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Abstract The circulation associated with convection of the Madden-Julian Oscillation (MJO) has been
suggested to have an impact on its propagation by a number of previous studies. This circulation contains both
flanking Rossby waves to the rear and a Kelvin wave leading the convective center. In this study, individual
MJO convective envelopes from a 40-year database are tracked, a technique to scale the MJO by its zonal
wavelength is employed, and statistical methods are used to assess how the MJO circulation pattern might
impact its eastward propagation downstream. Results suggest that continuous eastward propagation of the
MJO is favored when a strong Kelvin wave circulation is present east of MJO convection, indicated by both an
easterly zonal wind anomaly and negative geopotential height anomaly. In addition to the known significance
of having Kelvin wave easterly wind anomalies, the results of this study highlight that the existence of negative
geopotential height is important to supporting moistening and MJO propagation. It is found that importance
of the Kelvin wave signal to MJO propagation depends on the region that the MJO is located over. Kelvin
wave circulation east of MJO convection enhances moistening to support continuous eastward propagation

of the MJO, mainly through meridional moisture advection due to the coupling between the Kelvin wave and
Rossby-like disturbances east of the active convection. The roles of boundary layer convergence and vertical
moistening are also discussed.

1. Introduction

As the dominant mode of intraseasonal variability in the tropics, the Madden-Julian Oscillation (MJO), first
identified in Madden and Julian (1971), represents a vital connection between weather and climate timescales.
The MJO is a planetary-scale, organized region of anomalous convection and associated circulation that propa-
gates eastward at speeds of roughly 5 m s~! (Madden & Julian, 1994; M. C. Wheeler & Hendon, 2004; Kiladis
et al., 2005; Zhang, 2005). Despite the global impacts of the MJO on a broad range of tropical and extratropical
weather and climate (Barrett & Leslie, 2009; Bessafi & Wheeler, 2006; Henderson et al., 2016; Klotzbach, 2010;
Maloney & Hartmann, 2000; Pai et al., 2011; Yoo et al., 2012), the current operational and global circulation
models (GCMs) struggle to capture the fundamental characteristics of the MJO (B. Wang & Lee, 2017; Hamill
& Kiladis, 2014; Jiang et al., 2020; Vitart & Molteni, 2010). The objective of this study is to improve our under-
standing of the mechanisms that control the eastward propagation of the moisture and precipitation anomalies
associated with the MJO, which is a crucial step toward predicting its evolution.

Current forecast systems often do not capture MJO propagation speed well (Hamill & Kiladis, 2014; Vitart &
Molteni, 2010), a model deficiency that can have a substantial effect on medium and extended range prediction
across the globe (Ferranti et al., 1990; Gottschalck et al., 2013; H. M. Kim et al., 2014). Two related processes
that have been suggested to drive eastward propagation of the moisture and rainfall anomalies associated
with the MJO are (a) boundary layer convergence and (b) meridional advection of moisture. These processes
occur through interactions between moisture and MJO circulation, where the latter is qualitatively consistent
with a coupled Kelvin-Rossby wave response to a tropical heating source (B. Wang & Lee, 2017; Gill, 1980;
Hendon & Salby, 1994; Kiladis et al., 2005). To the east of MJO enhanced convection, anomalous low pressure
and easterly winds appear around the equatorial lower-troposphere in the form of a Kelvin wave, accompanied
by boundary layer moisture convergence. Therefore, the existence and strength of a Kelvin wave circulation is
considered important for deepening of the moist boundary layer (Johnson & Ciesielski, 2017; Kemball-Cook
& Weare, 2001) and a build-up of convective instability (Hsu & Li, 2012). A pair of anticyclonic equatorial
Rossby waves also exists in the lower troposphere to the west of MJO suppressed convection (east of enhanced
convection), as highlighted by D. Kim et al. (2014), Feng et al. (2015), and DeMott et al. (2018). The poleward
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flow associated with these Rossby waves is thought to moisten the column through meridional advection of back-
ground moisture, supporting eastward propagation of MJO convection.

