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Observational study
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Chair of the Supervisory Committee:
Professor Shuyi S. Chen
Atmospheric Sciences

The Madden-Julian Oscillation (MJO) and El Nino Southern Oscillation (ENSO) are the
two most important phenomena in the Tropics that affect global weather and climate on
intraseasonal to interannual timescales. Although they occur on different timescales, the
MJO-induced SST changes over the western Pacific have spatial scales similar to those of
SST anomalies prior and/or during the onset of El Nino. To investigate the MJO-induced
SST changes and their contribution to the warm pool eastward extension (WPEE) prior
to the onset of El Nifio, we use 20 years of Tropical Rainfall Measuring Mission (TRMM)
Multi-satellite Precipitation Analysis (TMPA), Cross Calibrated Multi-Platform (CCMP)
surface winds, and Optimum Interpolated Sea Surface Temperature (OISST) to quantify
the time and spatial scales of MJO rain and wind, and the MJO-induced WPEE. The MJO
events in the western equatorial Pacific (east of 130°E, 10°S — 10°N) are identified based
on the Large-scale Precipitation Tracking (LPT). The intensity of the MJO is measured by
total rain volume and zonal surface winds averaged throughout its lifetime. It is found that
the majority of the MJOs (65%) induce a WPEE up to 3000 km that can last beyond 15
days. The MJO events prior to the onset of El Nino are generally stronger in convection and
winds, and produce significant WPEE beyond the annual cycle. Consecutive MJO events
produce much larger WPEE prior to El Nino, which has been observed in every El Nino
event from 1998-2019.
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Chapter 1

INTRODUCTION

1.1 Background and Literature review

1.1.1  The west-Pacific Warm Pool

The western Pacific warm pool is a considerable heat reservoir [67], a significant source of
moisture for the atmosphere [12], and drives large scale circulations (the Walker circulation,
Gill 1980). The spatial surface extension is usually delineated with 28°C, 28.5°C or 29°C
[46, 18, 19, 65] because it delineates an area exceeding a threshold for intense convective
activity [22, 68, 20]. Using 28.5°C, the long-term tropical warm pool eastern edge extends
to 180° at the equator, 175°W in the north, and 150°W in the south (Figure 1a). Peculiar
ocean vertical structure also characterizes the warm pool, the 28.5°C isotherm can extend
up to 100m at about 170°E (Figure 1.1b). In addition, high precipitation rates, and light
winds often induces a sea surface salinity (SSS) lower than 35 practical salinity units (PSU,
Figure 1.1b), and result in the formation of a relatively low density and stable oceanic
mixed layer [39, 67, 12]. In Figure 1.1, places where the isohaline layer is shallower than the
isothermal layer, is known as a Barrier Layer (BL), in such cases, the mixed layer depth is
controlled by the salinity stratification [13, 39]. At the equator, warm and fresh waters are
separated from the cold and saltier waters in the central pacific by a sharp salinity front
which is also characterized by a current convergence [53, 18]. The SSS front, characterized
as 34.8 PSU [14, 54, 44, 10], is usually located inside the warm pool and west of the warm
pool eastern edge as shown in Figure 1.1b, and its longitudinal location varies consistently

with the warm pool eastern edge displacement [53, 14, 44].

1.1.2 El Nino — Southern Oscillation (ENSO)

ENSO is a coupled ocean-atmosphere phenomenon. It is the largest source of interannual

variability in the tropics that impacts the Earth’s climate variability through atmospheric
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Figure 1.1: (a) Long term (30 years, OISST v2) of sea surface temperature values, the warm
pool as 28.5°C in black contour. Vertical cross section at the equator (2°S-2°N) averaged
over 10 years from Argo floats for (b) Temperature and (c) Salinity.

teleconnections[8, 9, 56]. It is characterized as warm or cold SST anomalies in the central
and/or eastern Pacific [16], and a modified zonal slope of the thermocline along the equa-
tor [68] that result in significant changes in the zonal wind intensity [3], and location of
convection areas [59]. It occurs every few years (3-5 years) and involves a positive ocean-
atmosphere feedback hypothesized by Bjerknes (1969). According to Bjerknes, easterly
trade winds, blowing along the equator, result in a thermocline that is deep in the west
and shallow in the east (white contour in Figure 1.1b). The trade winds induce poleward
Ekman divergence and upwelling that causes the SST to be cooler in the east than in the

west. The horizontal temperature gradient creates a gradient in pressure that strengthens



the trade winds, which through upwelling, feedback to the SST zonal gradient, maintaining
the “normal” conditions. If trade winds strengthen, the same feedback leads to La Nina
conditions. On the other hand, during El Nino, the feedback leads to weaker trade winds,
shallower thermocline in the west, and reduced SST zonal gradient. Theoretical understand-
ing of ENSO properties including its amplitude, frequency, and propagating features and
its changes at decadal to interdecadal timescales has significantly advanced over the past
decades [66, 5]. One of the most common theoretical explanation of ENSO mechanisms holds
it to be a self-sustained and naturally oscillatory mode with a period that depends on the
dynamical adjustment of the subsurface ocean [60, 4]. Another explanation considers ENSO
a stable mode triggered by stochastic forcing such as westerly wind bursts (WWBs), e.g.
MJO events [31]. ENSO simulation and prediction in terms of large-scale ocean-atmosphere
characteristics has improved; however, questions about the transition phase from one to

another ENSO state remain to be answered.

