and ISMR. This might shed some light
on the ensuing monsoon, especially during non-ENSO
years.

The remainder of this paper is organized as follows. Data
sets used and methods employed are described in Section
2. Section 3 describes the analysis and results. Section 4
summarizes the results.

2. Data and methods

The AZM is characterized by the Atlantic 3 index (Atl3;
analogous to the Nifio 3 region for ENSO) which is
the average of the SST anomalies over 3°S—3°N and
20°W-0°E. The AZM events are selected as follows.
Whenever the Atl3 index crosses one standard deviation
(0.48°C) during JJA season, it is called a warm (cold)
event, if the sign of the anomalies is positive (nega-
tive) (Burls et al., 2012). The Atl3 index is based on
the detrended Hadley Centre Sea Ice and Sea Surface
Temperature (HadISST) product (Rayner et al.,, 2003).
Because of the constraints posed by the availability of
different data sets, we will restrict ourselves only to the
period 1975-2010. During this period, AZM cold events
are found to occur in years 1976, 1978, 1982, 1983, 1992,

Int. J. Climatol. 36: 2469—2480 (2016)
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1994, 1997, and 2005 (a total of eight), and warm events
during 1984, 1987, 1988, 1995, 1996, 1998, 1999, 2008,
and 2010 (a total of nine). Following the same criterion
for selecting ENSO years as for AZM, but using Nifio 3.4
(5°S-5°N and 170°-120°W) SST index (standard devia-
tion 0.5 °C), years of La Nifia events are identified to be
1975, 1985, 1988, 1998, 1999, 2000, and 2010 (a total of
seven); and, El Nifio events to be 1982, 1987, 1991, 1997,
2002, 2004, and 2009 (a total of seven) (consistent with the
list of ENSO events given at http://www.cpc.ncep.noaa.
gov/products/analysis_monitoring/ensostuff/ensoyears.sh
tml). It can be noted that there are some years in which
both the AZM and ENSO occurred. The cold AZM events
which did not occur along with ENSO are 1976, 1978,
1983, 1992, 1994, and 2005 (a total of six), and the warm
events independent of ENSO are 1984, 1995, 1996, and
2008 (a total of four). These different sets of years are
used to prepare different composite maps shown in the
following section.

Ocean temperature data obtained from the Simple Ocean
Data Assimilation (SODA) v2.2.4 (Carton and Giese,
2008) are used to calculate upper ocean heat content per
unit area above 20 °C isotherm (‘heat content’ hereafter)
as given by Equation (1).

1 2(1=20°C)
ZQM = pCp/ T (z)dz

=0m

ey

In the equation, Q,, is the total heat content; A is the sur-
face area; p is the density of water; Cp is the specific heat of
water; 7 is the temperature of water; and, z is the depth of
the ocean. The daily high-resolution (0.25° x 0.25°) grid-
ded rainfall data provided by the India Meteorological
Department (Pai et al., 2014) are used to show the rela-
tion between the AZM and ISMR. In addition, to show
the changes in wind field associated with the Bjerknes
feedback in the equatorial Atlantic, the National Centers
for Environmental Prediction (NCEP) Reanalysis-2 prod-
uct for wind (1979-2010; Kanamitsu et al., 2002) is used.
Seasonal composites and correlations are used in the anal-
ysis. The significance of correlations is determined using
the two-tailed Student’s #-test.

ENSO is the dominant phenomenon remotely affecting
the Indian monsoon. The lead—lag correlation analysis
between the rainfall over central India and the Western
Ghats (see Section 3; regions shown in Figure 1(b)) and
the Nifio 3.4 index yields (figure not shown) significant
correlations both in the present and previous year’s mon-
soon seasons. The previous year’s monsoon correlations
represent the cyclic nature of the correlation pattern
between the rainfall and ENSO (Rajeevan and McPhaden,
2004). In order to see which other phenomena affect
the monsoon apart from ENSO, the effect of ENSO on
rainfall needs to be removed. For this purpose, the method
used in Kucharski et al. (2008) is extended to serve our
analysis. The effect of ENSO on JJAS rainfall time series
is removed by taking JJAS Nifio 3.4 index both during the
previous and present monsoons as shown in Equation (2).
In the equation, the SST leads are with respect to the JJAS
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rainfall during the present monsoon season. The residual
time series of rainfall which is free from the linear effect
of Nifio 3.4 index is given by,

Rainfall , = Rainfall — Slope,; X Nifio 3.4 (pres)

— Slope, X Nifio 3.4, (prev) 2)

where Niflo 3.4, (prev) = Nifio 3.4(prev) — Slope; X Nifio
3.4(pres) and Slope; and Slope, are the least square
regression fit slopes between the rainfall, and Nifio 3.4
index during the present (pres) monsoon season and Nifio
3.4, (prev) (residual of Nifio 3.4 index in the previous
monsoon season that is uncorrelated with Nifio 3.4 index
in the present monsoon season), respectively. And, Slope,
is the slope of the least square regression fit between
Nifio 3.4 index in the present and previous monsoon sea-
sons. The second term in the equation (involving Slope,)
accounts for the effect of Nifio 3.4 index of the previous
season on rainfall that is not related to Nifio 3.4 index of
the present season. Correlating the residual of JJAS rain-
fall anomaly time series with the Nifio 3.4 index confirms
that the correlations after removing the effect of ENSO
are well below the significance levels (figure not shown).
These residual rainfall time series of the two regions (to
be defined in the next section) are used in the analysis.

In this article, the major analysis techniques used are
linear correlation and composite analysis. Figures 1 and
3 are the result of composite analysis whereas the rest
(Figures 2, 4, and 5) are obtained using linear correlation
analysis. In the composite analysis, the AZM (or ENSO)
years are used including or excluding the other to elu-
cidate the distinct patterns in different fields associated
with the AZM (or ENSO). The linear correlation analy-
ses (Figures 2, 4, and 5) are performed with the total time
series. To clearly depict the impact of AZM that is other-
wise masked by ENSO, Equation (2) is used to remove the
effect of ENSO from the rainfall, as ENSO confounds the
analysis in the full time series. The residual rainfall time
series is used for further correlation analysis.

3. Results and discussion

3.1. Relationship between the AZM and ISMR

The differences (cold-warm) between seasonal (JJAS)
composites of rainfall over India during the cold and warm
AZM years, including and excluding the co-occurring
ENSO years, are shown in Figure 1(a) and (b), respec-
tively. Consistent with the earlier studies (Kucharski et al.,
2007, 2008, 2009; Pottapinjara et al., 2014), Figure 1(a)
and (b) clearly depicts the relationship between the AZM
and ISMR with enhanced (reduced) rainfall in the lower
parts of the Western Ghats and over central India but
with decreased (increased) rainfall over northeastern India
and southeastern India, during a cold (warm) AZM event.
Similar maps of difference (La Nifia—El Nifio) of sea-
sonal composites of rainfall over India during La Nifia
and El Nifio phases of ENSO including and excluding the
co-occurring AZM years are shown in Figure 1(c) and (d),
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Figure 1. Differences of composites of rainfall between the cold and warm years of (a) AZM, (b) AZM only (excluding those co-occurring with

ENSO), (c) ENSO, and (d) ENSO only (excluding ENSO co-occurring with AZM). The two regions selected for the analysis, i.e., central India

(15°-26°N and 76°-85°E; big thick box (black in online)) and the Western Ghats (10°~23°N and 72.5°—75.5°E; small light box (pink in online))
are shown in (b). The contours in black colour indicate 90% significance level.

respectively. From the figure, it can be seen that the spatial
patterns of rainfall composites for the AZM (Figure 1(a)
and (b)) and ENSO (Figure 1(c) and (d)) are different. It is
also clear from the figure that the spatial pattern of rain-
fall for the AZM where ENSO years are excluded (i.e.,
for only non-ENSO AZM events; Figure 1(b)) becomes
more prominent. From this, we can discern that the AZM
does seem to affect the rainfall over India independently of
ENSO and its effects are not homogeneous over the sub-
continent.

To capture the variation of the influence of AZM
over rainfall, two dominant regions, i.e., central India
(15°-26°N and 76°-85°E; shown as a black box in
Figure 1(b)) and the Western Ghats (10°-23°N and
72.5°-75.5°E; shown as a pink box in the same), that
show significant difference in rainfall between the cold and
warm phases of AZM, are selected to analyse the problem
further. The correlation coefficients between the JJA Atl3
index and JJAS rainfall anomalies averaged over the two
regions as defined above, before and after removing the
effect of ENSO over the respective regional rainfalls,
are presented in Table 1 (see Section 2; correlations are
simultaneous). It may be noted that the correlations (—0.15
over central India; —0.29 over the Western Ghats) improve
and become statistically more significant after removing
the effect of ENSO (—0.34 over central India; —0.35 over
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Table 1. Correlation coefficients (CC) between JJA Atl3 index

and JJAS rainfall anomalies over central India (15°-26°N and

76°—85°E) and Western Ghats (10°-23°N and 72.5°-75.5°E)

before and after removing the effect of ENSO on the respective
rainfall series.

Central India rainfall Western Ghats rainfall

versus JJA Atl3 versus JJA Atl3

—0.15 —0.29
After removing the ENSO effect over the respective rainfall
—0.34 —0.35

The CC marked in bold are above 90% significance level as per Student’s
1-test.

the Western Ghats) over the respective rainfalls. It may
also be noted that the sign of correlations agrees with
the difference of seasonal composites of rainfall maps
presented in Figure 1(a) and (b) and is consistent with the
result of Pottapinjara et al. (2014).

