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Abstract

The role of large-scale moistening by adiabatic lifting in the Madden-Julian
Oscillation convective onset

by Chelsea E. Snide

The initiation of the Madden-Julian Oscillation over the Indian Ocean is examined
through the use of a moisture budget that applies a version of the weak temperature
gradient (WTG) approximation that does not neglect dry adiabatic vertical motions.
Examination of this budget in ERA-Interim reveals that horizontal moisture advection
and vertical advection by adiabatic lifting govern the moistening of the troposphere for
both primary and successive MJO initiation events. For both types of initiation events,
horizontal moisture advection peaks prior to the maximum moisture tendency, while adi-
abatic lifting peaks after the maximum moisture tendency. Once convection initiates,
moisture is maintained by anomalous radiative and adiabatic lifting. Adiabatic lifting
during successive MJO initiation is attributed to the return of the circumnavigating
circulation from a previous MJO event, while in primary events the planetary-scale cir-
culation appears to originate over South America. Examination of the same budget to
data from the DYNAMO northern sounding array shows that adiabatic lifting contributes
significantly to MJO maintenance in the DYNAMO data, with a contribution that is com-
parable to that of surface heat fluxes. However, results from the DYNAMO data disagree
with those from ERA-Interim over the importance of adiabatic lifting to the moistening of

the troposphere prior to the onset of convection. In spite of these differences, the results



ii
from the two data sets show that small departures from WTG balance in the form of dry
adiabatic motions are important for the maintenance of the moisture anomalies during

MJO initiation.
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Chapter 1

Introduction

1.1 The Madden-Julian Oscillation

The Madden-Julian Oscillation (MJO, after Madden and Julian 1971, 1972) is an impor-
tant mode of tropical intraseasonal variability. Studies often describe it as an envelope
of convection thousands of kilometers across, coupled with planetary-scale circulations
(Hendon and Salby, 1994, Kiladis et al.,, 2005). The associated circulation can be de-
scribed in terms of wind patterns, where to the west of the convection there are low-level
westerlies along with upper-level easterlies. This is connected to an overturning circu-
lation. The convection usually develops over the western Indian Ocean in a process
known as MJO initiation. Once initiated, the coupled convection and circulation features
progress eastward at a rate of 5 m $ over the warm water of the Indo-Paci c warm

pool (60 E{180 E) (Zhang, 2005). The convection often decays as it reaches the date
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line, primarily due to cool sea surface temperatures, while the circulation and pressure
oscillations continue propagating eastward at roughly 20-30 m s (Hendon and Salby,
1994, Milli and Madden, 1996, Sobel and Kim, 2012). The cycle of the MJO, including
both the slowly-propagating convective signal over the warm pool and the fast circum-
navigating signal, have profound impacts on the global circulation (Zhang, 2013) and are
an important source of predictability at the intraseasonal timescale (Jiang et al., 2020,
Kim et al., 2018). The MJO in uences the variability of temperature and precipitation
globally, modulates tropical cyclone activity and in uences weather on a sub-seasonal to

seasonal time frame (Zhang, 2005).

1.2 MJO Initiation

A salient feature of the MJO is that the circulation of a previous MJO event often returns

to the Indian Ocean signaling the initiation of a \successive" convectively active phase of
the MJO (Matthews, 2008, Powell, 2017). In other cases, the MJO becomes active in the
absence of a circumnavigating signal, a process that is referred to as primary initiation
(Matthews, 2008, Straub, 2013). The processes underlying both primary and successive
MJO initiation are not well understood and pose an outstanding issue for simulating
the MJO in Global Circulation Models (GCM) (Kim et al.,, 2018). To combat these
uncertainties, the Dynamics of the Madden Julian Oscillation (DYNAMO) eld campaign
aimed to gather observational data for the initiation period. During the campaign, three

successive events were observed over the Indian Ocean.
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Based on the DYNAMO eld campaign and model studies, various hypotheses have been
proposed to understand the dynamics underlying MJO convective initiation. For suc-
cessive MJO initiation, large-scale horizontal advection of moisture from the Maritime
Continent has been suggested as the main moistening process (Li et al., 2015, Mei et al.,
2015, Wolding, 2013, Zhao et al., 2013). Other studies have argued that the key process
is free-tropospheric moistening by anomalous dry adiabatic lifting that results from the
return of the circumnavigating signal to the Indian Ocean (Chen and Zhang, 2019, Haer-
tel et al., 2015, Kikuchi and Takayabu, 2003, Powell, 2016, Powell and Houze Jr., 2015).
These dry adiabatic motions are small, on the order of 1 mm % and are associated with
temperature uctuations on the order of 0.3 K (Powell, 2016) that have a maximum
amplitude between 300 and 600 hPa. In spite of its small amplitude, anomalous upward
dry adiabatic motions can suppress the background environmental subsidence, e ectively
moistening the free troposphere. Anomalous dry adiabatic lifting also increases the lower
tropospheric lapse rate, so that convection becomes more likely to grow out of the bound-
ary layer and moisten the free troposphere, allowing for extensive mesoscale regions of
convection to occur (Powell, 2016, Powell and Houze Jr., 2015). For primary events it is
argued that moistening in the lower troposphere over the Indian Ocean through nonlinear
moisture advection is present prior to convective onset (Wei et al., 2019). Other stud-
ies focus on the suppressed convection anomaly as a precursor signal (Matthews, 2008,
Yong, 2016), in-situ moistening by cumulus convection (Bellenger et al., 2015, Ruppert
and Johnson, 2015), extratropical in uences (Ray and Zhang, 2010), and equatorial waves

(Takasuka et al., 2019).



1.3 The Weak Temperature Gradient Approximation

While the role of horizontal moisture advection in MJO initiation is well documented,
there is little work quantifying the role of dry adiabatic lifting. Most studies that ana-
lyze the MJO-related moisture budget neglect the contributions from dry adiabatic lifting
because of the conventional application of the weak temperature gradient (WTG) approx-
imation (Sobel et al., 2001). In the WTG approximation, dry adiabatic vertical motions
are neglected to leading order since they are much smaller than the vertical velocity that
balances the diabatic heating associated with deep convection. WTG balance provides
a picture of the mean state of the tropical atmosphere in which gravity waves eliminate
temperature gradients through redistributing the heat produced by convection. The en-
ergy is able to be distributed across a large area primarily because Coriolis force is weak
near the equator. This simpli cation has led to many advances in the understanding of
tropical phenomenon and convection, however it does not fully capture the dynamics of
the tropics (Adames et al. 2021). It is shown in observations that small temperature
uctuations play a role in the modulation of convection leading to a \relaxed" form of

WTG approximation.