1.1.3 The Madden Julian Oscillation (MJO)

The MJO is considered a wavelike phenomenon with periods ranging from 30 — 90 days. It
consists of a multi-scale convective structures over thousands of kilometers near the equator
that propagates eastward at an average speed of 5ms~1 [40, 41, 71]. The MJO convective
signal generally initiates over the Indian Ocean, propagates through the Maritime Continent
and dies over colder waters in the Pacific Ocean. Individual mesoscale convective systems
often propagate westward, but with each new system forming to the east of the previous one.
The propagation speed of the MJO varies, is slower when the convection and large-scale
circulation are coupled together, and faster after the convection dies. The MJO exhibits a
strong seasonal cycle with a strong peak in the Northern Hemisphere winter (related to the
Australian Monsoon), and a weaker peak in Northern Hemisphere summer (related to the
Asian Monsoon; [71]). As the active MJO propagates across ocean, the associated westerly
surface winds, extensive cloud cover, and large amounts of precipitation help induce upper
ocean mixing and cool the ocean surface [61]. During its propagation, fresh-water input from

precipitation changes upper-ocean salinity structure [21, 39, 1]. In addition, the westerly



winds associated with the MJO excite oceanic downwelling equatorial Kelvin waves that
propagate eastward across the basin in 1-2 months, affecting sea level, upper-ocean currents

and temperature structures along the way [33, 27].

1.1.4 MJO and the El Nino onset

Observational evidence suggests that El Nino may require an initial surface and subsurface
warming across the Pacific [31]. This initial warming is named the onset of El Nifio in the
central Pacific and is observed as a warm pool eastward extension (WPEE) far beyond its
climatological position. It has been proposed that MJO effects on the Pacific SST contribute
to the ENSO variability, particularly to the development of El Nino. This contribution has
been suggested based on the MJO plausible physical mechanisms to warm the SST in the
central and eastern Pacific through local and remote response to the dynamic and thermody-
namic mechanisms [33, 50, 32, 6, 72, 38, 25, 10]. The physical mechanisms through which the
MJO induces warming, observed as a warm pool eastward extension (WPEE), involve dif-
ferent processes that occur during its propagation, and after the convective signal its gone.
The two main mechanisms were provided in two different studies. Kessler et al. (1995)
pointed out the role of the ocean Kelvin wave forced by the MJO-induced westerly wind
bursts (WWB). The ocean Kelvin wave deepens the thermocline during its propagation,
decreasing the basin-scale zonal upper ocean temperature gradient, enabling the advection
of warm waters to the east. This dynamic ocean response to MJO-westerlies is enhanced if
consecutive MJO events occur. Then, Anderson et al. (1996), based on observational data
gathered during TOGA-COARE, highlighted the importance of the MJO-induced upper
ocean stratification that occurs in a sequence of steps. First, the WWB induce a strong
upper-ocean mixing, and the Mixed Layer (ML) depth increases. Second, the MJO-rainfall
reduces the density of the ocean surface, stratifying the upper ocean, and building up a
thermal layer called Barrier Layer (BL). The last stage exists if the ocean stratification
remains and after the MJO convective signal (e.g., under a weak wind regime and clear
skies). The shallow ML allows maximum warming by capturing a significant portion of the

shortwave radiation, especially under the presence of a thick BL that serves as an important



blockade that prevents the cold thermocline water from entering the ML. A shallow ML and
a thick BL have significant impact on the upper mixed layer heat content and maintenance
of warm temperatures confined to the surface [62, 43]. Kessler et al. (1995) provided an
essential mechanism for theories that explain ENSO in terms of ocean dynamics alone,
while Anderson et al. (1996) pointed out the role of ocean stratification that maintains
warm SST, allowing stronger feedbacks between the atmosphere and the ocean. Together
these mechanisms act to reduce the east-west temperature gradient, e.g. [32], that allows a
further shift of the warm pool eastward at the onset of El Nino [46, 37]. The MJO impact
on the upper ocean dynamics and thermodynamics favors the WPEE and maintenance of
warm SSTs that could last from several days to weeks. Previous studies have suggested that
these shorter timescale impact of the MJO on the upper ocean could contribute to El Nino
onset [33, 32, 6]; however, the evolution from an early stage to a developed El Nino phase
depends on favorably ocean dynamics, in conjunction with air-sea interactions to strengthen

and prolong the SST warming [68, 50, 6, 31, 5].
1.2 Science objectives

Although the MJO-induced WPEE implication to El Nifio has been suggested, e.g. [33, 1,
32, 6], it has never been quantified based on long-term observations. The purpose of this
study is to do so using unprecedented 20 years of satellite data to quantify the extent and
duration of the MJO-induced WPEE for individual and consecutive MJO events in relation
to the onset of the six El Nino events that occurred from 1998 — 2019. This study addresses

the following science questions.

e How much WPEE is induced by the MJO?

e How does the MJO-induced WPEE relate to El Nino?

1.3 Outline

We present our methodology and data in Chapter 2 and the results is structured in five

sections in Chapter 3: Section 3.1 describes two cases of MJO enhanced activity followed by



a WPEE. Section 3.2 summarize the MJO and ENSO lagged observed relationship during
1998-2019. Section 3.3 characterize the post-MJO WPEE in time and space, describes
the annual cycle of the MJO and the MJO-induced WPEE. Section 3.4 examine the MJO
intensity in relation to the WPEE emphasizing the MJO group effort in moving the warm
pool eastward. Finally, Section 3.5 examines the extent of the warm pool displacement in
relation to the MJO intensity of convection and westerly winds, and quantify the MJO-
induced SST warming using composite analysis. Chapter 4 summarizes the main results

and conclusions.