3.2.  Evolution of the zonal wind, heat content, and SST
in the equatorial Atlantic associated with AZM

Having shown the existence of a relation between the
AZM and ISMR, we seek indicators portending the SST
anomalies associated with AZM which might serve as
predictors for ISMR anomalies. To see if any lead-time
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Figure 2. Spatial correlations between the anomalies of (a) SST in the Atl3 region and zonal winds, (b) western equatorial Atlantic (3°S—3°N and

40°-20°W; WEA) zonal winds and heat content, (c) east equatorial Atlantic (3°S—3°N and 5°W—10°E; EEA) heat content and SST, and (d) monthly

lead—lag correlations between anomalies of SST in the Atl3 region and WEA zonal wind (black), WEA zonal wind and EEA heat content (dashes

in red) and EEA heat content and Atl3 (diamonds in blue). The zonal winds are taken at 850 hPa level. In spatial correlation plots (a—c), contours of

80 and 90% significance are indicated in light and thick (pink and black colours) in online, respectively, and in (d), the level of 90% significance is

indicated by a dashed horizontal (pink dashed in online) line. The correlations over land are masked in (a) to highlight the same over the ocean. The
black box in (c) indicates the Atl3 region.

indicators exist for an impending AZM event, dynamics
associated with the AZM are examined in below.

A dynamical positive feedback between the winds,
SST, and thermocline depth was proposed by Bjerknes
to explain the growing phase of ENSO (Bjerknes, 1969).
In an equatorial ocean basin where the normal conditions
are characterized by a warm pool in the west and a cold
tongue in the east, the feedback can be explained as fol-
lows. A warm SST anomaly in the east (produced by
local reduction in upwelling or a remotely driven deepen-
ing of the thermocline, typically by a Kelvin wave from
the west) weakens the temperature gradient between the
western warm pool and the eastern cold tongue which fur-
ther weakens the easterly trade winds. Weakened trades
will further weaken the upwelling and surface cooling and
allow the warming to persist or grow in the east. Subse-
quently, equatorial upwelling in the east is weakened and
also brings up water warmer than normal and hence fur-
ther warms the SST in the east, driving a positive coupled
ocean—atmosphere feedback that needs to be terminated
by other processes (Wang and Picaut, 2004). The relations
between these three components of the Bjerkenes feedback
are examined below in the context of AZM.
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Spatial correlations between the anomalies of low level
zonal wind (850hPa), heat content (synonymous with
the thermocline depth; see Section 2 for definition), and
SST are shown in Figure 2(a)—(c). The correlation map
between the Atl3 index and low level zonal wind anomaly
presented in Figure 2(a) shows that warm SST anomalies
in the Atl3 region are associated with positive wind anoma-
lies in the western equatorial Atlantic (WEA; 3°S—3°N
and 40°-20°W). The zonal wind anomalies averaged
over the WEA are positively correlated with heat con-
tent anomalies in the EEA [3°S—3°N and 5°W-10°E;
Figure 2(b)], which indicates that westerly (easterly) zonal
wind anomaly in the WEA drives an enhancement (a
reduction) of heat content in the EEA. The heat content
anomalies averaged in the EEA are positively correlated
with SST anomaly in the Atl3 region (Figure 2(c)) indi-
cating that anomalous increase in heat content in the EEA
is tied to an increase in SST in the east, likely through
thermocline-mixed layer interactions. Note from Figure 2
(a)—(c) that the three fields (the wind anomalies in the
WEA, heat content anomalies in the EEA, and SST anoma-
lies in the Atl3) can potentially work together to form a
positive feedback. Also, note that they are all simultaneous
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correlations and do not give any clue on the possible leads
or lags. Monthly lead—lag correlations between the three
fields shown in Figure 2(d) indicate a lag of 1 month in
peak correlations both between SST in the Atl3 region and
winds in the WEA, and winds in the WEA and heat con-
tent in the EEA. It also shows a lag of about 1 month in the
peak correlation between heat content in the EEA and SST
in the Atl3. The different correlations are significant with
at least 2 months lead. These results are consistent with
Keenlyside and Latif (2007) where the Bjerkenes feedback
is shown to be at work in the tropical Atlantic as in the
case of ENSO but with a weaker intensity. All these are
monthly correlation analyses from which we can say with
confidence that the development of an AZM event involves
coupled ocean—atmosphere feedbacks.

To gain more confidence in the causal links, monthly
composite analyses of these three fields mentioned above
are presented in Figure 3 for both the cold and warm AZM
years. In the figure, the zonal component of low level winds
in the WEA reaches its farthest in April (May) followed
by the heat content in the EEA in May (June) and SST
in the Atl3 region in June (June) during a cold (warm)
AZM event. From the above and Figure 2, it may be
argued that during a warm (cold) AZM event, anomalous
westerlies (easterlies) in the WEA lead to an anomalous
increase (decrease) in heat content in the EEA with a lag of
1 month. It can be further argued that the anomalies in the
heat content are reflected in SST in the Atl3 region within
1 month time which in turn feeds back to winds in the
WEA, thus completing a positive feedback loop. It can be
noticed that zonal surface winds in the EEA are strongest
(weakest) in June (June) during the cold (warm) events of
AZM acting as a dampening factor in the feedback loop.
Once again, the chain of events in the feedback loop agrees
well with Keenlyside and Latif (2007).

The most important observation from Figure 3 is that the
development of different signals during the cold and warm
AZM events is clearly distinct and that it is indicative of
the impending AZM event as early as January itself. This
suggests that wind anomalies in the WEA and heat content
anomalies in the EEA during January—May might offer
potential predictability of the development of an AZM
event in the ensuing summer. Hence, the key question is
whether this information can provide some clue on the
ISMR anomalies associated with AZM. The relationship
between equatorial Atlantic winds and heat content, and
the ISMR is examined below.

3.3. Relationship between the ISMR and the heat
content and wind variability in the equatorial Atlantic

The spatio-temporal evolution of correlations between the
heat content in the Atlantic, and JJAS rainfall anomalies
over central India and the Western Ghats, before and
after removing the effect of ENSO over the respective
rainfall time series are shown in Figure 4 [(a) and (b):
central India; (c) and (d): the Western Ghats; see Section
2 for the method to remove the effect of ENSO over
rainfall]. It is evident from the figure that consistent signals
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are present in the eastern equatorial Atlantic Ocean in
nearly the same regions as in Figure 2(b). The correlations
of the equatorial Atlantic heat content with ISMR over
both the regions start to build up from the month of January
and become the strongest in the months of February and
March and weaken later. It can also be seen that the
correlations improve after removing the effect of ENSO on
the rainfall (Figure 4(b) and (d)). It is worth reemphasizing
that the correlations between the rainfall and Atl3 SST also
improve similarly as shown in Table 1. After removing
the effect of ENSO over respective rainfall time series,
the correlations with the heat content persist from January
to May for rainfall over the Western Ghats, whereas for
the rainfall over central India, the signals get weaker in
April and May. However, this figure clearly indicates that
the heat content in the EEA in January—May may hold
some clue for the summer rainfall anomalies over these
Indian land regions. The Bjerknes feedback component
that precedes the heat content in the Atlantic as shown in
Figure 3 is the anomalous westerly surface winds in the
WEA. Similar to Figure 4, the correlations between the
low level (850 hPa) zonal winds and rainfall are shown in
Figure 5. For rainfall over the Western Ghats, there are
clear signals in low level zonal winds in the WEA, both
before and after removing the effect of ENSO. However,
for central India rainfall, after removing the effect of
ENSO, there seems to be some signal in the wind during
the months of April and May, but it is comparatively
weaker than that for the Western Ghats. From the above
analysis, it may be concluded that low level winds in the
WEA may be a potential predictor for rainfall anomalies
over Western Ghats and over central India one season in
advance.

Synthesizing the different arguments made above, we
can state that the coherent changes in low level zonal
winds, heat content, and SST (Bjerkenes feedback) pre-
cede an AZM event as shown in Figures 2 and 3. The extant
relation between the AZM and ISMR is shown in Table 1
and is consistent with the earlier studies cited in Intro-
duction. A physical mechanism conveying the influence of
AZM to ISMR is discussed in Kucharski et al. (2009) and
Pottapinjara et al. (2014). The Bjerknes feedback compo-
nents of heat content in the EEA and surface zonal winds
in the WEA during January—May are shown to be related
to the rainfall over India in JJAS in Figures 4 and 5. In
addition, it is also shown that the relation improves after
removing the effect of ENSO over the rainfall. In summary,
we can conclude that by tracking the zonal surface winds
in the WEA and heat content and SST in the EEA, we may
gain some short lead-time potential predictability in mon-
soon anomalies, especially during non-ENSO years.