Moisture budgets that are examined through the conventional application of the WTG
approximation neglect the moistening processes from dry adiabatic lifting (Chikira, 2014,
Janiga and Zhang, 2016, Wolding et al., 2016). However, a recent study by Adames
et al. (2021) found that the dry adiabatic lifting and diabatic vertical motions contribute

roughly equally to the evolution of water vapor in the tropics. Although vertical moisture
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advection from convective updrafts is much stronger than that arising from dry adiabatic
lifting, it is largely cancelled out by drying from condensation. When the vertical mois-
ture advection and condensation from convection are taken into account together, their
net contribution to the evolution of water vapor is similar to that brought about from
adiabatic lifting (Adames et al., 2021). Thus, it is possible that adiabatic lifting may play
a central role in the convective initiation of the MJO, even when the atmosphere obeys

the WTG approximation to leading order.

1.4 Research Questions

Through the application of a "relaxed” WTG moisture budget, a moisture budget can be
derived that explicitly includes small temperature uctuations and therefore dry adiabatic
motions. Following the work done in (Adames et al., 2021), the evolution of moisture

using this framework can be written in the following way:

8%y g+ Q%?+ L. 8% o (1.1)

@t @p

Under the premise of a large-scale tropical environment, Eq. 1.1 can be scaled based o

approximate values.

10%Jkg 's ' + 10 3Jkg s ? + 10 *Jkg 's ' + 10 3Jkg st =0 (1.2
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Physically, this reveals that dry adiabatic lifting is on the same order of importance as di-
abatic processes for moisture evolution in the free troposphere of the tropical atmosphere.
On the basis of the scale analysis, it is hypothesized that vertical moisture advection from

dry adiabatic ascent plays an important role in MJO convective onset.

Although it is commonly assumed MJO initiations occur over the Indian Ocean, it was
shown in Matthews (2008) that it only made up for 40% of total events. Based on those
results, primary and successive events were identi ed for the Indian Ocean and Maritime
Continent in order to look at convective onset. It is hypothesized that horizontal moisture
advection will be strongest in Indian Ocean initiations, rather than Maritime Continent
initiations. This is because the warm pool over the Maritime Continent promotes large
amount of moisture and therefore pre-moistening would be less important in the case of
Maritime Continent initiations. An analysis is then conducted to quantify the role of the

following terms in Eq. 1.1 in order to answer the following questions:

" What are the predominant thermodynamic processes behind MJO convective initi-

ation over the Indian Ocean?

" What role do adiabatic motions play in primary and successive MJO events?

" Do these results agree with those found in the DYNAMO eld campaign?

" Are these processes di erent for initiations that occur over the Maritime Continent?
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The results of this thesis are presented in Chapter 4 and 5 for initiations over the Indian

Ocean and Maritime Continent respectively.



Chapter 2

Methods

2.1 Reanalysis and satellite data

Two datasets are used in this study. The rst is the 1.5 longitude O 1.5 latitude
horizontal resolution, four times daily elds from the European Centre for Medium-Range
Weather Forecasts ERA-Interim reanalysis (ERA-I; Dee et al., 2011) for the 32-yr time
period 1979 through 2010. We make use of the zonal, meridional and vertical winds (
v, 1), specic humidity (), temperature (T), diabatic heating rate (Q,), surface and
top of the atmosphere radiative uxes, and surface sensible and latent heat uxes$i(
and LE , respectively). The horizontal winds are used to calculate the velocity potential
( ) following Adames and Wallace (2014). The radiative uxes are used to calculate
the column-integrated radiative heating ratehQ,i. We will also calculate elds that are

products of individual ERA-I variables. These products are calculated at each time step.



9

Spatial and temporal derivatives are calculated via a centered di erences approach. The
four times daily elds are averaged into daily means. Anomaly elds are obtained by
removing the mean climatology at each point in space and time. The anomaly elds are
then ltered using a Lanczos Iter (Duchon, 1979) to retain only variability at the 20-100

day timescale.

In addition to the ERA-I data, we make use of 2.5 longitude O 2.5 latitude horizon-
tal resolution, daily outgoing longwave radiation (OLR) from NOAA's polar-orbiting
satellites (Liebmann and Smith, 1996) as an indicator of the extent of the high clouds

associated with tropical deep convection.

2.2 Sounding observations from DYNAMO

To further analyze the moist process in the MJO initiation and verify the accuracy of the
ERA-I reanalysis data, we used radiosonde measurements taken from the Dynamics of
the Madden-Julian Oscillation (DYNAMO). We used data from the northern sounding
array (NSA), located mostly north of the equator in the central equatorial Indian Ocean.
Speci cally, the NSA is de ned by the following sites: Gan Island (0.6, 73.51E);

the R/V Revelle(0 , 80.5E); Colombo (6.91N, 79.878E); and Mak (4.91 N, 73.53E).
Details of the sounding data, observing characteristics, and quality control procedures for
DYNAMO sounding was documented in Ciesielski et al. (2014). In addition, a detailed

description of the thermodynamic budget terms used in this study is documented in
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Johnson et al. (2015). Di erent versions of the NSA DYNAMO data is available ahttp:

/ljohnson.atmos.colostate.edu/dynamo/ , CSU version 3a was used for this analysis.

2.3 ldenti cation and compositing of MJO initiation

events

MJO activity is usually described via the use of an orthogonal pair of time series that
describe the evolution of the MJO as it propagates around the equatorial belt. We will
make use of the all-season OLR MJO Index (OMI; Kiladis et al., 2014) as our measure
of MJO activity. The index is based solely on OLR data and thus more suitable to use

to analyze the initiation of the MJO's convective signature over the Indian Ocean.

Our method for identifying MJO initiation events follows those of Matthews (2008),
except MJO phases are de ned using the OMI index. The standard MJO phase space
is divided into four quadrants and assigned the following letters. Quadrant "A" includes
OMI phases 1 and 2, B' includes phases 3 and 4, "C'includes 5 and 6, and "D’ includes 7

and 8 (Fig. 2.1). For the MJO to be considered active in these quadrants the amplitude

of the OMI index, de ned asp OMI12 + OMI2 2, must be greater than 0.8. If the MJO
was inactive during this period, the letter 'N' is assigned instead. Our threshold for MJO
activity is more strict than Matthews (2008) threshold of 0.4. However, our threshold is
lower than the traditional threshold of an amplitude of unity. Our choice of an amplitude

of 0.8 is a compromise between Matthews (2008) threshold, which captures a larger
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amount of initiation events, and the standard de nition of MJO activity, which would

capture less but more robust activity.