Chapter 2

DATA AND METHODS

2.1 Data

To characterize MJO events, we use precipitation from the Tropical Rainfall Measuring
Mission (TRMM) Multi-satellite Precipitation Analysis (TMPA) that provides estimates
of instantaneous rain rates at 3-hourly on a regular 0.25° grid based on passive-microwave
and infrared retrievals [28]. Additionally, we use 6-hourly 10 m wind vector data from the
Cross-Calibrated Multi-Platform version 2 (CCMP V2) gridded surface vector produced
by Remote Sensing Systems (REMSS) [2]. CCMP V2 combines winds data from Version-
7 REMSS radiometer, QuikSCAT, and ASCAT scatterometers, moored buoy, and ERA-
Interim model using a Variational Analysis Method. To document the SST spatial evolution,
we use daily SST data obtained from the National Ocean Atmospheric Administration
(NOAA) Optimum Interpolation Sea Surface Temperature version 2 (OISST v2) [57, 58]
at 0.25° spatial resolution. The Nifio 3.4 (5°S-5°N, 170°E-120°W) SST monthly anomalies
are obtained from the NOAA Earth Sciences Research Laboratory. We examine data from

1998/06 to 2019/06.
2.2 MJO identification

The MJO events are identified based on the large-scale precipitation tracking (LPT) al-
gorithm developed and described in [30] using TRMM -GPM satellite data. Kerns and
Chen (2019) provides a detailed description and statistics of MJO events occurred from
1998/06 to 2018/06, but our database is extended to 2019/06 using the same methodology.
The LPT uses spatially smoothed 3-day rainfall accumulation first to identify and then to
track precipitation features called Large-scale precipitation objects (LPO). An LPO must
be at a large-enough scale of at least 1000 km?; it encloses an area over which the 3-day

accumulated rainfall exceeds 12mm. LPOs connected in time for at least 7 days (10 days,



including the accumulation period) constitute an MJO event if they propagate eastward.
This method identifies the evolution of individual MJO events in both time and space that is
not possible when using other indices. Besides, a time-filtering is not required to construct
an individual MJO event; thus, its usage can be more practical to asses weather impacts

and ENSO forecasts.

a. MJO-LPT

year: 2002

0°E 70°E 100°E 130°E 160°E 170°wW 140°W
b. MJO-LPT

year: 2018
Febl6
Febll
Feb06
Feb01
Jan27
Jan22
Janl7
Janl2

40°E 70°E 100°E 130°E 160°E 170°W 140°W

Figure 2.1: The 3 hourly MJO-LPT feature contour and their corresponding centroid drawn
every day with dates according to the color scale on the right for an event in 2002 and another
in 2018.

Figure 2.1a and b illustrate the evolution of two MJO events identified by the LPT
method. The colors indicate time progression, while the contours outline LPOs, the markers
indicate centroids of each contour. Each MJO event has parameters such as the initial and
ending date, initial and ending centroid longitude, and initial and ending latitude. The
MJO in 2002 starts on January 10 in the Indian Ocean and ends on March 5 in the western
Pacific, its lifetime is about 50 days with an eastward speed of 1.7ms~'. The MJO in
2018 starts on January 12 and ends on February 18, with a lifetime of about 36 days and
an eastward speed of 3.1 ms~!. To examine the MJO impact on the warm pool, we only

include MJO events with starting longitude west of 180°E and ending longitude east of



130°E. Besides, each MJO has to last at least 10 days in the western Pacific (east of 130°E),
with latitude centroids located between 10°S and 10°N. A total of 98 MJO events from
1998/06 to 2019/06 are identified based on these criteria.

2.3 MJO intensity

The MJO, by definition, is characterized as large-scale convection and circulation [42, 71].
The MJO convective signal includes a multiscale cloud system known as the “active phase,”
surrounded both east and west by regions of weak deep convection and precipitation, known
as the “suppressed phase.” On the surface, strong WWB are observed in and to the west of
the active phase and strong easterly winds to the east in the suppressed phase [71]. Both
the WWB and rain rates are essential to characterize the MJO intensity because they exert
a robust thermodynamic and dynamic control on the upper ocean. The MJO intensity in
the western Pacific varies during its propagation, it could shift south towards the SPCZ or

north towards ITCZ.

We define the intensity of convection and westerly winds as the accumulated 3-hourly
rain rates (in mm) and 6-hourly averaged surface westerly winds (in ms~!) inside each
LPO. Then, the rain rates are accumulated and the WWBs are averaged throughout the
lifetime of each MJO-LPT system (shading colors in Figure 2.2). The MJO envelope (purple
contour in Figure 2.2) indicates the area encompassed by the MJO-LPT feature smoothed
with to a 2.5° latitude/longitude Gaussian for the MJO events illustrated in Figure 2.1. The
region 130°E-180°E and 10°S-10°N represents the area of MJO impact on the warm pool
(WPbox, in red Figure 2.2). Then, the MJO intensity of convection over the warm pool is
defined as the rain integrated over the overlapping region between the MJO envelope and
the WPbox (Rain Volume in km3). Similarly, the intensity of WWB is the average over
the same region in ms~!. Thus, each MJO intensity is quantified in terms of Rain Volume
and WWB. Different regions were tested (140°E-180°E, 15°S — 15°N, 130°E-180°E, 15°S —