4. Summary and conclusions

Several recent studies have highlighted the relationship
between the AZM and ISMR (e.g., Wang et al., 2009;
Pottapinjara ef al., 2014). The SST anomaly associated
with the AZM in the EEA affects the ISMR via both
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Figure 3. Evolution of composites of anomalies of western equatorial zonal wind (red; no symbol), eastern equatorial zonal wind (stars in red),

eastern equatorial heat content (squares in black), and SST in the Atl3 region (circles in blue) during the warm (solid line) and cold (dashed line)

years of AZM. All the fields are normalized before compositing. The zonal winds are taken at 850 hPa level. The peaks of different fields plotted are
marked as vertical lines in their respective colours.

dynamical and thermodynamical pathways as reported in
earlier studies (Kucharski et al., 2009; Pottapinjara et al.,
2014). In this study, we attempted to find a predictor that
may give some indication of the ensuing AZM event in
the Atlantic which might in turn offer predictive value
for the ISMR. As shown by Keenlyside and Latif (2007),
Bjerknes feedback is the dominant causative mechanism
for the evolution of warm or cold AZM events. Consistent
with earlier studies, we find that the evolution of low level
zonal winds, heat content, and SST is different for warm or
cold AZM events starting as early as January of the same
year. Our analysis shows that the upper ocean heat content
in the EEA and zonal surface winds in the WEA during
January—May season are indicators of an impending AZM
event. This in turn should provide us with a valuable early
clue to an imminent ISMR anomaly through the AZM’s
impact on monsoon depressions and via its teleconnection
to the monsoon with a reasonable lead-time. We believe
that these novel causal linkages offer a testable hypothesis
for the state-of-the-art coupled climate models used to
forecast the Indian summer monsoon, especially during
non-ENSO years.
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Our analysis shows that there is no clear and consis-
tent correlation between the low level zonal winds in
the equatorial Atlantic and rainfall over Central India
(Figure 5), but the correlation is a bit more convincing
between the heat content and the rainfall (Figure 4). This
may be because the rainfall over central India has several
contributing factors like the monsoon depressions in the
Bay of Bengal and the direct moisture transport by the
southwest monsoon winds (see chapter 3 of Pant and
Rupakumar, 1997). The rainfall distribution over India is
not uniform, and different mechanisms may be operating
in determining the rainfall over different parts of India
(Vecchi and Harrison, 2004). As depicted in Figure 1, the
influence of AZM too is not uniform over India and that
might explain why there is a difference in correlations with
rainfall over central India and the Western Ghats (Figures 4
and 5). For example, a relationship between the heat con-
tent of the eastern Indian Ocean and monsoon droughts
was reported by Krishnan et al. (2006). It is possible that
the impact of AZM on ISMR is not only confounded
by ENSO but also by the IODZM which needs further
investigation.
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Figure 4. Monthly correlations, during January—May, between anomalies of heat content and JJAS rainfall anomalies over central India (a and b)
and the Western Ghats (¢ and d), before (a and c) and after (b and d) removing the effect of ENSO on the respective regional rainfall during the
monsoon season. Correlations above 90% significance level around the equator are shown in black contours.

Our findings are essentially consistent with Ding et al.
(2010) in that the heat content anomalies in the equatorial
Atlantic precede the changes in Atl3 SST associated with
the AZM. In addition, the existence of a relationship
between the AZM and rainfall over India is reported by
some recent studies (e.g., Kucharski et al., 2008; Pot-
tapinjara et al., 2014). Naturally, as one would expect, a
predictive value for the Indian monsoon in the heat content
in the equatorial Atlantic is of utmost importance, espe-
cially for non-ENSO years, and is indeed shown to exist by
our analysis. Unfortunately, with our current analysis, why
the correlations between the seasonal (JJAS) mean rainfall
and the heat content in the EEA drop in May (Figure 4)
cannot be explained. These require some sensitivity
experiments with models, and we will perform this
analysis with forced ocean and coupled climate models
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separately. It was suspected that the dip in correlations
might be due to a decoupling of the surface and the sub-
surface in the EEA. However, a study by Keenlyside and
Latif (2007) showed that the EEA SSTAs are primarily
affected by heat content during late boreal spring and
early boreal summer as the thermocline is shallow enough
to affect the SST during these months. Moreover, this
aspect is depicted in Figure 3 as well. For our purposes,
it can be concluded that the supposed decoupling of the
thermocline and mixed layer in the EEA in May, which
might have explained the falling correlations between
ISMR and heat content anomaly in May, is absent. The
lead—lag relationship between the heat content and SST
in the equatorial Atlantic is critical in this context and is
somewhat reminiscent of the spring predictability barrier
in the El Nifio parlance (Webster and Hoyos, 2010).
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Figure 5. Monthly correlations, during January—May, between anomalies of low level winds, and JJAS rainfall anomalies over central India (a and

b) and the Western Ghats (c and d), before (a and b) and after (b and d) removing the effect of the ENSO on the respective regional rainfall during the

monsoon season. The contours of 80 and 90% significance levels are indicated in light (pink in online) and white colours, respectively. Correlations
over land are masked to highlight the same over the ocean.

The spring warming and the relaxation of the ther-
mocline are seasonal features not only in the equatorial
Atlantic but also in the equatorial Pacific. The interaction
of the interannual mode with the annual cycle is a subject
of extensive studies in the tropical Pacific but apparently
should be so in the tropical Atlantic also (e.g., Tziperman
et al., 1994). But this is also beyond the scope of this study.

Unlike Ding eral. (2010), the local relation we seek
between the EEA heat content and SST is driven by
maximum correlation specifically for predictive value
to ISMR. It should be noted that the local and remote
forcing of the thermocline variability in the EEA and the
east—west contrast (Busalacchi and Picaut, 1983) is lost
in the analysis of Ding ef al. (2010) due to their averaging
of the heat content over the tropical Atlantic, and thus the
lead time of their heat content with the Atlantic Nifio is
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about a season in contrast to the 1-month lead we find here
between the EEA heat content and the Atlantic Nifio. The
role of the Bjerknes feedback and the east—west contrast
we report must play a role in determining the anomalous
ITCZ position and the strength of the correlation between
the meridional and zonal modes and thereby the link
between the ITCZ and Indian monsoon. This aspect needs
further investigation as well.

The observed asymmetry in different components of
the Bjerknes feedback between the cold and warm AZM
events (Figure 3) is already reported (e.g., Liibbecke et al.,
2014). It may be due to differences in the timing and
strength of the associated cold tongue. The possibility of
other processes playing a role in generating AZM warm
events and the likely absence of Bjerknes feedback in some
events might be a reason why composites of winds and
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heat content during the warm AZM events do not appear so
smooth (Figure 3). However, to look at such a possibility,
data covering many more samples of AZM events are
needed.

Our understanding of the AZM evolution may not be
complete as of now. The close relation between the
Atlantic Meridional Mode (AMM), which is usually active
in the boreal spring, and AZM has been reported by ear-
lier studies (e.g., Servain et al., 1999; Murtugudde et al.,
2001). Foltz and McPhaden (2010) suggested a mech-
anism where the AMM may drive some AZM events.
They showed that the wind anomalies in the WEA asso-
ciated with AMM can generate westward propagating
off-equatorial Rossby waves and eastward propagating
Kelvin waves. The Kelvin waves initiate the development
of eastern equatorial SST anomalies during boreal spring
and summer. They further showed that, the westward prop-
agating Rossby waves reflect off the western boundary
as Kelvin waves of opposite sign to the original wind
forced Kelvin waves. The arrival of reflected Kelvin waves
dampens the evolution of SST anomalies associated with
the AZM in the eastern basin. On the other hand, South
Atlantic Anticyclone (SAA) sitting in the southern tropi-
cal Atlantic can also lead to some AZM events (Liibbecke
etal., 2010, 2014). Liibbecke et al. (2014) show that the
variation in the strength of SAA in boreal spring may
cause changes in surface winds in the WEA, thereby lead-
ing to the genesis of some AZM events. They also dis-
cuss various possible mechanisms by which SAA can
affect the AZM, including the ocean adjustment to wind
anomalies associated with the SAA. The other mecha-
nism that can influence the AZM evolution is the remote
forcing by ENSO (e.g., Enfield and Mayer, 1997; Latif
and Grotzner, 2000; Huang et al., 2002; Liibbecke and
McPhaden, 2012). These earlier studies show that, as a typ-
ical response to El Nifio, warming in the northern tropical
Atlantic can occur (Enfield and Mayer, 1997; Chiang and
Sobel, 2002; Huang et al., 2002; Liibbecke and McPhaden,
2012) which may set up a strong meridional SST gradi-
ent. This meridional gradient or the AMM can influence
the AZM as shown by Foltz and McPhaden (2010). How-
ever, the influence of ENSO on AZM is still under debate
(Liibbecke and McPhaden, 2012; see their Introduction).
In addition to the different physical mechanisms discussed
above, there may be further unknown processes leading to
AZM events (Liibbecke, 2013). Hence, it might be con-
cluded that the different phenomena affecting the develop-
ment of AZM (AMM, SAA, and ENSO) may influence the
Indian monsoon via the AZM. The connections between
such phenomena and the monsoon either directly or via
the AZM are the subject of further studies.

It may be noted from the above discussion that none of
the mechanisms can explain the occurrence of all AZM
events. Hence, the total interannual variability of the equa-
torial Atlantic can be achieved only through the synthesis
of different mechanisms. However, at the heart of all of
these mechanisms lies the Bjerknes feedback, which is ini-
tiated by wind anomaly in the WEA and is found to explain
most of the variability associated with AZM. In this study,
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we are primarily interested only in the coherent changes
in different components of the Bjereknes feedback that
may foretell the occurrence of AZM events and thereby
the ISMR, specifically during non-ENSO years.

Furthermore, the EEA is not quite identical to the
eastern equatorial Pacific (Busalacchi and Picaut, 1983).
The thermocline-mixed layer interactions in the equatorial
Atlantic are also not as strong as in the Pacific in addition
to the fact that the relatively narrow zonal extent of the
Atlantic renders the background east—west contrast rather
weak at all timescales. Thus, the weak Bjerknes feedback
and the evolution of the AZM appear somewhat less robust
compared to ENSO while still offering a robust path for
exploring the causal links from the tropical Atlantic to
the ISMR.