A subset of MJO initiation events are de ned as \primary". These are initiation events
that occur in the absence of preceding MJO activity. Following the aforementioned letter-
ing convention, primary events evolve in the MJO phase space following a letter pattern
of NABCD, meaning there is no MJO activity prior to initiation. Successive events are
de ned as initiation events that occur while the OMI maintains an amplitude of 0.8 or
greater, and hence evolve in the MJO phase space following the letter pattern DABCD.
In this study we de ne the rst day of MJO initiation over the Indian Ocean as the rst
day that is categorized as 'A' following 'D' and 'N' for successive and primary events,
respectively. Following this method, we identify 25 primary and 52 successive MJO initi-
ation events over the Indian Ocean. Additionally, initiations over the Maritime Continent
are considered in this study. Using similiar constraints, the rst day of initiation is cate-
gorized as 'B' following 'A" and 'N' for successive and primary events, respectively. There
was 23 primary and 50 successive events identi ed for a Maritime Continent initiation.
In this study, the primary events identi ed for both initiation locations are independent

of each other, the successive events, however are not mutually exclusive.

Many of the plots shown in this study are lag composites of the primary and successive
initiation events. In these composites, lag day O is de ned as the rst day of MJO
initiation. Statistical signi cance of the composited elds is obtained from a two-tailed

t-test under the null hypothesis that the composited elds are uncorrelated with the
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evolution of the OMI during MJO initiation. The contour and shading in all the gures

in this study are statistically signi cant at the 95% con dence interval.

Figure 2.1: Composite phase space diagram of the OMI index for days -45 to 45
for (a) primary and (b) successive initiation events. The solid black circle represents
an amplitude of 1.0. The dashed circle represents an amplitude of 0.8, the threshold
necessary for events to not be categorized as 'N'. The white triangle marker denotes lag
day -45 and the larger circle marker denotes lag day 0. The shading of the circles changes
with increasing time, with darker blues indicating negative lags and reds indicating
positive lags. The four quadrants and their corresponding MJO phases are shown in
the corners of each panel.
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Chapter 3

Moisture budget under the relaxed

WTG approximation

The equation that describes the conservation of speci ¢ humidity in isobaric coordinates
can be written as
@Lq
——= Vv rlL I — 3.1
at q Q2 (3.1)
wherelL is the latent heat of vaporization,q is the speci ¢ humidity, v is the horizontal
vector wind eld, ! is the vertical velocity, and Q, the apparent moisture sink (Yanai

et al., 1973). We can obtain more insight onto the processes that lead to the evolution

of moisture during MJO initiation by following Adames et al. (2021) and Mapes (1997),
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and decomposing the vertical velocity into a diabatic /(o) and a dry adiabatic (! 5)

component:

I =1g+1, (3.2)

where the diabatic component satis es WTG balance exactly

@s

! Q@p Q1 (3.3)

wheres = ¢, T + is the dry static energy, and Q, is the apparent heat source (Yanai
etal., 1973). The dry adiabatic vertical velocity can be obtained as aresidual = ! ! q.
Alternatively, it can be estimated directly as proportional to the sum of the temperature
tendency and the horizontal temperature advection term (Adames et al.,, 2021). We
choose the former method because the calculation of both the temperature tendency
and the horizontal advection require estimating derivatives, which introduces additional

uncertainty to the estimation of ! ,.

Following Yanai et al. (1973), we can show that the di erence betwedR; and Q. describes

the sum of radiative heating and the eddy ux convergence of eddy moist static energy

(MSE):
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Q: Q=@

: 3.4
@p 34
wherem = C,T+ + Lq is the MSE. By separating the vertical velocity into its adiabatic

and diabatic components and applying Eq. (3.4), we can column integrate Eq. (3.1) and

write it as

@Lqgi _ . |
—at hv r Lqi

@Lqg I Qm + Qi+ LE + H (3.5)

T @p Y @p

where the terms on the right-hand side are the column-integrated horizontal moisture
advection, vertical moisture advection by adiabatic vertical motions, vertical MSE ad-
vection by diabatic vertical motions, column radiative heating and the surface latent and
sensible heat uxes, respectively. The vertical advection of MSE by, is the di erence

between vertical moisture advection by o and the apparent heat source

@m

@ @Lq
Y @p

where Eq. (3.3) is used to writeQ; as a vertical DSE advection.



16

Chapter 4

Indian Ocean Initiation

4.1 Composite Primary and Successive Initiation

The evolution of the composited OMI index is shown in Fig. 2.1, for reference. In primary
events, the amplitude of the OMI index reaches a value of 0.8 at lag day 0, and no activity
is seen prior to this day. In contrast, during successive initiation events the amplitude of
the OMI index exceeds a value of unity for 18 days prior to lag day 0. Both primary
and successive initiation increase in amplitude after lag day 0, both reaching a maximum
amplitude near lag day 8. Slow decay is observed thereafter, with the primary initiation
event terminating near MJO phase 7 and the successive event decaying near phase 6. The
overall evolution of the two types of initiation events closely follows that described by
Matthews (2008). Of course, individual MJO cases within each composite may behave

much di erently than the mean.
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Figure 4.1: Hovmeller diagram of 20-100 day Itered anomalous outgoing longwave

radiation (OLR) (shaded) and 150 hPa velocity potential (contoured) averaged over the

10 N/S latitude belt for (a) the lag composite of 25 primary MJO initiation events and

(b) the composite of 52 successive initiation events. The ordinate shows the lag days

from the time of initiation, with negative lags indicating days prior to the start of MJO

initiation and positive lags indicating days after initiation. The contour interval is 10 °
m?s 1

Time-longitude (Hovmeller) diagrams of the primary and successive MJO initiation events
are shown in Fig. 4.1a and 4.1b, respectively. During primary events, a weak positive
OLR anomaly is seen collocated with a positive 150-hPaanomaly over the Indian Ocean

at lag day -12. The OLR signal does not show any clear eastward propagation and decays
by lag day -5 while the anomalies exhibit slow eastward propagation. Another positive
OLR anomaly is seen near lag day 0 over the western Paci ¢ (153180 ), in association
with the eastward propagation of the 150-hPa anomalies. Near this time, a negative
150-hPa anomaly is observed propagating into the Indian Ocean from Africa, with
negative OLR anomalies appearing at the time the anomalies reach the Indian Ocean.
There is no evidence that these anomalies come from a previous MJO event. Instead,

the anomalies appear to initiate over South America near 30120 W). Sakaeda and
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Roundy (2016) showed that the upper-tropospheric Kelvin wave circulation associated

with MJO initiation tends to develop in this region.