15°N) and we obtained similar results and conclusions.
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Figure 2.2: The MJO envelope (purple contour) indicates the area encompassed by the
MJO-LPT feature. The red box indicates the region of MJO impact on the Warm Pool (
WPbox, 130°E-180°E, 10°S — 10°N). (a) and (¢) Accumulated rainfall every 3-hours, (b)
and (d) Westerly winds averaged every 6-hours inside the MJO-LPT feature throughout
the MJO lifetime. Units of rainfall is mm, and westerly winds is ms~!. The top-left box in
(a) and (c) shown the integrated rainfall (Rain Volume in m3) within the overlapped area
between WPbox and the MJO envelope (hatched). The top-left box in (b) and (d) shows

the average of westerly winds (WWB in ms~!) within the overlapped area between WPbox
and the MJO envelope (hatched).

2.4 Post-MJO warm pool eastward extension (WPEE)

The precise definition of the warm pool varies but is often delineated by the 28°C, 28.5°C
or 29°C isotherms when studying the equatorial eastern edge of the warm pool, and its
relevance for ENSO dynamics [55, 11, 46, 54]. We tested different isotherms; the 28°C
loosely defines only one area in the west Pacific. The 29°C isotherm delineates smaller and

broken areas making it difficult to track only one contour per day. Thus, we used 28.5°C
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isotherm as a proxy of the warm pool. The high-frequency variability was excluded using a
3-day centered SST moving mean and a two-dimensional Gaussian smoother with a standard
deviation of 10 grid points (2.5°, approximately 250km near the equator). To facilitate the
analysis of the warm pool evolution post-MJO events, Day-0 (D0) refers to the MJO-LPT
ending date and Day-1 to the following day. Then, the warm pool spatial structure is tracked
for each day after the MJO event until it reaches a maximum eastward displacement (see
Section 2.2.1 for details), as illustrated in Figure 2.3. The warm pool extends eastward up
to 37 days and up to 77 days after the MJO events illustrated in Figure 2.1. In addition,
we define the equatorial warm pool (EqWP hereafter) as the longitude of the 28.5°C in the
3-day centered mean SST averaged from 5°S to 5°N.

a. Post-MJO Warm Pool
30°N
° year: 2002
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b. Post-MJO Warm Pool
30°N
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Figure 2.3: The Warm Pool after MJO events illustrated in Figure 2.1 with dates according
to the color scale on the right.

2.5 WPEE quantification

The warm pool displacement is quantified as the difference of the warm pool longitude at

each day post-MJO, relative to the longitude at Day-0 (DO0), from 10°S to 10°N, every 0.25°.
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Top panels in Figure 2.4 show the warm pool displacement up to 100 days post-MJO for
the events illustrated in Figure 2.1. The bottom panels in Figure 2.4 show the equatorial
band (5°S - 5°N) averaged displacement for each day post-MJO. A 5-day centered mean
is applied to remove high-frequency variability and to track only the large-scale warm pool
displacement. The equatorial band of the warm pool displacement is tracked in time until
it reaches the maximum WPEE (Max-WPEE) that occurs at Day-Max (Dmax), allowing
short (< 500km) and temporary (< 7 days) retreats. The maximum westward displace-
ment was computed using the same method but tracking the westward displacement. The
WPEE associated with MJO events in Figure 2.1 is shown in Figure 2. Strikingly, the most
significative continuous eastward displacement (> 5000 km) is observed north and off the

equator, close to the Intertropical Convergence Zone (ITCZ) region, in both cases.

a. Post-M]JO displacement C. Post-MJO displacement
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Figure 2.4: Top panels: The warm pool displacement relative to 2002-03-05 and 2018-
02-18, respectively, for each day (x: axis) from 10°S to 10°N, every 0.25°. Color scale on
the right indicate displacement in km, and black box correspond to 5°S to 5°N from Day-
0 (D0) until Day-Max (Dmax). Bottom panels: The 5°S to 5°N averaged warm pool
displacement, vertical line indicates Dmax, and Max WPEE shows the maximum eastward
displacement associated with MJO events illustrated in Figure 2.1.
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2.6 WPEE anomaly

The warm pool evolution and the extent of eastward displacement estimation uses absolute
values of SST because it is more critical than anomalies in activating convection [22, 29],
especially in the transition from the typically stable regime over the equatorial tongue to the
deep convective regime. To examine whether the displacement is primarily associated with
MJO events or resulting from the annual cycle we computed the warm pool anomaly (WPA)
as follows. First, the warm pool daily climatology is the 28.5°C isotherm obtained from
the daily SST climatology that only retains the first three harmonics of the annual cycle
from 1982 — 2010, monthly values are illustrated in Figure 2.5. Then, WPA is computed
by removing the daily warm pool longitude from its daily climatology longitude, from 10°S
to 10°N, every 0.25°. The WPA at Dmax associated with the MJO events shown in Figure
2.1 is illustrated in Figure 2.6. In both cases, the WPA is about 3,000km close to the
equator; however, more significant anomalies are observed off and north of the equator. In
contrast, negative WPA is observed in the south, of about 500km and 1,500km, for each
case, respectively. The WPA is computed at day DO and Dmax for the 63 events examined
in this study.