Analysing the coupled models in the Coupled Model
Intercomparison Project Phase 5 (CMIP 5), Richter et al.
(2012) note that the ITCZ may play an important role in
initiating the AZM events by influencing equatorial sur-
face winds. That is consistent with Servain et al. (1999)
and Murtugudde et al. (2001). They further note that most
models in this project have serious biases in surface winds
in the equatorial Atlantic. Such biases may initiate false
AZM events which in turn may affect monsoon predictions
via the mechanism outlined in Pottapinjara et al. (2014).
Those biases in the models used for the monsoon fore-
casts need further study. It is also not clear whether these
teleconnections are manifest through perturbations to the
monsoon onset and withdrawal and the length of the rainy
season or simply in the monsoon depressions and other
mechanisms discussed above. Clearly, further investiga-
tions are needed to fully realize any additional predictabil-
ity that may arise of these causal links.
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ABSTRACT

Previous studies have talked about the existence of a relation between the Atlantic meridional mode
(AMM) and Atlantic zonal mode (AZM) via the meridional displacement of the intertropical convergence
zone (ITCZ) in the Atlantic during boreal spring and the resulting cross-equatorial zonal winds. However,
why the strong relation between the ITCZ (or AMM) and zonal winds does not translate into a strong relation
between the ITCZ and AZM has not been explained. This question is addressed here, and it is found that
there is a skewness in the relation between ITCZ and AZM: while a northward migration of ITCZ during
spring in general leads to a cold AZM event in the ensuing summer, the southward migration of the ITCZ is
less likely to lead to a warm event. This is contrary to what the previous studies imply. The skewness is
attributed to the Atlantic seasonal cycle and to the strong seasonality of the AZM. All those cold AZM events
preceded by a northward ITCZ movement during spring are found to strictly adhere to typical timings and
evolution of the different Bjerknes feedback components involved. It is also observed that the causative
mechanisms of warm events are more diverse than those of the cold events. These results can be expected to
enhance our understanding of the AZM as well as that of chronic model biases and contribute to the pre-
dictability of the Indian summer monsoon through the links between the two as shown in our earlier studies.

1. Introduction

It is well known that the interannual variability of the
Indian summer monsoon rainfall (ISMR) is governed
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by both internal dynamics and external factors such as
El Nifio-Southern Oscillation (ENSO) (Sikka 1980;
Keshavamurty 1982; Mooley and Parthasarathy 1984;
Philander et al. 1989; Webster et al. 1998) and the Indian
Ocean dipole (IOD)/zonal mode (IODZM; Behera
et al. 1999; Ashok et al. 2001; Slingo and Annamalai
2000), the dominant interannual modes in the tropical
climate. The Atlantic zonal mode (AZM), akin to but
weaker than ENSO (Zebiak 1993), is active during bo-
real summer (June—August) and contemporaneous with
the Indian summer monsoon (ISM). It has been shown
toinfluence the ISMR by recent studies (Kucharski et al.
2008, 2009; Wang et al. 2009; Pottapinjara et al. 2014;
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Richter et al. 2014; Pottapinjara et al. 2016; Kucharski
et al. 2016; Yadav 2017). The warm (cold) phase of
AZM tends to reduce (enhance) rainfall over India with
its effect being especially significant when there is no co-
occurring ENSO event (Wang et al. 2009; Pottapinjara
et al. 2014). On the other hand, the AZM can sow the
seeds for the development of an ENSO event
(Rodriguez-Fonseca et al. 2009; Ham et al. 2013; Martin
et al. 2014; Kucharski et al. 2016). Therefore, an en-
hanced understanding of different causative mecha-
nisms of AZM will aid in better prediction of the ISM as
well as a better understanding of ENSO dynamics,
among other things.

In addition to the AZM, the interannual variability in
the tropical Atlantic is dominated by the Atlantic me-
ridional mode (AMM; Nobre and Shukla 1996; Chiang
and Vimont 2004; Xie and Carton 2004). AMM, another
interannual mode in the tropical Atlantic, is active
during boreal spring. It is characterized by SST anom-
alies of opposite sign on either side of the equator (see
data and methods section for the definition). The two
modes, AMM (active in boreal spring) and AZM (active
in boreal summer), are related via the meridional dis-
placement of the intertropical convergence zone (ITCZ)
in boreal spring (Servain et al. 1999; Murtugudde et al.
2001). These early studies indicate that the anomalous
meridional movement of ITCZ during spring is an im-
portant precursor to the AZM. Chiang et al. (2002) at-
tribute the variability of the ITCZ position in the
Atlantic to two factors, namely, the cross-equatorial SST
gradient (or AMM) and the remote forcing from the
equatorial Pacific through ENSO. The AMM is likely
not a completely independent mode. SSTs in the tropical
North Atlantic (TNA), the northern lobe of AMM, can
be influenced by the North Atlantic Oscillation (e.g.,
Czaja et al. 2002; Yang et al. 2018) and ENSO (e.g.,
Huang 2004; Amaya and Foltz 2014). The TNA SST
warming occurs a season after the mature phase of
ENSO warm events (Enfield and Mayer 1997; Giannini
et al. 2000; Yang et al. 2018). The role of AMM in the
meridional movement of the ITCZ during spring has
already been discussed in previous studies (Servain et al.
1999; Murtugudde et al. 2001). Apart from reiterating
the importance of AMM, Chiang et al. (2002) suggest
that ENSO can also modulate the meridional position of
the ITCZ during spring in the Atlantic through Walker
circulation. An El Nifio peaking in boreal winter sup-
presses convection over equatorial Atlantic in the fol-
lowing spring via the descending branch of anomalous
Walker circulation. Without presenting the details,
they note that as a secondary effect of the suppres-
sion of rainfall over the equatorial Atlantic, the ITCZ
moves north. Lee et al. (2008) stress the importance of
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persistence of the tropical Pacific forcing into boreal spring
in determining TNA SST and thus the ITCZ movement.
Garcia-Serrano et al. (2017) suggest that ENSO in-
fluences TNA SST through a remote secondary Gill-
type mechanism. In this mechanism, for example, a
decaying El Nifio that persists into boreal spring can
suppress the convection over the deep tropical Atlantic
and generate two upper-level cyclonic circulations as
though a heat sink is located over the same region. So,
the Atlantic ITCZ during spring can be affected directly
(without much time lag) by AMM and directly via
convective processes by a decaying ENSO (Neelin and
Su 2005), or indirectly (with a time lag of few months)
via TNA variability (Czaja et al. 2002; Czaja and
Frankignoul 2002; Yang et al. 2018; Wu and Liu 2002).

As mentioned earlier, the meridional movement of
the Atlantic ITCZ during spring is an important pre-
cursor to the AZM. The relation between the two con-
cisely is that the spring ITCZ migration, through the
resulting spring zonal wind anomalies over the equator,
triggers the Bjerknes feedback and leads to an AZM
event in the following summer. Bjerknes feedback in-
volves western equatorial Atlantic zonal wind anomalies
forcing thermocline depth variations in the eastern
equatorial Atlantic, which then influence the SST
anomalies in the east, which in turn positively feedback
to the wind anomalies (Keenlyside and Latif 2007). The
correlation between the ITCZ position during spring
and concurrent western equatorial Atlantic zonal winds
is —0.82, significant at the 5% level (see Table 1 and data
and methods section for details). Given the apparent
criticality of the spring western equatorial Atlantic zonal
winds in the formation of an AZM event, it may appear
that the relation between the spring ITCZ and AZM is
quite robust. However, the correlation between the
spring ITCZ and Atlantic 3 (ATL3) SST index (see data
and methods section for definition) that characterizes
the AZM reduces to a moderate —0.34, still significant at
the 5% level but just above the threshold of significance
(Table 1). This raises an interesting set of questions:
What causes the drop in correlations? Is there a limiting
factor in the Bjerknes feedback chain that may explain
the drop? Does the relation hold equally well for both
cold and warm AZM events? In other words, is the
ITCZ-AZM relation symmetric? The question of sym-
metry is motivated by a result from ENSO diversity
studies that highlight that there is more diversity in the
warm events in the tropical Pacific (El Nifio), and dif-
ferences between the cold events (La Nifia) are subtle
(Kug and Ham 2011; Ren and Jin 2011; Capotondi et al.
2015; Chen et al. 2015; Ashok et al. 2017; Timmermann
et al. 2018). A few recent reports make a passing men-
tion of this knowledge gap, as discussed below.
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TABLE 1. Correlations between different parameters averaged over different months (MAM: March-May; AMJ: April-June; MJJ:
May-July; JJA: June-August). AMM: Atlantic meridional mode; AZM: Atlantic zonal mode; zonal wind: central to western equatorial
Atlantic zonal winds; EEA HC: eastern equatorial Atlantic heat content; WEA HC: western equatorial Atlantic heat content; ITCZ:
intertropical convergence zone. See text (section 3a) and Fig. 2 for the regions over which different parameters are averaged.

Correlation coefficient

Correlation coefficient

MAM AMM vs MAM ITCZ 0.81
MAM ITCZ vs MAM zonal wind -0.82
MAM zonal wind vs AMJ EEA HC 0.65
AMJ EEA HC vs MJJ WEA HC —0.69

MAM AMM vs JJA ATL3 —0.31
MAM ITCZ vs JJA ATL3 —0.34
MAM zonal wind vs JJA ATL3 0.54
AMJ EEAHC vs JJA ATL3 0.50
MJJ WEAHC vs JJA ATL3 —0.43

Notably, extending the earlier studies (Servain et al.
1999; Murtugudde et al. 2001), a recent study by Foltz
and McPhaden (2010) shows that the equatorial zonal
winds caused by positive AMM (anomalously warm
north and/or cold south), force off-equatorial oceanic
Rossby waves that are reflected as downwelling Kelvin
waves from the western equatorial Atlantic opposite in
sign to the directly forced Kelvin waves. The reflected
downwelling Kelvin waves in turn terminate the AZM
warm event toward the end of summer. The conclusion
of Foltz and McPhaden (2010) that AMM and AZM are
related is from a correlation analysis that is insensitive to
the asymmetry, if any, in the relation. With regard to
differences between cold and warm AZM events during
their lifetime, Liibbecke and McPhaden (2017) show,
based on a composite analysis, that the Bjerknes feed-
back components for the cold events are mirror images
of those of warm events, that is, AZM is essentially
symmetric. However, Liibbecke and McPhaden (2017)
do not rule out the possibility of existence of an asym-
metry in forcing of cold and warm events. While the
former study did not raise the existence of any asym-
metry between the ITCZ (or AMM) and AZM, the
latter did not rule out such a possibility. Putting these in
context, almost all of these previous studies imply that
the anomalous northward (southward) shift of the ITCZ
in spring can lead to a cold (warm) AZM event, which
implicitly implies a symmetric relation between the
ITCZ in spring and AZM. Hence, despite the above-
mentioned studies, the questions we raised remain un-
answered to the best of our knowledge and we attempt
to address them in this study. These answers should
contribute to the predictability of the monsoon (ISM),
especially during non-ENSO AZM years by improving
our understanding of the AZM that is shown to influ-
ence the ISM (Pottapinjara et al. 2014, 2016).