As the positive OLR anomalies decay, substantial ampli cation of the negative OLR
anomalies occurs over the Indian Ocean, reaching a maximum amplitude near lag day 5.
Unlike the positive OLR anomalies that precede it, the negative OLR anomalies exhibit
a coherent pattern of eastward propagation up to lag day 25, where they decay near the

date line.

In contrast to the primary initiation events, the successive events shown in Figure 4.1b
show a coherent propagating signal that can be traced back to lag day -35. A succession
of eastward-propagating positive and negative OLR anomalies can be seen from lag day
-35, and they are organized into a pattern that is reminiscent of a wave train. These
results are similar to those shown in Matthews (2008) but are shifted by about ve days,
largely a result of our choosing a di erent MJO index (see Table 2 in Kiladis et al., 2014

for more details).

A similar distinction between primary and successive events can be made by examining
column-averaged o and! ;. The evolution of OLR and! o is shown for primary and
successive events in Fig. 4.2a and 4.2b respectively. It is clear that diabatic vertical
motions closely follow the OLR signal. The largest velocities are associated with deep
convection and are largely con ned to the warm pool. In both casesg seems to originate
over Eastern Africa. However, the signal in this region is more coherent and spatially

coincides with a weak OLR signal in the successive events. In contrast, closely follows
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the progression of the anomalies (Fig. 4.2c,d) around the world instead of appearing
only where convection was active. For successive events (Fig 4.2d) we observe a signal in
I 4 associated with the circumnavigating MJO signal () that is seen propagating towards

the Indian Ocean prior to MJO initiation. This signal can be traced back to the rst
MJO event in the sequence near lag day -35 and has a magnitude as large as -0.045 Pa
s 1. In contrast, a signi cant ! , is not apparent until lag day 0 during primary initiation
events. The noisy appearance of the, signal near 30E and 300 are likely the result of

the Ethiopian Highlands and the Andes, respectively.

The results of Figs. 4.1 and 4.2 show a contrasting evolution of the OLR, and ! 5
eld in the primary and successive MJO events. In order to understand the evolution
of convection during MJO initiation, we analyze the terms that lead to the evolution of
moisture in Eg. (3.5). For comparison, the column-integrated moisture anomalies are
also shown (Fig. 4.3), which feature an evolution pattern that is reminiscent of the OLR
anomalies in Fig 4.1. The top panel of Figure 4.3a shows that, during the initiation of
primary events, moistening is seen over the Indian Ocean starting around lag day -5. The
moisture tendency propagates eastward, showing a structure in the Hovmoller diagram
that is reminiscent of thehgi anomalies, but shifted by about -10 lag days. For primary
events, the moisture tendency prior to MJO onset does not extend to the west of the

Indian Ocean, suggesting a weaker or non-existent circumnavigating signal.

Fig. 4.3b{d show the terms of the right-hand side of Eq. (3.5) that dominate the evolu-

tion of moisture during primary MJO initiation. These are horizontal moisture advection
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Figure 4.2: As in Fig. 2 but showing (top) 20-100 day lItered anomalous column

average! o (shaded) and OLR (contours) for (a) primary and (b) successive initia-

tion events. (bottom) 20-100 day ltered anomalous column-averaged , (shaded) and

150 hPa velocity potential ( , contoured) for (a) primary and (b) successive initiation

events. The contour interval is 4 W m 2 in the top panels and 1® m? s ! in the bottom
panels.

(h v r Lqi), vertical advection of moisture by dry adiabatic vertical motions (h ! ,@LQqi)

and vertical MSE advection by diabatic vertical motions (h ! o@mi). Horizontal mois-
ture advection (Fig. 4.3b) exhibits a similar pattern to the moisture tendency, albeit
noisier. In contrast, h ! ;@Lqi (Fig. 4.3c) and h ! o@mi exhibit a similiar amplitude

to large-scale horizontal advection. However, the two processes are more in phase with
the column moisture anomalies rather than the moisture tendency, suggesting that these

processes are related to MJO maintenance. They also exhibit opposite polarities and
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therefore tend to cancel one another, except away from the warm pool whehe! ,@Lqi
is dominant. That h ! o@mi acts to dry the column during active MJO events is sug-

gestive of stratiform convection (Inoue et al., 2020, Inoue and Back, 2015).

Figure 4.3: Hovmoller diagram of Itered (20-100 days) column integrated thermo-
dynamic term anomalies (shading) andhgi anomalies (contoured) averaged over the
10 N/S latitude belt for both primary and successive events. (a) Moisture tendency
term, (b) hv r Lqi, (c) h!a.@Lqgi and (d) h! o@mi . The contour interval for hoi
is 0.5 mm.
In contrast to primary initiation events, the moisture tendency associated with the initia-
tion of successive events (Fig. 4.3a, bottom) exhibits a coherent pattern of propagation as

early as lag day -20 at 9(E, where an eastward-propagating drying tendency is observed.

The drying is followed by eastward-propagating dry anomalies, which are then followed
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by moistening near lag day -10. The moistening leading to successive MJO initiation
occurs at the same lags that moistening occurs for primary MJO initiation. The relative
amplitude of the processes that contribute to the moisture tendency during successive
initiation are comparable to those occurring during primary initiation. However, in con-
trast to primary events, the moistening for successive events at lag day -5 extends all
the way to eastern Africa ( O longitude). Moistening by h ! ;@Lqi exhibits the largest

amplitude over this region.

In order to more clearly quantify the evolution of the moist processes leading to MJO
initiation, we average the moist processes in Fig. 4.3 over the Indian Ocean (0to
10 S and 60 to 100 E) and show them as line plots in Fig. 4.4. In these plots, lag day
0 is characterized by a maximum moistening tendency, indicating that MJO initiation
is underway. For primary initiation events, horizontal moisture advection (green) peaks
at lag day -5. Moistening by h! ;@Lqi (blue) is a maximum near lag day 7, about
the same time thehgi anomalies (black) reach their maximum amplitude. Radiative
heating (orange) slightly lagsh ! ,@Lqi, peaking near lag day 9. Bothh ! ,@Lqi and
radiative heating are related to MJO maintenance, and largely counteract the drying from
h!o@mi (red). The o set between the terms is depicted in Fig. 4.4b by the purple

line, which illustrates the sum of all terms on the right-hand side of Eqg. (3.5).