Warm pool seasonal variability

20°N > DEC
10°N SEP
AUULG

0° ist
A

; FEB

Soes : JAN

140°E 160°E 180° 160°W 140°W

Figure 2.5: Monthly climatology (colors) of the Pacific Warm Pool (28.5°C) estimated from
daily OISST from the period 1982-2010, using the first 3 harmonics of the annual cycle.
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Figure 2.6: Illustration of the warm pool anomaly (WPA) at Day-Max for MJO events
illustrated in Figure 2.1. The Warm Pool (WP) in magenta at its climatology (CLIM) in
blue. The WPA computed as a difference of the warm pool absolute longitude relative to
its climatology longitude from 10°S to 10°N every 0.25°.
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Chapter 3
RESULTS

3.1 The MJO-induced WPEE before the El Nino onset

This section illustrates the WPEE that occurs after enhanced MJO activity before the onset
of El Nino 2018/19 and 2002/03. Time — longitude diagrams of the equatorial averaged rain,
zonal surface wind, SST and monthly Nifo 3.4 values during 2018 is shown in Figure 3.1.
The MJO-LPT centroids for MJOs 93-95 are shown in black contours. The passage of MJO
events can be seen as three distinct convective envelopes propagating eastward at an average

speed of 2ms™1.

Each envelope is preceded and succeeded by weak rainfall. In contrast,
the MJO passage is associated with heavy rainfall, strong and long-lasting westerly winds
( 10ms~!, 15 - 30 days), and surface cooling of about 1.5° likely associated with strong
upper ocean mixing and cloud cover [71, 15]. After the MJO-94 passage, under conditions
of weak winds and low rain rates, the SST west of 160°E gradually increase during April and

reaches 30°C by the end of the month. Then, the passage of the MJO-95 induced surface

cooling but not as pronounced as for the previous events.

The most pronounced SST warming is observed after the three MJO events with values
of about 30°C between 140°E - 160°E during June. This warming is possibly related to
a weak convective activity and solar heating, as proposed by [1]. The Nifo 3.4 region
transition from cold to warm anomalies in June when the warm pool extends noticeably
eastward in about 10 degrees (Figure 7d), and the large-scale east-west SST gradient and
the trade winds weakened. This initial warming in the central Pacific has been highlighted
by previous studies [7, 31] because it triggers deep convection and further westerly winds
bursts that could move the warm pool further eastward. Indeed, convection and westerly
winds at much shorter spatial and time scales than the MJO are observed during July, as
the warm pool continuously moves eastward, leading to the El Nino 2018-2019, officially

declared in October 2018.
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Figure 3.1: Evolution of (a) 10°S — 10°N averaged 3-day accumulated rainfall (b) 5°S-
5°N averaged 6-hourly absolute zonal winds, (c¢) 5° S-5° N averaged SST (d) Nino 3.4 SST
monthly anomalies. The equatorial warm pool (EqWP) in magenta and MJO-LPT centroids
for the events 93, 94, and 95 are overlaid on each panel.

Another way to see the WPEE is by looking at SST anomalies. The evolution of SST
anomalies in 2002 (Figure 3.2) shows that the large spatial scale of the MJO-induced SST
anomalies resembles the spatial scale during the developing phase of El Nino 2002 (Figure
8e); however, it occurs at much shorter time scale (e.g., weeks). The MJO-induced cooling
in the far western equatorial Pacific and warming in the central and eastern Pacific indicates
the east-west temperature gradient and weakens the trade winds between 160°E — 140°W
(Figure 8a and b), which in turn reverse at the onset of El Nifio (Figure 8c). These examples

suggest that the short timescale MJO effect on the surface and subsurface temperatures and
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Figure 3.2: Surface winds (vectors, in m/s) and SST anomaly (color, in °C) (a) post-MJO
9-23 January 2002, (b) post-MJO 5-30 April 2000, (c) during the onset of El Nifio in May
2002, (d) early stage of El Nino in June-August 2002, and (e) mature stage of El Nifio in

September-November 2002.

winds act as a triggering mechanism that contributes to El Nifio event in the central Pacific,

as also suggested by previous work [33, 32]. This work don’t address the MJO contribution

to El Nino but address the following question: do we observe a WPEE after each MJO
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event,,

3.2 MJO and ENSO from 1998 — 2019

To better understand the MJO activity in relation to the warm pool displacement, and the
onset of El Nino events, we examine events during 1998 — 2019 shown in Figure 3.3. There are
six El Nifio and five La Nina events during the 20 years of study. The NOAA declare El Nifio
advisory when Nino 3.4 exceeds 0.5°C five consecutive overlapping three-month seasons, the
first three-month season characterizes the onset of each El Nino in this study. These onset
months are centered on June 2002, August 2004, September 2006, July 2009, October
2014, and October 2018. To examine MJO events that could potentially contribute to the
onset of El Nino, we located events that occurred within 9 months before the onset. This
window chosen comes [34] that found a robust 9-month lag correlation between precursors
for the onset of El Nino (e.g., equatorial sea level, zonal mean thermocline) and the Nino
3.4 index. Besides, building up conditions from cold to warm anomalies requires a high
frequency forcing that can be projected on the low frequency [48, 49, 70, 45]. Enhanced
MJO activity followed by a WPEE is observed before each onset of El Nino event (Figure
3.3) consistent with the MJO — ENSO lagged correlations described in previous studies
[64, 32, 7, 26]. During El Nino, the already eastward extended warm pool often promotes
strong MJO activity in the central Pacific; however, this study does not include MJO events
that started east of 180°E. On the other hand, a contracted warm pool is associated with

reduced MJO activity during a strong and long-lasting La Nina events (e.g., 1999 — 2000).