Pottapinjara et al. (2016) show that from the early
signs in the zonal wind and heat content in the equatorial
Atlantic in boreal spring, an oncoming AZM event may
be foretold that might in turn give us clues about the
ISMR one season in advance. However, the causative
mechanisms that trigger wind anomaly in the equatorial

Atlantic that is a necessary factor for the development of
AZM are not yet fully understood. Understanding dif-
ferent causative mechanisms of AZM events may con-
tribute to the predictability of the ISMR by providing
any signals that stretch further back in time giving an
advanced warning of a forthcoming AZM event and
thus of the impact on ISMR. It may also contribute to
the knowledge of different biases that can arise in the
coupled models especially those that are used to forecast
the monsoon and thereby provide process understand-
ing for the improvement of such models.

2. Data and methods

The Hadley Centre Sea Ice and Sea Surface Tem-
perature dataset (HadISST; Rayner et al. 2003) is used
in this study. The AZM is characterized by the ATL3
index that is the average of SST anomalies over ATL3
region (3°S-3°N and 20°-0°W). A warm (cold) AZM is
considered to occur in any year when the June-August
average of ATL3 index exceeds (falls below) +1 (—1)
standard deviation (Zebiak 1993; Burls et al. 2012).
Following this definition, during the study period (1979-
2013), we identify nine warm AZM events that occurred
in 1984, 1987, 1988, 1995, 1996, 1998, 1999, 2008, and
2010 and six cold AZM events in years 1982, 1983, 1992,
1994, 1997, and 2005. This list is consistent with our
earlier studies (Pottapinjara et al. 2014, 2016). Further,
following Foltz and McPhaden (2010), AMM is defined
as the difference between SST anomalies averaged over
the northern (5°-28°N and 60°-20°W) and southern
(20°S-5°N and 30°W-10°E) tropical Atlantic.

In this study, we focus on the ITCZ movement rather
than on AMM as the ITCZ captures different remote
influences in addition to that of AMM and its relation to
the AZM. The meridional movement of ITCZ is tracked
using the latitude of the zero meridional surface wind
speed along the longitude of 28°W in the latitudinal
range of 5°S-20°N (Servain et al. 1999). The wind data
used are taken from the European Centre for Medium
Range Weather Forecasts (ECMWF) interim reanalysis
(ERA-Interim) (Dee et al. 2011). The fact that the
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FIG. 1. Interannual variations of anomalous meridional position of ITCZ in March-May
(black). The time series is normalized by its standard deviation and *1 standard deviation is
indicated by a black dashed line. Whenever the central to western equatorial zonal wind in
March-May is sufficiently strong crossing +0.9 (—0.9) of its respective standard deviation, i.e.,
westerly (easterly), it is indicated by blue (red) circles. Whenever the ATL3 SST in June—
August crosses +1 (—1) of its respective standard deviation, i.e., when there is a warm (cold)
AZM event, it is indicated by red (blue) stars.
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correlation between ATL3 index and March-May
(MAM) ITCZ (—0.34) is marginally higher than that
with AMM (—0.31), and the correlation between MAM
zonal wind and MAM ITCZ (—0.82) is also larger than
that with zonal wind and AMM (—0.73), support our
choice to focus on ITCZ instead of AMM (Table 1) to
address the questions we have raised earlier. In addition,
these significant correlations suggest that understanding
the ITCZ movement will give a fresher and potentially a
different perspective on the asymmetry in its relation
with AZM. The upper-ocean heat content (per unit
area) above the 20°C isotherm is calculated using ocean
temperature data from the EN4 analysis of the Met
Office Hadley Centre (Good et al. 2013). Different
Bjerknes feedback components are computed and nor-
malized by their respective standard deviations. A two-
tailed Student’s ¢ test is used to determine the statistical
significance of the correlation coefficients. In the fol-
lowing, all the seasons used are from the perspective of
the Northern Hemisphere, unless mentioned otherwise.

3. Results

As mentioned in the introduction, studies such as
Servain et al. (1999), Murtugudde et al. (2001), and Foltz
and McPhaden (2010) demonstrate the existence of a
relationship between the ITCZ (or AMM) and AZM.
Indeed, Table 1 shows that during the study period, the
correlation between the spring ITCZ position and spring
zonal winds is —0.82, but the correlation between ITCZ
and June-August (JJA) ATL3 index is —0.34 (0.33 is the
threshold correlation at the 5% significance level for a
sample size of 35). The reduction in correlation implies
that not all the meridional excursions of the spring [TCZ
lead to AZM events in the following summer despite the

variations in the position of ITCZ strongly affecting
the spring equatorial zonal winds, a prerequisite for an
AZM event.

a. Skewness in the relation between the Atlantic spring
ITCZ position and AZM

To see how many meridional excursions of ITCZ ul-
timately lead to the AZM events, the interannual vari-
ations of spring ITCZ position along with the indicator
of the AZM occurrence (listed in the data and methods
section) are plotted in Fig. 1. Whenever the spring ITCZ
position exceeds its +1 (—1) standard deviation, the
ITCZ is considered to be located anomalously north
(south) from its mean position. From the figure, it can be
seen that the ITCZ in spring is anomalously north in six
years (1981, 1983, 1992, 1997, 2005, and 2012) and in four
of these years (1983, 1992, 1997, and 2005), the AZM
cold events occurred in the following summer. On the
other hand, while the ITCZ is anomalously south in six
years (1985, 1986, 1989, 1995, 2009, and 2011), an AZM
warm event occurred in the subsequent summer in only
one of these years (1995). It is worth mentioning that
two AZM warm events that occurred in 1984 and 1996
have a spring ITCZ position just short of the threshold of
anomalous southward position, that is, —1 standard
deviation. The ratio of AZM cold (warm) events that are
preceded by anomalous northward (southward) ITCZ in
spring is 4:6 (1:9), that is, 66 % (11%). Even if we include
the two just-below-the-threshold warm events of 1984
and 1996, the ratio of warm AZM events preceded by
southward migration of ITCZ in spring is 3:9 (33%),
which is still significantly less than its counterpart for the
cold AZM. Therefore, while an anomalous northward
ITCZ in spring tends to give rise to an AZM cold event
in the following summer, an anomalous southward
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position of the same is less likely to lead to an AZM
warm event. Clearly, there is a skewness in the relation
between the position of ITCZ in spring and AZM in the
ensuing summer, an important result that has not been
reported thus far.

Since the relation between ITCZ and AZM is skewed
toward the cold events, to understand different processes
involved when the northward displacement of ITCZ in
spring leads to an AZM cold event in the following
summer, we show the monthly evolution of composite
anomalies of different fields in Fig. 2. A positive AMM
type of SST configuration (relatively warm in the north
and/or cold in the south) during February-May moves
the ITCZ anomalously north in spring (MAM). The re-
sultant cross-equatorial winds strengthen the concurrent
southeast trades and weaken the northeast trades around
the equator in spring. The net result is an enhancement in
the strength of easterlies over the equatorial band, a
prerequisite for the development of a cold AZM event.
The strengthened equatorial easterlies, in turn, result
in the increased heat content in the western equatorial
Atlantic by deepening the thermocline. An upwelling
Kelvin wave propagates to the east to shoal the thermo-
cline and leads to cooler SSTs in the following summer,
thus leading to a cold AZM event. As already mentioned
in the introduction, the AMM is not the only factor
influencing the spring Atlantic ITCZ position but the
other factors are not discussed here in Fig. 2 for the sake
of simplicity.

It is interesting to inquire as to what gives rise to the
skewness in the relation between the position of the
ITCZ in spring and AZM. We pose a question as to
whether the skewness can be explained by the findings of
Richter et al. (2014). Taking monthly means of ITCZ
position and equatorial zonal winds, and compositing
the winds over each unique ITCZ position during the
entire study period, Richter et al. (2014) show that as the
ITCZ moves from its southernmost to its northernmost
position, equatorial zonal winds remain easterly and
grow stronger almost linearly. Given that anomalous
equatorial easterlies in spring are a precondition to a
cold AZM, if a relation between anomalous spring
ITCZ and contemporaneous anomalous equatorial
zonal winds holds as presented in Richter et al. (2014);
that is, if any anomalous meridional movement of spring
ITCZ produces concurrent anomalous equatorial east-
erlies, it would explain the skewness between spring
ITCZ and AZM. But does such a relation exist in re-
ality? The high negative and significant correlation in
spring between the ITCZ and central to western equa-
torial Atlantic zonal winds of —0.82 (Table 1) tells us
that the anomalous northward migration of ITCZ in
spring is indeed associated with anomalous easterly
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winds over the central to western equatorial Atlantic.
However, a southward migration of the ITCZ in spring
is associated with westerly anomalies. A scatterplot be-
tween these two quantities (Fig. S1 in the online sup-
plemental material) underscores the same. Therefore,
considering the importance of spring wind anomalies
for AZMs, the reason for the skewness must lie else-
where and the interaction of the seasonal cycle and the
interannual anomalies may be crucial. The supposed
contradiction between the result of Richter et al. (2014)
and ours is discussed later in the discussion and conclu-
sions section. The seemingly counterintuitive westerlies
associated with the anomalous southward movement of
ITCZ in spring can be explained by a careful observation
of a spatial map of wind anomalies in the equatorial
Atlantic in individual years (figures not shown). In al-
most all the years when the ITCZ is anomalously south in
spring, wind anomalies that are northerly or northeast-
erly just north of the equator turn and develop a westerly
component as they cross the equator. The westerly
component just south of the equator is stronger than the
easterly component just north of the equator, giving rise
to net westerly winds upon averaging in the equatorial
band. The mechanisms for these westerly anomalies
need further investigation and are beyond the scope of
the current study.