Successive MJO initiation events exhibit a similar evolution in horizontal moisture ad-

vection albeit with a larger magnitude, which also peaks at lag day -5. Moistening by
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Figure 4.4: Lag composites of the column integrated moisture budget ltered for the

MJO (20-100 days) and averaged over the Indian Ocean (10 to 10 S and 60 to 100 )

for (top) primary and (bottom) successive events. (a) Temporal evolution of h ! ;@Lqi

(blue), h'! o@mi (red), horizontal moisture advection (green), radiative heating hQyi

(orange), surface uxes (gray) and column-integrated specic humidity (black). (b)

Temporal evolution of the moisture tendency (black), the sum of all the right-hand-side
terms in Eq. (3.5) (purple), and the budget residual (gray).

h!o@mi is also seen from lag day -15 to lag day O, in association with the preced-
ing MJO suppressed phase. As in primary initiation eventsh ! ,@Lqi, h ! o@mi and
hQ,i all reach their maximum amplitude near the time when thehgi anomalies reach
their maximum amplitude. However, there are some small shifts in the time these elds
reach a maximum amplitude when compared to primary initiation events. For example,
hgi reaches a maximum amplitude near lag day 10, compared to lag day 7 for primary

events. Relative to the maximum inhgi, the maximum in h ! ;@Lqi occurs at an earlier
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time in successive initiation events, and its amplitude is 50% larger than in primary
initiation events. Conversely,hQ,i and h ! o@mi shift in such a way that their phasing
relative to hgi in successive initiation events is similar to that of primary events. The

amplitude of these two processes is also similar for both types of MJO initiation.

When all the terms on the right-hand side in Eg. (3.5) are added together (purple line
in Fig. 4.4b), we nd that it is not equal to the moisture tendency. A residual in the
moisture budget exists that exhibits an amplitude and structure similar to that found by
Kim et al. (2014), being largely in phase with the horizontal moisture advection albeit
with a slightly smaller amplitude. The signal is likely not related to the large-scale
moisture advection. It is likely due to the analysis increments that exist in reanalysis
data (Mapes and Bacmeister, 2012, Ren et al., 2021), which are related to an improper
representation of convection and its interaction with moisture and radiation (Kim et al.,

2014b, Yokoi, 2015).

Following Andersen and Kuang (2012), Adames (2017) and others, we can estimate the
contribution of di erent processes to the initiation of the MJO by projecting the moist

processes to the moisture anomalies and the moisture tendency, following the formula

v iy = X hLqijj
Proj(X; hLqi) = ShLai hLqi (4.1)
where jj jj implies a sum over the Indian Ocean domain (18 to 10 S and 60 to

100), and from lag day -15 to 15, andX corresponds to any of the processes described
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in Eq. (3.5). In previous studies, these projections would describe the contribution of
moist processes to MJO maintenance [Proj(M,.qi)] and propagation [Proj(X,@hLgi)].
Since we are focused on MJO initiation in this study, Proj(X@hLqi) can be thought
to describe the relative contribution of di erent processes to the moistening that leads
to MJO initiation, while Proj(X, hLgi) describes the relative contribution of di erent
processes to the maintenance and ampli cation of the moisture anomalies during MJO
initiation. Thus, chronologically-speaking, Proj(X@hLqi) describes the days prior to

initiation while Proj(X, hLqgi) describes the days in which initiation is taking place.

For both primary and successive events, large-scale horizontal moisture advection is the
largest contributor to moistening in the Indian Ocean (Fig. 4.5a,c), consistent with the
results of Wolding (2013), Matthews (2008), and Zhao et al. (2013). Moistening by
h!.@Lqi is the second-largest contributor. Both horizontal moisture advection and

h ! .@Lqi project more strongly onto the moisture tendency during successive MJO
initiation than to primary. A major di erence between successive and primary events

is the positive rolehQ,i plays during primary propagation. This may be attributed to

the convective structure of primary versus successive MJO events. The moistening that
leads to MJO initiation is counteracted by drying by h ! o@mi for both primary and
successive events. Suppressed surface energy uxes also act to slow down moistening for

successive initiation events.

The moisture anomalies during MJO initiation are maintained byh ! ;@Lqi and hQ;i

(Fig 4.5b,d). In primary events the two terms are comparable, witihQ,i having a slightly
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Figure 4.5: Fractional contribution of the thermodynamic budget in Equation (3.5) of

moisture anomaly propagation and maintenance averaged over the Indian Ocean (18

to 10 S and 60 to 100 E) for (a,b) primary events and (c,d) successive events. The

projected terms are (from left to right): @hLqi, hv r Lgi, h!qo@mi, h! @Lqi,
hQri and the budget residual.

larger contribution. However, in successive eventld ! ,@Lqi contributes nearly twice
as much to maintenance tharhQ,i. Horizontal moisture advection and h ! o@mi act

to damp the moisture anomalies, with the latter contributing a larger amount. The
h ! o@mi is larger for successive events and contributes more to the damping than in
primary events. That @hLqgi projects positively to the moisture anomalies indicates that

the moistening terms exceed the drying terms, and the MJO is growing during this stage
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of its life cycle.

The residual plays a positive role in both primary and successive propagation. It slightly

leads the moisture tendency and follows a similar pattern to large-scale horizontal advec-
tion as seen in Fig. 4.4. The residual plays a larger role in primary event propagation
and is the leading term. For anomaly maintenance the role of the residual is small but is

positive in primary events and negative in successive events.

4.2 Sensitivity of ERA-I results to choice of domain

The intraseasonal column-integrated moisture budget of ERA-I and the DYNAMO north-
ern sounding array during MJO initiation were compared. While the two data sets quali-
tatively agreed on which processes contributed to MJO maintenance and evolution, they
also exhibited some marked di erences. One di erence is that the moist processes over
the DYNAMO sounding array are nearly an order of magnitude larger than the ERA-

| composites. Furthermore, the moisture tendency projects negatively to the moisture
anomalies in the DYNAMO sounding data, implying damping, while it projects posi-
tively in the ERA-I data, implying growth. In this section we will show that some of the

di erences are attributed to the choice of averaging domain in Figs. 5 and 6.

Figure 4.6 shows the ERA-I budget terms from Fig. 4.4 but averaged over a smaller
domain surrounding the DYNAMO sounding array location. By choosing a smaller do-
main we observe that the magnitude of the di erent terms compares more favorably to

those from the DYNAMO array. However, they are still roughly half the amplitude.
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Figure 4.6: As in Fig 4.4 but averaged over the 3N to 3 S and 70 to 75 domain.