Although visual relationships between a warm pool location, MJO activity and ENSO
conditions are quickly drawn from Figure 3.3, our methods identified and quantified 63
MJO-induced WPEE events. 23 MJO events occur before the El Nino onset, and the
majority (19 events highlighted in red in Figure 3.3) are followed by a WPEE leading to
each El Nino event. Only 4 MJO events are associated with a warm pool retreat (MJO-
ids: 38, 52, 53, 78), likely associated with unfavorable large-scale atmospheric and oceanic
conditions. There are 33 MJO events during El Nifio (highlighted in dark red in Figure 3.3);

from them, only 17 are associated with a WPEE. We first focus on the characterization of
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the spatial and temporal scales of the 63 post-MJO WPEE events, and then we separate
them in three groups to account for different underlying conditions (e.g., equatorial zonal
wind relaxation during El Nino). One group takes into account only events before the El
Nino onset, another group includes only events during El Nino, and the last group contains

only non-El Nino related events that accounts neutral and La Nina conditions.

3.3 MJO-induced WPEE characterization

We characterize the MJO-induced WPEE using the information of the equatorial band (5°S-
5°N) from Day-0 to Day-Max for 63 events. Generally, an eastward displacement is more
common, especially during the first 15 days; but some westward displacement also occurs
(Figure 3.4a). The most frequent WPEE occurs during the first 15 days with displacements
up to 1,000km (Figure 3.4b). Taking this spatial and temporal scales, the WPEE speed
obtained is about 0.8ms~!, which is close to the eastward Yoshida jet (1ms~!) [69], but
slower than ocean Kelvin waves ( 2ms~!). Besides, less often, but significant WPEE occurs
beyond 2,000km after 25 days (Figure 10a and ¢). The number of MJO events that produced
WPEE vary from 80% (50/63) during the first 15 days to 40% that can sustain a WPEE
after 25 days (Figure 3.4c).

3.3.1 Annual cycles of the MJO and MJO-induced WPEE

The MJO events with an associated WPEE have a pronounced seasonal cycle (Figure 3.5a),
they are more frequent during boreal winter (21 events) and spring (26 events), shifting
towards the South Pacific Convergence Zone (SPCZ). Weaker MJO activity occurs in sum-
mer (12 events) and fall (7 events) with centers of convection shifting towards the northern
hemisphere, when the Asian monsoon is active. During spring, the MJO convective activity
is also weak and coincides with the weakest mean equatorial zonal SST gradient along the
equator [63, 26]. Likewise, the EQWP has a pronounced annual cycle; it migrates from
170°E to 170°W from boreal Spring to Summer (Figure 3.5b). However, the post-MJO
WPEE equatorial warm pool is located far beyond the climatology position, especially from

February to June (Figure 11b). Some consecutive MJO events are associated with the same
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Figure 3.3: The EQWP in magenta and its climatology in blue. The 3-months centered Nino
3.4 in horizontal bars, highlighted for anomalies above (below) 0.5°C (-0.5°C) in dark-red
(blue). The onset of El Nino events (red arrows) corresponds to Nifo 3.4 above 0.5°C for five
consecutive overlapping three-month seasons for the first time. MJO events highlighted in
red if they occurred within 9 months prior to the onset of El Nino only if they are associated
with a WPEE. MJO events highlighted in dark-red correspond to events during El Nino,
the rest are non-El Nino related are in black.
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that produced WPEE.

EqWP ending longitude and the same Day-Max, which indicates a continuous WPEE as-
sociated with these MJO events. We found six cases, three occurred before El Nifio onset
(24-25, 34-36, and 93-96), two during El Nino 2009/10 (54-55, 57-59) and only one (1-2)
during La Nina 1999.

The MJO events with significant impact on the WPEE often occur during boreal, these
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events can sustain displacements up to 3,000 km (Figure 3.6a and b). These results are
consistent with previous studies [51, 26] that identified boreal spring as the time when the
growth of ENSO SST anomalies is most sensitive to MJO forcing. Spring is characterized
with relatively weak horizontal SST gradients and trade winds; thus, small perturbations
can be amplified by unstable air-sea interactions over a larger domain [35, 52, 24, 23, 17].
According to these arguments, if MJO activity is elevated during spring, the WPEE leads
to strong basin-wide warm SST anomalies in the Pacific [47] leading to the development of

El Nino the following boreal winter as was demonstrated with robust lagged-correlations by

[26].
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Figure 3.5: (a) Number of MJO events occurred before the onset of El Nino events from
1998 - 2019 by season. (b) The Max-WPEE associated with each MJO event shown in panel
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Figure 3.6: (a)MJO-LPT centroids for the 63 MJO that are associated with a post-event
WPEE, colors indicate latitude and they are numbered by their id. (b) The equatorial
WPEE post-MJO events in panel (a) Dashed blue line indicates the EQWP daily climatology.