The reason for the skewness in fact lies in the peculiar
features of climatological movement of the ITCZ in the
Atlantic (Fig. 3). From the figure, it may be noted that
during January—April the mean position of the ITCZ is
relatively close to the equator and the variability of the
position of ITCZ is at its highest. The drastic change
both in the mean position and the variability occurs
during May—June, with the position of the mean ITCZ
moving north by about 6° and the standard deviation
falling to about 1/3 of that in April (standard deviation
is 1.743° and 0.576° latitude in April and June, re-
spectively). During the study period, that is, 1979-2013,
the position of ITCZ in spring is anomalously south-
ward in 6 years and in four of those years, winds that
are northerly or northeasterly just north of equator
develop a strong westerly component upon crossing the
equator in spring, as noted above. The maximum of this
wind anomaly is centered around 7°S with weaker
westerlies over the western equatorial Atlantic (WEA)
compared to easterlies in spring in the same region when
the ITCZ is anomalously north. The westerlies can drive
an equatorial downwelling Kelvin wave and remotely
deepen the thermocline in the east, if they are suffi-
ciently strong. Nonetheless, the westerlies weaken further
in May-June as the climatological ITCZ moves into the
Northern Hemisphere and the inherent variability of the
ITCZ itself reduces as shown in Fig. 3. This leads to a
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FIG. 2. Monthly (February—August) evolution of composites of (a) ITCZ position (lines) and zonal wind anomalies (shading; ms™1); (b)
anomalies of winds (vectors) and heat content (shading; 10'° Jm™2); and (c) SST anomalies (shading; °C) when the spring Atlantic ITCZ is
anomalously northward and gives rise to a cold AZM event. In (a), the red line (dot inside a black circle) indicates the ITCZ position at respective
longitudes (along 28°W) whereas the blue lines (circle) indicate the envelope of ITCZ variability, i.e., the middle blue line (circle) indicates the
climatological ITCZ position in that month, and the top and bottom blue lines (circles) indicate +1 standard deviation of the position from the mean
in the same month. The number of calendar month is indicated in each subpanel. Only those zonal winds in (a) and vectors in (b) that are significant
at the 5% level are shown. The significance of heat content anomalies in (b) and SST anomalies in (c) are indicated by line contours. The rectangular
boxes in black [in (a); April], red [in (b); May], blue [in (b); June], and thick black [in (c); July] indicate the regions over which anomalies of winds,
eastern equatorial Atlantic heat content, western equatorial Atlantic heat content, and SST are averaged, respectively, for use in other analyses.

premature death of a weak incipient warm event resulting  and winds are westerly over the WEA, the westerlies are
ultimately in a very low proportion of AZM warm events not as strong and are less persistent in contrast to those
surviving into the summer. Figure 4 shows that in the years when the position of ITCZ in spring is anomalously
years when spring ITCZ position is anomalously south  north and winds over WEA are easterly.
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1. spring easterlies shoal the thermocline in the east,
preparing the ground for an oncoming AZM cold
event but weaken in early summer as the mean ITCZ
itself moves farther north. Nevertheless, the easterlies
persist albeit restricted to an area to the west of 30°W,
helping the cold event survive into the summer. In a
nutshell, the skewness in the relation between the
position of Atlantic ITCZ in spring and AZM is in-
. herent in the seasonal cycle itself.
From earlier studies (Murtugudde et al. 2001;
SR M AT Ty Ty AT s o TN D Pottapinjara et al. 2016; Liibbecke and McPhaden 2017),
FIG. 3. Monthly evolution of the mean position of the ITCZ in  and our analysis presented in Fig. 2 and Table S1, we
the Atlantic (black line; along 28°W; °N) with the shading in-  jdentify different factors involved in the mechanism
dicating the *1 standard deviation about the mean in the where the anomalous spring migration of ITCZ leads to
respective months. . . . .-
an AZM in the following summer to be (i) the position of
In light of the above explanation, a reconsideration ITCZ in spring (MAM ITCZ), (ii) the concurrent zonal
of why an anomalous northward movement of ITCZ winds averaged over the central to western equatorial
in spring is highly likely to lead to a cold AZM eventis  Atlantic (3°S-3°N and 50°-10°W), (iii) heat content (HC)
necessary. The fact that the mean position of the averaged over the eastern equatorial Atlantic (EEA)
ITCZ in February—March is south of the equator im-  in midspring to early summer [April-June (AMJ) EEA
plies that even when the ITCZ is anomalously north, HC; 3°S-3°N and 5°W-15°E], (iv) heat content averaged
the center of maximum easterly wind anomalies is over the western equatorial Atlantic in late spring to
closer to the equator and thus the magnitude of the midsummer [May-July (MJJ) WEA HC; 5°S-5°N and
easterlies over the WEA is stronger than that of the 50°-30°W], and (v) SST averaged over the ATL3 region
westerly wind anomalies associated with anomalous in summer (JJA ATL3; 3°S-2°N and 20°-0°W). Monthly
southward position of the ITCZ (Fig. 4). The strong evolutions of composites of these different factors

ITCZ Position (degree north)
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FI1G. 4. (a),(b) Hovmdller diagram of the composite of anomalies of thermocline depth (shading) overlaid by zonal winds (contours)
over the equator in the Atlantic when the MAM ITCZ is anomalously north (south) and zonal wind anomalies over WEA are easterly
(westerly). (¢) Hovmoller diagram obtained by adding the anomalies shown in (a) and (b) [= anomalies in (a) — negative of anomalies in
(b)], intended to show the dominance of the anomalies in (a) over that in (b). In (a) and (b), only the wind anomalies that are significant at
the 5% level are shown. In (c), the significant wind anomalies are indicated by the contour lines in red. Significance contour lines become
discontinuous if the zonal winds between the two ends of a contour are not significant.
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FIG. 5. Monthly evolution of composites of anomalies of (top)
zonal winds (m s ') in the western equatorial Atlantic and position
of ITCZ (° latitude) and (bottom) SST averaged over ATL3 region
(°C) and heat content (10'°J m™2) averaged in the western equa-
torial Atlantic and eastern equatorial Atlantic, composited in the
years when the MAM ITCZ is north and leads to the development
of a cold AZM event in the subsequent summer. The circles on
each line indicate when the respective composite means become
significant at the 5% level.

averaged in their respective regions are presented in
Fig. 5 to identify any distinct signatures associated with
the cold AZM events that are preceded by northward
spring ITCZ. From the figure, it can be seen that the
maximum northward displacement of the ITCZ occurs
during MAM with the central to western equatorial
easterlies peaking simultaneously. The heat content in
the eastern equatorial Atlantic reaches its minimum
during AMJ while the heat content in the western
equatorial Atlantic attains its maximum during MJJ. The
SST anomalies in the ATL3 region are at their coldest
during JJA. The timings of these different factors agree
with the previous studies (Keenlyside and Latif 2007,
Pottapinjara et al. 2016) and also yield the highest cor-
relations with the links above and below in the chain of
processes (Table S1). These seasonal timings of when
different factors become important will be used later to
show the distinction of the cold AZM events preceded
by northward ITCZ in spring. For the sake of com-
pleteness, the counterpart of Fig. 2, that is, the evolu-
tion of monthly composites of different fields of all
those AZM events that were preceded by an anoma-
lously south ITCZ in spring is shown in Fig. S2.

b. Meridional movement of ITCZ in spring explains
strong canonical AZM events

The Bjerknes feedback is a dominant mechanism that
explains AZMs (Keenlyside and Latif 2007) although
there are several other mechanisms contributing (Foltz
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and McPhaden 2010; Zhu et al. 2012; Liibbecke 2013;
Liibbecke et al. 2018; Richter et al. 2013). Richter et al.
(2013) classify AZM events into those that can and
cannot be explained by ENSO-like dynamics. The dis-
tinctive criterion that Richter et al. (2013) adopt for the
classification is that if a warm (cold) AZM event in
summer is preceded by westerly (easterly) winds in the
central to western equatorial Atlantic in spring, then it is
referred to as a canonical warm (cold) event. On the
other hand, if it is preceded by winds of opposite sign, it is
called a noncanonical event. It is worth noting that oce-
anic subsurface changes, which are an important part of
the Bjerknes feedback, are not taken into account in this
classification. Also, those events that have near neutral
winds cannot be covered by their classification. Modify-
ing their definition to account for the above events as
well, we classify a “‘strong canonical” warm (cold) event
to be one that is preceded by westerly winds in March-
May, positive (negative) heat content in the eastern
equatorial Atlantic in April-June and negative (positive)
heat content in the western equatorial Atlantic in May—
July. All those events that do not meet this criterion are
classified as ‘“‘non-strong-canonical” warm (cold) events.
Note that the respective timings when different Bjerknes
components become important are only for a typical
AZM event (Keenlyside and Latif 2007). Interannual
variations of these different factors are normalized by
their respective standard deviations and plotted in Fig. 6.
To categorize an AZM event as strong canonical, the
amplitude of these factors (with the exception of winds) is
required to exceed one respective standard deviation.
This condition is relaxed in the case of winds as they tend
to be noisy. The threshold of amplitude is lowered to 0.9
times their standard deviation. In addition, the relaxation
accommodates several events for which the amplitude of
winds falls short of the threshold imposed on all other
factors, that is, one standard deviation.