This di erence may be accounted for by the number of events that are composited in the
ERA-I data (25 primary and 52 successive) versus the 3 events that were captured during

DYNAMO.

In Figure 4.7 we also see that the projection of the moisture tendency on the moisture
anomalies is no longer positive. The positive projection of the moisture anomalies in
ERA-I is due to a correlation between the moisture and moisture tendency over the
eastern Indian Ocean (80-10®&), to the east of the DYNAMO array. Thus, the moisture

anomalies are likely growing during MJO initiation.
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Figure 4.7: As in Fig. 4.5 but averaged over the 3N to 3 S and 70 to 75 domain.

Looking at the progression of the budget terms in Fig. 4.6 averaged over the DYNAMO
domain, the magnitude of h ! ;@Lqi is comparable to those seen in Fig. 4.8 and has a
similar progression. A notable di erence in ERA-I and DYNAMO data deals with the
magnitude of h ! o@mi, where reanalysis shows a smaller response. This is likely to do
with misrepresentation of heating within ERA-I, and contributes to the residual seen in
Fig. 4.6b,c. It is made clear that the adiabatic term in both datasets plays a role in

o setting the drying due to condensation processes and without it the moisture tendency



30

would be smaller.

In Fig. 4.7 the contribution to the evolution and maintenance of moisture anomalies
during MJO initiation can be visualized. As seen in the the DYNAMO data projections
(Fig. 8b in the main text) the time derivative is projecting negatively implying drying,
this same signal can be seen in ERA-I when analyzing a smaller domain. The largest

di erence that remains is the sign ofh ! ;@Lqi in the evolution of moisture anomalies.

4.3 Role of !, in MJO initiation during DYNAMO

Model and numerical errors largely contribute to the residual (Fig. 4.4 and Fig. 4.5)
found in the reanalysis data (Mapes and Bacmeister, 2012, Ren et al., 2021). To further
examine the validity of Figs. 4.4{4.5, we compared these results to those of a sounding-
based moisture budget from observations collected during the DYNAMO eld campaign.
Since the observational analysis is limited to three MJO events, Fig. 4.8 is calculated
using linear regression analysis. In other words, we regressed moisture budget terms of
Eg. (3.5) against the OMI1 MJO index. This deviates from the methodology found in
Matthews (2008) and what was used in the reanalysis composites, although the results
are interpreted in the same way as ERA-I composites. Based on the methodology for
identifying primary and successive events, the three DYNAMO events are representative

of successive initiations.

Examination of Fig. 4.8 reveals that horizontal moisture advection andh ! o @mi

moisten the atmosphere prior to MJO initiation. The moistening is partly o set by
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anomalous radiative cooling, suppressed surface uxes and drying Hy! .@Lqi. As

the moisture anomalies increase, these processes reverse polarity. At the time when the
hgi anomalies attain their maximum amplitude we observe that surface uxes, radiative
heating and h ! ;@Lqi are positive, suggesting that these processes play a role in MJO
maintenance. Moistening fromh ! ,@Lqi is roughly of equal importance as surface uxes

in maintaining the convection.

The results from the DYNAMO soundings qualitatively agree with the composites made
from ERA-I data, although the processes in the former are nearly an order of magnitude
larger than the latter. In both data sets h ! ,@Lqi peaks after the maximum in the
moisture tendency occurs and approximately out of phase with ! o@mi. Additionally,

it is clear that in both data sets h ! o@mi and horizontal moisture advection are the

dominant contributors to the moisture tendency.

However, there are some notable di erences between the DYNAMO and ERA-I datasets.
In the DYNAMO data, hQ;i and h ! o@mi are larger in comparison to the moisture
tendency than they are in reanalysis. Another signi cant di erence is the larger role
surface uxes play in the DYNAMO data, which play a negligible role in the reanalysis. In
both cases howeverh ! ;@Lqi is roughly the same magnitude as the moisture tendency.
We show that some of the di erences between ERA-I and DYNAMO can be attributed

to the domain averaging used in the reanalysis data.

One disadvantage of the use of Eq. (3.5) is that radiative heating contributes o ! o @mi
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due to the large-scale circulations thatQ,i produces in order to satisfy the WTG ap-
proximation (Adames and Maloney, 2021, Wolding et al., 2016). However, the DYNAMO
data allows us to quantify the contributions of radiative and convective heating td q.

Following Adames et al. (2021), we rewrite the sum of radiative heating artdl o@mi as

!Q%rg FHi = |, = (4.2)

where the terms on the right-hand side are the vertical MSE advection by convective
vertical motions (! ;) and the vertical moisture advection by radiative vertical motions
(' /). It is worth noting that the terms on the right-hand side of Eq. (4.2) fully separate

the contribution of convection and radiation to the column moisture tendency.

The terms on the right hand side of of Eq. (4.2) are regressed onto the OMI1 time
series as was done with the terms of Eq. (3.5). When we examine the contributions of
h!.@mi and h! @Lqgi to MJO initiation (bottom panel of Fig. 4.8), we nd that the
former is nearly identical to h ! o@mi and the latter to hQ,i, except they are shifted by
roughly 2-3 days. Thus to a rst approximation we can interpreth ! o @mi as describing
the net moistening by convective motions andiQ,i as describing the moistening of the

troposphere by radiative heating.

Lastly, it is instructive to estimate the contribution of the moist processes calculated
from the DYNAMO sounding array to the maintenance and evolution of the moisture

anomalies (Fig. 4.9). When it comes to the processes that lead to the evolution of the
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Figure 4.8: Lag regression based on the OMI1 time series and moisture budget terms
calculated over the DYNAMO northern array. The top panel shows TRMM-3B42 rain-
fall rate (blue), and column moisture (black). (middle) Regressed anomalies of moisture
budget terms of Eq. (3.5): @hLqi (dashed black), h v:r Lqgi (green), h! ;@Lqi (blue),
h!o@mi (red), hQ;i (orange), and surface turbulent ux LE + H (gray). (bottom)
Regressed anomalies of moisture budget terms of Eq. (4.2)h ! .@mi (purple), and

h!,@Lqgi (yellow).

moisture anomalies, there are more notable di erences between the sounding data and
ERA-I. The term h! ,@Lqgi does not signi cantly contribute to the propagation in the
sounding data. Furthermore, h ! o@mi contributes more to the moisture tendency than
horizontal moisture advection does in the sounding data, which is in stark contrast to
ERA-I. This di erence cannot be accounted for even if all of the residual in Fig. 4.5 were

allocated to h ! o@mi.