3.8.2 MJO-induced WPEE anomaly

The local and remote impacts of the MJO on the Pacific SST depend to a first approxi-
mation, on its position in the western Pacific relative to the warm pool eastern edge. We
hypothesize that a larger MJO zonal fetch that reaches the vicinity of the warm pool edge
induces a larger WPEE. Similarly, an off-equatorially MJO propagating feature, far away
from the warm pool edge, might have a less direct impact on the WPEE. To test this idea,
we compare the MJO propagation extent and the WPEE within each group identified in
Section 4. Top panels in Figure 3.8 show the MJO-LPT centroids for each event within each
group, non-El Nino, before El Nino and during El Nino. The initial and ending location
provides the zonal MJO propagation extent. Lower panels show the Confidence Intervals

(CI) at 95% significance (z = 1.96) computed using the WPA at Day-0 (D0) and Day-Max
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(Dmax). The thick blue and red lines are the averages for each group at DO and Dmax. The
distance between these averages provides the WPEE anomalous displacement per latitude
from 10°S to 10°N, each 0.25°. These results indicate that the anomalous WPEE is a robust
signal, especially in the equatorial region but pronounced in the northern hemisphere. The
non-El Nino related group is associated with a relatively short displacement ( 1,000km).
However, the group that includes events before the El Nino onset induced larger anomalous
WPEE ( 2,000km), especially from 5°S to 10°N. Besides, these events started with a WPA
anomaly of about 500km at 5°N (Figure 13b), which indicates that the WPEE began during
the MJO events. In contrast, during El Nifio events, the warm pool is already in an unusual
eastern position. Still, the MJO events induce a further eastward anomalous WPEE (Figure

13c).

The MJO impact on the warm pool is more pronounced on the north tropical hemisphere
(up to 10°N), especially for the before El Nifio onset group and during the El Nino group
(Figure 13b and c). One possible explanation comes from the large spatial variability of
the warm pool (Figure 2.5) and the ending centroid location of the MJO events. Given
that MJO events propagate mostly in the equatorial region wobbling between 10°S to 10°N,
they most likely impact the warm pool in the northern hemisphere during winter and spring.
Still, they have less impact on the southern hemisphere. Most of the MJO events for the
non-El Nino group occur during boreal winter when the warm pool is too far east located
(Figure 2.5). In contrast, the MJO impact on the WPEE for the before El Niflo onset
group often occurs in boreal spring (Figure 3.7) when the warm pool is on its westernmost

location.

3.4 MJO intensity in relation to the WPEE

This section uses the MJO intensity as a metric to compare individual and consecutive MJO
events in relation to the WPEE. Events during El Nifio conditions (33 events highlighted
in dark red in Figure 3) are excluded to ensure that the WPEE comes from MJO events
and not from underlying El Nino conditions. We examine a total of 46 WPEE events and

19 events associated with a warm pool westward displacement. Events that occurred before
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the onset of El Nifo events are highlighted in red squares, and the rest are shown in gray
circles in Figure 14a, b, and c.

The MJO intensity in terms of rain volume varies from 0.03 to 1.5km? with a mean of
0.5km?, and in terms of WWBs varies from 0.17 to 4.2ms~! with a mean of 1.6ms~!. Gen-
erally, the WPEE associated with individual events increases with the amount of rainfall
and intensity of WWB (Figure 13a and b). Most MJO events before the El Nifo onset are
characterized with large rain volume and strong WWBs, and they are associated with sig-
nificant WPEE (Figure 14c). However, the fact that some strong MJO events are associated
with warm pool westward displacement and the large spread between MJO intensity and
WPEE suggest that (i) each MJO event is different (e.g., duration, structure, and intensity)
and (ii) each MJO impact the warm pool differently. Besides, the impact of a given MJO

on the ocean state depends on the initial state of the ocean [7].

Consecutive MJO events can affect the ocean state on long timescales, as demonstrated

by previous studies [32, 7]. To examine the net impact of consecutive MJO events on the
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Figure 3.7: The upper panel show the initial (cyan) and ending(orange) MJO-centroids for
(a) 27 MJO events that are non-El Nino related, (b) 19 MJOs occurred prior to the onset
of the El Nino, and (c¢) 17 MJOs during the El Nino. Dashed lines in the lower panels show
the confidence intervals (o = 0.05) of the warm pool anomaly (WPA) at Day-0 (DO, blue)
and at Day-max (Dmax, red) from 10°S to 10°N. Thick lines are the mean.
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WPEE, we quantitatively measure the strength of consecutive MJO events. There are two
type of consecutive MJO events. One group accounts events associated with one continuous
WPEE (1-2, circled marker). Another group accounts events that occurred before the onset

of El Nino but not necessarily associated with a continuous WPEE (9-12, 24-25, 34-39,
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Figure 3.8: MJO events during El Nino are excluded in all panels. MJO events
highlighted in red squares occurred before the El Nino onset, and gray circled
markers are the rest. Scatter plots of the post-MJO warm pool displacement against (a)
Rain Volume (km3), and (b) WWB (ms~1!). Scatter plots of WWB against Rain volume
for (c) individual events with WPEE and (d) grouped events color coded by eastward
displacement in km. There are 6 groups of consecutive MJO events before the onset of
each El Nifio, the marker size indicate the number of MJO event within a group. The Rain
volume for each group correspond to the cumulative rainfall from consecutive MJO events,
and WWB correspond to the maximum WWB within the group.
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51, 75-79, 93-95, squared markers). The Rain Volume representative of the group is the
accumulated Rain Volume of individual events, and the WWB corresponds to the maximum
within the group. Grouped MJOs Rain Volume and WWB are shown in Figure 14d colored
by the total WPEE and with marker sizes proportional to the number of events. The
total WPEE is quantified as the accumulation of individual displacements. As expected,
larger WPEE is associated with consecutive MJO events with strong WWBs and large
accumulated Rain Volume, especially before the onset of El Nino. Only one MJO event
(51) associated with a WPEE of about 1,500 km is observed before El Nifio 2009/10. The
rest of El Nino events were preceded by 3 to 5 MJO events within 9 months before their
onset. These grouped MJO events are associated with significant WPEE varying from
2,500 to 4,000km. These results support the premise that the MJO group effort has a
more significant impact on the WPEE. Indeed, large WPEE associated with consecutive
MJO events is the result of the long-term effect of MJO forcing on the upper ocean, and is
commonly observed as large-scale SST anomalies in the equatorial Pacific Ocean that often
produce large-scale wind anomalies (Figure 3.2), that under favorable can allow further
growth of coupled atmosphere-ocean processes allowing the warm pool to shift further east