Going by this definition, it can be seen from Fig. 6 that
the strong canonical (non-strong-canonical) cold AZM
events are 1983, 1992, 1997, and 2005 (1981 and 1994).
For every strong canonical cold event, normalized fac-
tors clearly exceed one respective standard deviation
along with the spring ITCZ position in Fig. 1. The strong
canonical (non-strong-canonical) warm events are 1984,
1996, and 2008 (1987, 1988, 1995, 1998, 1999, and 2010).
None of the strong canonical warm events have ITCZ in
spring located farther southward than the threshold
position although the ITCZ was appreciably southward
in 1984 and 2008. The proportion of strong canonical
cold (warm) AZM events is 4:6 (3:9), that is, 66% (33%).
In other words, the proportion of strong canonical
events is larger in case of cold events than that of warm
events. It is interesting to note that all strong canonical
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standard deviation, i.e., north (south), it is indicated with blue (red) thick circles.

cold AZM events are preceded by northward movement
of ITCZ in spring whereas only two out of three strong
canonical warm events are preceded by southward
movement of ITCZ in spring. The proportion of strong
canonical events, either warm or cold, that can be ex-
plained by the spring movement of ITCZ is 86%. From
this, we may conclude that most of the strong canonical
AZM events can be explained by anomalous spring
position of ITCZ and this relation is stronger in the case
of cold events compared to that of the warm events. This
point is also demonstrated by the drop in correlation
between anomalous ITCZ position in MAM and JJA
ATL3 index. The correlation when the cold events
preceded by ITCZ northward movement in spring are
included is —0.34 and is significant at the 5% level
(Table 1). The correlation drops to a statistically insig-
nificant —0.13, when those events are removed. A major
reason for the reduction in the correlation may be at-
tributed to changes in the heat content in the western
equatorial Atlantic (MJJ WEA HC) as it is the only
component whose correlation falls below significance
after removing the strong canonical cold AZM events
(not shown). It must be clarified that we separate AZM
events into strong canonical and non-strong-canonical
as opposed to the separation of “canonical” and “‘non-
canonical” of Richter et al. (2013) that is based on
Bjerknes feedback mechanism and our classification of
non-strong-canonical does not imply that those events
cannot be explained by the said mechanism. On a related
note, it should also be mentioned that our classification
of AZM events into strong canonical and non-strong-
canonical events is sensitive to the data product used and
the classification of a few events may change. However,
it does not alter our result that almost all the strong
canonical AZM events can be explained by the spring
Atlantic ITCZ movement and that this relation is stron-
ger for the cold AZM events.

It may be noted that not all anomalous northward
excursions of ITCZ in spring lead to AZM cold events in
summer. There are 2 years (1981 and 2012) in which
despite the ITCZ being anomalously north in spring, a
cold AZM event did not follow (see supplemental ma-
terial for details). Although the northward excursion of
ITCZ in spring is a necessary condition for the devel-
opment of a cold event, it is not sufficient unless its
position and resulting easterlies over the equatorial
Atlantic are sustained throughout spring. In addition,
decadal variability of the ITCZ position and oceanic
factors may also be important for the ITCZ-AZM re-
lationship. This may potentially explain the decadal
changes in the AZM-AMM correlation reported by
Murtugudde et al. (2001). However, further investiga-
tions will be needed to quantify the low-frequency
variability of this asymmetry between ITCZ and AZM
interactions.

c. Asymmetry in diversity of causative mechanisms of
cold and warm AZM events

In the previous section, we have shown that most of
the strong canonical AZM events are explained by the
ITCZ movement in spring and subsequent Bjerknes
feedback. It is interesting to explore what other
mechanisms may explain the AZM events apart from
the ITCZ movement and/or the dominant Bjerknes
feedback. As it is difficult to show spatial evolution of
each and every event, we present a novel pictorial
representation of the evolution of the Bjerknes com-
ponents of all the AZM events during the study period
in Fig. 7. This representation serves multiple purposes:
(i) whether a particular event can be explained by the
Bjerknes feedback can be conveniently determined;
(ii) evolution of multiple events can be summarized in
one frame. For an easy interpretation of the figure,
tracking of the cold event in 1983 is explained. While
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Bjerknes components plotted are smoothed by a 3-month running mean for a better appear-
ance. For the Bjerknes feedback to be considered active all three elements of Keenlyside and
Latif (2007) have to be present. While the heat content and zonal wind anomalies are used as
the axes, SST in the ATL3 region is shown filling different symbols used to differentiate be-
tween the events and is easy to miss. Since only the AZM events that we already know have an
SST response (AZM definition is based on ATL3 SST index) are plotted, this representation is
adequate to tell us whether or not an AZM event can be explained by the Bjerknes feedback.

VOLUME 32

the equatorial zonal winds remain almost steady dur-
ing March-May, the heat content in the western
equatorial Atlantic increases. Both the winds and heat
content decrease in strength after May. The SST in the
ATL3 region reaches its peak in May-June. The
movement along the trajectory in a clockwise direction
indicates that the changes in the zonal winds precede
those in the heat content. From Fig. 7, it can be noted
that normally the trajectories of cold (warm) events
are in the top-left (bottom right) quadrant. All such
events can be explained by Bjerknes mechanism to one
degree or another whether preceded by an appropriate
ITCZ movement in spring or not. However, there are

exceptions: the cold event of 1994 and warm events of
1987, 1998, and 2010. The cold event of 1982 is a slight
exception in that its track is close to the origin because
of weak Bjerknes components but ultimately moves to
the top-left quadrant when the components become
strong enough. Apparently, the two exceptions among
cold events (1982 and 1994) are also the events that are
not preceded by a spring northward movement of
ITCZ. This figure is clearly reminiscent of Kessler
(2002) and captures similar aspects of the recharge—
discharge processes involved in AZM, although
the focus there was on whether ENSO is an oscilla-
tion or a series of events. A similar question is relevant
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for AZM as well, and we will present that analysis
elsewhere.

What are the mechanisms by which cold AZM events
form without a northward movement of ITCZ and/or
the Bjerknes feedback? As mentioned earlier, the AZM
cold events that are not preceded by northward ITCZ in
spring occurred in 1982 and 1994. In both of these
events, a negative SST anomaly forms because of winds
off the equator (either southerly alongshore or easterlies
parallel to the equator) and spreads over to the equator
to eventually become a cold event (see supplemental
material for detailed discussion of the events). Thus,
during the study period, most of the cold AZM events
are explained by Bjerknes feedback associated with the
spring movement of ITCZ and the rest by the wave ac-
tivity induced by alongshore winds off Angola and/or
off-equatorial winds.

The causative mechanisms and timing of the triggers
of a warm event appear to be more diverse than that of a
cold event. As mentioned earlier, only two out of nine
warm events are explained by ITCZ movement in spring
and subsequent Bjerknes feedback. The remaining warm
events are: 1987, 1988, 1995, 1999, 2008, and 2010. Most of
them can be broadly explained by the Bjerknes feedback
mechanism if we do not adhere strictly to the requirement
of a strong subsurface response (1988, 1995, 1999, and
2008; Figs. 1 and 6). The exceptions are the warm events
of 1998, 1987, and 2010 (see supplemental material for
details). Although the Bjerknes feedback mechanism
seems to be at the center of most of the warm events,
only a few events are triggered by a southward spring
transition of ITCZ. On a side note, it is interesting to see
that after accounting for the change of center of action as
in the case of the cold event of 1994 and the warm event of
1998, trajectories of all the cold events move in a clock-
wise direction, which means that the changes in the zonal
winds precede the changes in heat content (Fig. S3).
However, the trajectories of warm events of 1988 and
1998 move in an anticlockwise direction.

Several previous studies have discussed different
mechanisms by which a warm AZM event can occur.
Richter et al. (2013) show that AZM warm events that
cannot be explained by ENSO-like dynamics are driven
by a mechanism in which surface wind anomalies just
north of the equator induce warm heat content anoma-
lies that are advected toward the equator and propagate
to the east. They argue that such warm events are caused
by AMM with warm SST anomalies in the TNA. This is
different in details compared to the mechanism sug-
gested by Foltz and McPhaden (2010), which involves
waves described earlier in the introduction. Zhu et al.
(2012) show an interesting relation between the AMM
and AZM on a 3-4-yr time scale. The positive heat
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content anomalies in northern tropical Atlantic resulting
from positive AMM, can discharge into the equatorial
waveguide when the AMM weakens, and stimulate a
warm AZM event about 12-15 months later (the warm
event of 1987 is an example of this mechanism but on
shorter time scales). Liibbecke (2013) summarizes dif-
ferent mechanisms causing a warm event. Liibbecke et al.
(2018) review the important results, mechanisms and
viewpoints related to the AZM. From all these previous
studies mentioned above and our analysis, it may be
concluded that the causative mechanisms of a warm
AZM event are more diverse compared to that of a cold
event. Our findings here add a finer point via the asym-
metry in the ITCZ-AZM interactions. In this study, we
are more specifically focused on the asymmetry of cold
and warm events related to ITCZ variability and not on
proposing any new mechanism for the AZM itself.