When it comes to the processes that maintain the moisture anomalies, it is seen that
h ! .@Lqi contributes roughly the same amount to MJO maintenance as it does in the
ERA-I composites. However, the fractional contributions ofh ! o@mi and hQ,i are

roughly twice as large in the sounding data than in ERA-I. The time derivative also
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projects weakly negatively to the moisture anomalies. Lastly, as expected, the residual
in the sounding data is much smaller than that found in ERA-I data, and negligible in

comparison to the other elds.

Figure 4.9: As in Fig. 4.5, but for data from the DYNAMO northern sounding array.

4.4 Discussion

In the preceding sections, we sought to understand the processes that lead to moistening
of the troposphere during primary and successive MJO initiation events over the Indian
Ocean. Unlike previous studies, we quantify the role of large-scale dry adiabatic lifting
during MJO initiation by employing a \relaxed WTG" moisture budget (Adames et al.,
2021). On the basis of a composite analysis similar to that of Matthews (2008) but using
the OLR MJO index (OMI) (Kiladis et al., 2014) in ERA-I data, we nd that large-scale
horizontal advection plays a critical role in the moistening of the troposphere during
the days leading up to primary and successive MJO initiation, as suggested by previous
studies (Li et al., 2015, Wolding, 2013, Zhao et al., 2013). For successive initiation, we
interpret this moistening as the result of anomalous easterlies associated with a previous

MJO suppressed phase advecting moist air from the Maritime Continent, as previous
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studies have shown (Nasuno et al., 2015, Zhao et al., 2013). Suppressed convection also
exists prior to primary MJO initiation, and it is possible that it aids the onset of the active
MJO by moistening the troposphere through horizontal moisture advection. Nonlinear
moisture advection could also play a major role in both primary and successive initiation

events, as suggested by Nasuno et al. (2015) and Wei et al. (2019).

We also nd that vertical moisture advection by adiabatic lifting is of leading-order im-
portance for the initiation of both primary and successive events (Fig. 4.5). Large-scale
horizontal moisture advection and dry adiabatic lifting are of comparable magnitude but
large-scale horizontal advection peaks prior to initiation while adiabatic motions become
more important as convection is increasing over the Indian Ocean, as shown in Fig. 4.4.
Because dry adiabatic lifting peaks as the convection is increasing over the Indian Ocean,
we also nd that this process plays a signi cant role in MJO maintenance. Its role in
maintenance is comparable to that of radiative heating in primary initiation events, while

it is larger for successive events. While it is well-known that radiative heating plays an
important role in MJO maintenance (Andersen and Kuang, 2012, Kim et al., 2014, Sobel
et al., 2014), the importance of dry adiabatic lifting in MJO maintenance has not been

previously documented.

By synthesizing Figures 4.1{4.9, we can obtain a clearer picture of the sequence of events
that lead to MJO initiation over the Indian Ocean, as shown schematically in Fig. 4.10.
In successive events, a circumnavigating signal is seen in th@nomalies that are traced

back to a previous active MJO event that was propagating over the warm pool during
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Figure 4.10: Schematic describing the temporal evolution of moistening process of a
composite MJO initiation event over the Indian Ocean. The solid line denotes the col-
umn moisture anomalies while the dashed line denotes the moisture tendency. Arrows
depict the horizontal wind and the adiabatic, diabatic and radiative vertical velocities
with colors indicated by the legend. Solid red contours denote warm anomalies while
dashed blue contours depict cold anomalies. The light blue background denotes a humid
troposphere while the light brown background denotes a dry troposphere.

lag days -25 to -10. The circumnavigating signal returns to the Indian Ocean near lag
day 5, coinciding with the increase in dry adiabatic lifting over this region. This lifting
reinforces the moistening tendency over the Indian Ocean, which had been governed by
horizontal moisture advection up to that point (Fig. 4.3). In primary events, the origin of
the anomalies are not related to a prior MJO event, but instead can be traced to South
America ( 300 longitude). A similar result was found by Sakaeda and Roundy (2015,
2016), who found that an equatorial wave signal reminiscent of a Kelvin wave is excited
in South America which then propagates eastward towards the Indian Ocean. The dry
adiabatic lifting associated with this wave coincides with the increase in moisture over the
Indian Ocean, suggesting that it acts to maintain it. Although moistening by adiabatic
lifting plays a role in both types of initiation events, this process is nearly twice as strong
in successive initiation events, likely due to the strength of the circumnavigating signal,

as suggested by the contours in Fig. 4.1.
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In spite of the di erence in origin and magnitude of the dry adiabatic lifting, the evolution
of primary and successive events is broadly similar, and thus Fig. 4.10 can be used to
summarize both types of initiation. Moistening of the Indian Ocean begins as a result
of anomalous horizontal moisture advection, followed by moistening by adiabatic lifting.
Once convection develops, both dry adiabatic lifting and radiative heating maintain the
moisture anomalies from dissipating from increased condensation from the enhanced deep

convection.

Because the ERA-I data contains a substantial residual in the moisture budget anal-
ysis, we compared the results from ERA-I with sounding-based data from DYNAMO.
While the two data sets qualitatively agree on the role of the moist processes in MJO
evolution, they also exhibit marked di erences. Many of these di erences are attributed
to the compositing method. The ERA-I results are based on composites that span the
equatorial Indian Ocean (60-10C, 10 N/S), while the DYNAMO data is limited to the
northern sounding array. The di erences attributed to compositing method include the
overall magnitude of the processes, the role of surface uxes in MJO maintenance, and
the projection of the moisture tendency on the moisture anomalies. We discuss these
di erences in further detail in the Supplementary Material. However, several di erences
between ERA-I and DYNAMO cannot be explained by choice of methods. For example,
vertical MSE advection by diabatic heating plays a primary role in MJO evolution in
the DYNAMO data, while its contribution is negligible in ERA-I. Furthermore, dry adi-
abatic lifting is not found to play a signi cant role in the moistening prior to the onset of

convection in the DYNAMO data (Fig. 4.9b), while it is the second largest contributor
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in ERA-I. It is possible that these dierences can be partly attributed to the budget
residual in ERA-I and the fact that ERA-I is a composite of multiple MJO events while
the DYNAMO data only contains 3 events. However, more work is needed to further

understand these disagreements between the datasets.