during the onset of El Nino.

3.5 MJO-induced SST anomalies composites

The occurrence of WWBs has been used to explore the predictability of the tropical Pa-
cific climate [36] and 50% of the variance of zonal winds in the west Pacific come from
intraseasonal variability [26]. Indeed, the MJO plays a particular role as one of the main
contributors since it affects the surface fluxes coherently over thousands of kilometers near
the equator [42], during and after the convective signal [32, 7]. The precise mechanism by
which intraseasonal variations may rectify into lower-frequency dynamics has been the sub-
ject of several studies, all of which involve some form of SST feedback to the atmosphere.
This section explores the net MJO effect on SST anomalies obtained from composite maps
during and after the MJO signal in the western Pacific.

Composites of Rain volume and WWBs along the MJO-LPT propagation confirm that
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Figure 3.9: Panels a-d show composites of 27 non-El Nino related events, and panels e-h
show composites of 19 MJO events occurred prior to the onset of the El Nifio. Blue and gray
shading show the 95% Confidence Intervals of the accumulated Volumetric rain (km?), and
the averaged WWB (ms~!) inside the MJO-LPT feature from 10°S — 10°N throughout the
MJO lifetime, every 0.25° in longitude. (c¢) and (g) show composite maps of SST anomaly
(shaded) and the warm pool (black contour) during MJO-LPT lifetime in the west Pacific.
(d) and (h) show composite maps of SST anomaly (shaded) and warm pool (black contour)
post-MJO events, including only days from Day-0 until Day-max for each event respectively.

events before the El Nino onset group (Figure 3.9 e and f) are considerably stronger than
the non-El Nino related group (Figure 3.9 a and b). The Rain Volume and WWB are
significative stronger (a = 0.05) in 0.01 km? and 1ms~!, especially between 150°E - 170°E.
SST anomaly composite maps during the MJO-LPT propagation illustrate two different
ocean background conditions. Strong east-west SST anomalies dominate Pacific (140°E -
160°W) for the non-El Nino related group, likely associated with strong trade winds. In
contrast, the El Nifio onset group display weak east-west SST anomalies. These composites

maps indicate that the ocean conditions are not favorably for the WPEE for the non-El
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Nino related group; however, favorable conditions for the WPEE exist for the El Nifio onset

group.
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Chapter 4

SUMMARY AND CONCLUSIONS

Using satellite-derived rain rates and SST products, we have quantified, for the first time,
the time and spatial scale of the MJO-induced warm pool eastward extension (WPEE) in
the equatorial region (10°S — 10N°). We have found that 65% of the MJO events observed
in the western Pacific during 1998/06 — 2019/06 had a significant impact on the WPEE,
varying from 100-200km up to 3,000km. The most frequent WPEE occurs during the
first 15 days post-MJO events in about 1,000km, giving a 0.8ms~! eastward displacement
speed (Figure 3.4). Further, we demonstrated that the observed MJO-induced WPEE
before the El Nino onset is sufficiently robust and maintained beyond the annual cycle, but
particularly important during the transition from boreal Spring to Summer (Figure 3.6 and
3.7). The MJO intensity of convection (Rain Volume in km3) and westerly winds bursts
(WWBs in ms~!) are used as a metric to compare individual and consecutive MJO events.
We found that significant WPEE (> 2,000km) are commonly associated with strong MJO
events characterized by large Rain Volume and strong WWB (Figure 3.4), especially between
150°E - 170°E (Figure 3.8). The lack of a linear correlations between the MJO intensity and
WPEE, suggests that individual events have different impacts due to different initial ocean
conditions as pointed out by Bergman et al., [2001]. Furthermore, the consecutive MJO
impact on the ocean has long-term implications as shown by significant WPEE observed
before each El Niflo event in the period studied (Figure 3.8d). The MJO-induced WPEE
induces large-scale warm anomalies ( 0.5°C) in the Central Pacific (160°E-180°E, 10°S-
10°N), east of the maximum intensity of Rain and WWBs (Figure 3.9), that occurs at much
shorter timescale than those associated with ENSO. The results described in this study is
limited by considering only SST, winds and rainfall satellite observations. Our methodology
does not allow the examination of the full coupled complexity of the phenomenon that

involves oceanic equatorial waves in Pacific. However, the results should nevertheless be
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useful in evaluating atmosphere-ocean coupled simulations. Reproducing the location and
intensity of the MJO rain and WWBs is important to obtain a good representation of the

ocean dynamics and thermodynamics response needed to the WPEE.
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