4. Discussion and conclusions

Several earlier studies have discussed the existence
of a relation between the ITCZ position in spring (or
AMM) in the tropical Atlantic and the AZM in summer,
using correlation analyses. However, to the best of our
knowledge, none of these studies addressed why the
high correlation between the anomalous position of
ITCZ and equatorial zonal winds in spring, a pre-
requisite for the development of an AZM event, does
not translate into strong association between the ITCZ
position in spring and AZM in summer. By starting from
an initial hypothesis that the ITCZ-AZM relation may
have a skewness with regard to cold and warm AZM
events, we show that the relation between the ITCZ in
spring and AZM is stronger for cold AZMs than warm
AZMs, with a skew toward cold events (Fig. 8). We
further show that the skewness is inherent in the sea-
sonal cycle itself. The weakened and less persistent
westerly winds in the western equatorial Atlantic during
warm events and the resultant lack of support from the
subsurface ocean response, an important factor in the
Bjerknes feedback, are argued to result in a weak as-
sociation between the ITCZ and warm AZM. We also
show that the AZM events caused by ITCZ movement
are “‘strongly canonical,” that is, associated not only
with zonal surface winds in spring but also an oceanic
subsurface response in late spring to midsummer.

Further, we observe that the timing and causative
mechanisms of a cold AZM event are less diverse than
that of a warm event. We infer that the asymmetry in the
diversity may be explained by the fact the AZM is phase
locked to the seasonal cycle (Keenlyside and Latif 2007,
Burls et al. 2012), which is due to the seasonal ITCZ
movement (Richter et al. 2014, 2017). Further, the cold
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FIG. 8. A schematic diagram summarizing the most likely scenario when the Atlantic ITCZ in spring is anom-
alously (a) north and (b) south. When the Atlantic ITCZ in spring is anomalously north as shown in (a) at point 1, it
leads to concurrent anomalous winds that have strong easterly component over the WEA (point 2), which in turn
shoals the equatorial thermocline in the east and deepens the same in the west with a delay of 1 or 2 months (point 3;
dashed line: mean thermocline; thick line: shifted thermocline), finally resulting in a cold AZM event in the fol-
lowing summer (point 4). On the contrary, when the ITCZ in spring is anomalously south as shown in (b) at point 1,
it leads to concurrent anomalous winds that are predominantly northerly in the vicinity of the equator but develop a
strong westerly component upon crossing into the south but away from the equator (point 2). The westerly com-
ponent of the winds in the WEA is so weak that they cause insufficient deepening of equatorial thermocline in
the east (point 3) inducing weak warm SST anomalies and thus no warm AZM event (point 4). In summary, while
the anomalous northward spring ITCZ leads to a cold AZM event in the following summer most of the times, the
converse is less likely and hence the skewness in the relation between spring ITCZ position and AZM. The ATL3
region is marked with a rectangular box. This schematic is only for representative purposes and not to scale.

AZM being simply an enhancement of the climatological
condition and the warm AZM being an anomaly in its
true sense, may also be important to consider. It should be
noted that there are more warm events in the study pe-
riod than cold events, and thus inadequate sampling may
be an issue. However, it must be observed that almost all
the studies that propose a different mechanism other than
the straightforward Bjerknes feedback do it only for a
warm AZM case. We opine that the asymmetry is in-
herent in the strong association of the AZM with the
seasonal cycle. While we have discussed the asymmetry in
causative mechanisms of cold and warm AZM events,
Lutz et al. (2015) discuss the asymmetry of rainfall re-
sponse to the cold and warm AZM events. Adapting a
different definition of the cold and warm tropical Atlantic
SSTs, they show that the effect of the cold and warm
events on the rainfall in different regions in Africa is
asymmetric in season and magnitude.

Our set goal was to understand the causes for the drop
in correlation between the ITCZ in spring and AZM
despite a high correlation between ITCZ and equatorial
zonal winds in spring, and apparent criticality of these
winds for the development of an AZM. However, a
related question of why the relation between wind
anomalies in spring and SST anomalies in summer is

weaker than the correlation between equatorial trades and
ITCZ latitude (Table 1) can be also posed. This has been
addressed by several studies either overtly or implicitly.
Foltz and McPhaden (2010), Liibbecke and McPhaden
(2012), and Richter et al. (2013) talk about how spring
warm SST anomalies in the TNA can sometimes cause a
warm AZM event in the following summer instead of the
usual cold AZM event. The positive meridional mode is
associated with equatorial easterly winds in boreal spring,
which normally is a precondition for a cold AZM. How-
ever, in some special cases, via the mechanisms discussed
in earlier studies (Foltz and McPhaden 2010; Liibbecke
and McPhaden 2012; Richter et al. 2013), warm AZM
events can occur, which weakens the relation between the
spring equatorial winds and the summer SSTs. On a re-
lated note, Chang et al. (2006) talk about how the tropo-
spheric warming over the tropical Atlantic induced by an
El Nifio destructively interferes with the spring equatorial
easterly winds, which leads to a summer SST cooling in the
STA. This can contribute to reducing the association be-
tween the spring winds and summer SST anomalies.
Nonetheless, as shown in Table 1, the correlation between
the spring ITCZ position and summer ATL3 index is
lower than that between spring WEA zonal winds and
summer ATL3 index making our set goal worthwhile.
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A close relation between equatorial zonal winds and
position of the ITCZ has been noted in an earlier study
by Richter et al. (2014), who show that the equatorial
easterlies grow strong almost linearly when the ITCZ is
to the north of equator but they are uniformly weak
when the ITCZ is in the south; nevertheless, the winds
remain easterly throughout. Although their result ap-
pears to be at odds with our observation that anomalous
northward (southward) movement of ITCZ during
spring is associated with concurrent anomalous easter-
lies (westerlies), it is not in reality, owing to differences
in methodology and time period of the two studies.
While Richter et al. (2014) average the monthly mean
absolute equatorial zonal wind stress over each unique
absolute ITCZ position during their entire study period,
which represents the mean picture and removes some of
the seasonal preferences, we focused on the relation
between anomalies of ITCZ and equatorial zonal winds
only during spring. Therefore, we posit that our findings
are novel in eliciting the asymmetric relation between
the spring position of the ITCZ and AZM and its ex-
planation through interaction between the seasonal cy-
cle and interannual anomalies.

We have described different processes involved when
an anomalous northward spring ITCZ, which can be
influenced by AMM among other things, leads to a cold
AZM in the following summer in Fig. 2. Contrary to our
intention, the figure might give an impression that a
northward ITCZ shift and easterly wind anomalies oc-
cur before the development of significant cool SST
anomalies in the southeast Atlantic in the late spring to
summer, leading to the question of causality: is the
AMM a result of anomalous spring ITCZ position rather
than a cause? We clarify this apparent contradiction
here. Note that Fig. 2 shows the composite of anomalies
of different fields including SST and winds for all those
cold AZM events preceded by the ITCZ displaced
anomalously north in spring. A positive AMM type of
SST structure (warm north and/or cool south) during
spring is not present in all the composite years, but
whenever it is present (in 1997 and 2005) it persists from
February followed by a northward displacement of
ITCZ in spring and the associated equatorial easterlies
(figure not shown). In the composite picture (Fig. 2), the
AMM pattern appears weak in the north but strong in
the south because AZM has early SST anomalies of the
same sign in the south overlapping with that of AMM
there but no signal in the north, which adds to the fact
that the AMM SST pattern is not present in all the
constituent years. The question of causality is also not
supported by earlier studies (e.g., Hu and Huang 2006)
that show that the development of an AMM event can
span from boreal fall to boreal spring preceding the
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anomalous meridional displacement of ITCZ in spring
with the associated equatorial easterlies.

Although AMM is not central to our study, since it is
invoked as one of the factors influencing the spring
ITCZ position, it must be pointed out that some studies
suggest that AMM may not be a coupled mode and its
southern and northern lobes may evolve independently
(e.g., Yang et al. 2018). The relative importance of the
northern and southern flanks of the AMM for the spring
ITCZ position may need to be investigated but that is
beyond the scope of our present study.

Our observation that causative mechanisms of the
cold AZM (counterpart of La Nifia in the tropical At-
lantic) are less diverse than that of the warm AZM
(counterpart of El Nifio) is supported by studies about
ENSO diversity reporting similar results (Kug and Ham
2011; Ren and Jin 2011; Chen et al. 2015; Ashok et al.
2017). Chen et al. (2015) attribute the cause of asym-
metry, irregularity, and extremes of El Nifio to westerly
wind bursts and also point out that the wind bursts
strongly affect El Nifio but not La Nifia. Capotondi et al.
(2015) and Ashok et al. (2017) suggest that while dif-
ferent types of El Nifio are distinguishable, the La Nifia
events are not. Timmermann et al. (2018) also note that
La Nifia events exhibit less diversity in their spatial
patterns compared to El Nifio events pointing to an
asymmetry in the dynamical processes involved. These
results lend a hand to our speculation that cold AZMs
have less diversity compared to warm AZMs. We intend
to verify the validity of this hypothesis in a future study.

Given that ITCZ movement is also affected by a
decaying ENSO, our result together with the relevant
previous studies (Kucharski et al. 2008; Pottapinjara
et al. 2014; Garcia-Serrano et al. 2017) hint at an in-
teresting linkage between the tropical Pacific and the
ISM in a novel way. Previous studies show that a per-
sistent (into spring) yet decaying El Nifio can suppress
rainfall over the deep tropical Atlantic and move the
ITCZ north in spring. The northward (southward)
spring ITCZ can cause a cold (warm) AZM event in the
following summer, which in turn can enhance (reduce)
the rainfall over India. Normally, an El Nifio that is
active in summer tends to reduce the ISMR. However,
an El Nifio peaking in the preceding winter and de-
caying thereafter can enhance the ISMR through the
cold AZM, El Nino’s reincarnation. This should at least
motivate more focused model sensitivity studies to
better understand the ITCZ-AZM interaction and its
asymmetries.
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