The results from both ERA-I and DYNAMO data exhibit some similarities to the ndings

of Powell (2016). In his study, adiabatic motions were suggested to play a signi cant
role in the temperature tendency associated with initiation, which played a key role
in the moistening of the free trosposphere during a single MJO initiation. We note,
however, that Powell (2016) de ned adiabatic lifting as the vertical DSE advection by the
total vertical velocity, including the vertical velocities that balance the diabatic heating.
Furthermore, his thermodynamic budget is evaluated on data with mean elds retained,
while our budget is Itered to retain intraseasonal variability. In spite of these di erences,
examination of Figs. 16 and 17 in Powell (2016) shows a cooling of the troposphere during

MJO initiation, consistent with the adiabatic lifting that is found in this study.

While our results suggest a chronological order in the processes that lead to MJO initi-
ation, our results do not invalidate di erent views on MJO initiation. It is possible that
extratropical forcing could lead to dry adiabatic lifting over the Indian Ocean, or that
extratropical motions can excite the wave signal that leads to primary initiation (Ray and
Zhang, 2010, Sakaeda and Roundy, 2016). Additionally, the horizontal moisture advec-
tion can come from intraseasonal circulation features (Zhao et al., 2013), or from higher

frequency waves, as suggested by Takasuka et al. (2019) and (Wei et al., 2019). Future
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work should examine in more detail the potential diversity in the atmospheric conditions

that lead to MJO initiation, as also suggested by Li et al. (2015).

In summary, our results reveal that vertical moisture advection from adiabatic lifting
plays an important role in MJO initiation. Because dry adiabatic lifting is intrinsically
related to temperature tendencies in large-scale propagating waves, these results indicate
that small departures from WTG balance may play an important role in the developing
stages of the MJO. Thus, the conventional WTG approximation, which neglects small
temperature uctuations in the free troposphere, is not adequate at this time. While
both the ERA-I and DYNAMO data show that dry adiabatic lifting plays an important
role at this time, they disagree on whether dry adiabatic lifting plays a major role in
moistening the troposphere prior to the onset of convection. More work is needed to
further quantify the importance of dry adiabatic lifting during MJO initiation. Future
work should also examine the role of dry adiabatic motions in the evolution of the MJO
and other tropical motion systems. An improved understanding of such processes could
lead to improvements in the modeling and prediction of tropical motions and its impact

on the global climate system.
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Chapter 5

Maritime Continent Initiation

5.1 Composite Primary and Successive Initiation

The analysis in Chapter 4 is repeated to determine key processes involved in MJO initia-
tions that occur over the Maritime Continent (110-160 E). Initiations in this region can

be approximately described by MJO phase 3 and 4, which encompasses quadrant 'B' as
identi ed in Fig. 5.1, which depicts primary and successive events. For primary events,
the OMI index reaches a value of 0.8 at lag day O in quadrant 'B' with no prior activity
beforehand. However, for successive initiation events the OMI index exceeds a value of
unity for 11 days prior to lag day O indicating MJO activity prior to initiation. The

evolution is similar to those found over the Indian Ocean, which presented a slow decay.
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Figure 5.1: Composite phase space diagram of the OMI index for days -45 to 45
for (a) primary and (b) successive initiation events. The solid black circle represents
an amplitude of 1.0. The dashed circle represents an amplitude of 0.8, the threshold
necessary for events to not be categorized as 'N'. The white triangle marker denotes lag
day -45 and the larger circle marker denotes lag day 0. The shading of the circles changes
with increasing time, with darker blues indicating negative lags and reds indicating
positive lags. The four quadrants and their corresponding MJO phases are shown in
the corners of each panel.

Primary and successive initiation events can be looked at using a time-longitude dia-
gram of OLR and anomalies as shown in Fig. 5.2a and 5.2b. During primary events,
convection, as indicated by a negative OLR anomaly, begins around lag day -5 over the
central portion of the Indian Ocean. By lag day O, the negative OLR anomaly becomes
a maximum at 100 E and is co-located with a negative 150-hPa anomaly that prop-
agated from Africa. Both the OLR and anomalies can be seen propagating eastward
but convection dies out around 180 E as it reaches the Paci c Ocean. At lag day 20,
positive OLR anomalies build over the Maritime continent, indicating a suppressed phase
of the MJO. Although Fig. 5.2b represents a Maritime Continent initiation, convection

begins in the Indian Ocean with the strongest OLR anomalies lined up with Indonesia.
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Unlike Indian Ocean initiations (Fig. 4.1), there is no signi cant suppressed convection

to the west.

Unlike in primary initiation, there is evidence of previous MJO activity in Fig. 5.2b for
the composited successive events. There is a propagating signal in thanomalies that
can be traced back to lag day -45. At lag day -40 a negative OLR anomaly can be seen
propagating eastward from the Indian Ocean which is associated with a prior MJO. The
circumnavigating signal reaches its way back to the Indian Ocean near lag day 0, but
convection begins over Africa at lag day -10. This signal continues propagating eastward

but convection dampens near 180 E, similar to primary events.

Figure 5.2: Hovmeller diagram of 20-100 day Itered anomalous outgoing longwave

radiation (OLR) (shaded) and 150 hPa velocity potential (contoured) averaged over the

10 N/S latitude belt for (a) the lag composite of 25 primary MJO initiation events and

(b) the composite of 52 successive initiation events. The ordinate shows the lag days

from the time of initiation, with negative lags indicating days prior to the start of MJO

initiation and positive lags indicating days after initiation. The contour interval is 10 °
m?s 1.

The evolution of moisture as outlined in Eq. (3.5) is used to understand the processes

involved in convection associated with MJO primary and successive initiation (Fig. 5.3).
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In primary initiations, moistening begins near lag day -5 and slightly east of the Mar-
itime Continent. There is about a 5 day lag between the moistening processes and the
hgi anomalies which become a maximum at lag day 8 over Indonesia. The moistening

tendency slowly propagates east until it reaches the Western Paci ¢ Ocean.

Figure 5.3: Hovmoller diagram of Itered (20-100 days) column integrated thermo-

dynamic term anomalies (shading) andhgi anomalies (contoured) averaged over the

10 N/S latitude belt for both primary and successive events. (a) Moisture tendency

term, (b) hv r Lqi, (c) h!a.@Lqgi and (d) h! o@mi . The contour interval for hoi
is 0.5 mm.

Fig. 5.3b-d show the terms on the right-hand side of Eq. (3.5) which describes the
processes leading to moistening. The horizontal moisture advectioh ¢ r Lqi) is

largely in phase with the moisture tendency and is a precursor of th@i anomalies.
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