B. Wang and Lee (2017) also showed that only a small fraction of GCMs had reliable skill in forecasting MJO
propagation from the Indian Ocean into the West Pacific. A major difficulty in forecasting the MJO is related
to propagation of the precipitation and moisture anomalies across the Maritime Continent (Fu et al., 2013; H.
M. Kim et al., 2016; Jiang et al., 2020; Vitart & Molteni, 2010; Weaver et al., 2011), where models commonly
depict MJO decay to a greater extent than is actually observed (D. Kim et al., 2009; Kerns & Chen, 2016; Zhang
& Ling, 2017). Here, complex terrain affects the circulation of the MJO, the diurnal cycle of its convection, and
surface fluxes (Ahn et al., 2020; DeMott et al., 2018; Ling et al., 2019) and results in changes in the propagation
characteristics (B. Wang et al., 2019; Zhang & Ling, 2017), where some events continue into the West Pacific,
while others weaken.

Several studies have found differing processes driving or impeding MJO propagation beyond the Maritime Conti-
nent. D. Kim et al. (2014) found that the existence of a suppressed convective envelope ahead of the MJO
enhanced convective envelope is important for the MJO to continue propagating. A Rossby wave response to the
negative heating anomaly associated with the convectively suppressed region drives poleward, meridional wind
anomalies that lead to anomalous, off-equatorial, lower tropospheric moistening eastward of MJO enhanced
convection, which is not present in the non-propagating cases. Chen and Wang (2018) also determined that a lead-
ing suppressed convective region was a strong precursor signal for propagation. The suppressed convective region
itself was a result of either a preceding MJO-related dry phase propagating eastward into the West Pacific, or a
two-way interaction between preceding Indian Ocean suppressed convection and a tropical-extratropical telecon-
nection that generates a western North Pacific cyclonic circulation in the upper levels. The western North Pacific
extratropical cyclone induces upper level convergence over the western tropical Pacific and thereby strengthens
the suppressed convective region. This increased magnitude of the suppressed convective region leads to stronger
boundary layer convergence eastward of the enhanced convective center, triggering new convection and support-
ing MJO eastward propagation.

Meanwhile, Feng et al. (2015) found that westward-propagating Rossby waves in the equatorial Pacific, inde-
pendent of the MJO, lead to dry air intrusions ahead of the convectively active region, which then hinders convec-
tive development eastward downstream of the convective center and halts propagation. Meridional advection of
background mean moist static energy was not significantly affected by the strength of the leading convectively
suppressed region, contrasting with D. Kim et al. (2014). Findings from DeMott et al. (2018) suggest a similar
mechanism for MJO decay over the Maritime Continent in some cases. Feng et al. (2015) also determined a
dichotomy of moistening processes in the propagating cases. They found the MJO can propagate across the
Maritime Continent without a strong suppressed region leading the convective center, when anomalous vertical
moisture advection sustained column moisture.

These studies suggest that the key elements to propagation of MJO rainfall and moisture anomalies are moisten-
ing processes associated with the Rossby-Kelvin wave circulation of the MJO. However, they do not agree on
what is the dominant moistening process, diverging amongst the horizontal advection, mid-tropospheric vertical
advection, and shallow moistening through boundary layer convergence. The diversity of MJO propagation was
further tested by B. Wang et al. (2019), who postulated that the primary mechanism in establishing propagation
across the Maritime Continent of MJO events centered in the eastern Indian Ocean is the strength of the Kelvin
wave response driving frictional boundary layer moisture convergence ahead of the convective center. Speed
of propagation is also influenced by the Kelvin response's strength and zonal extent, with faster propagation
occurring with a higher amplitude and longer Kelvin response (Chen & Wang, 2020). Jiang et al. (2015) found
that correctly simulating the Kelvin wave component in a set of GCMs was crucial in establishing prediction
skill of the MJO's propagation, while adequately depicting the mean moisture field is also crucial (Gonzalez &
Jiang, 2017).

Motivated by the conflicting results of previous studies on the dynamics of MJO propagation across the Maritime
Continent, this study seeks to re-examine the role of Kelvin-Rossby circulation on MJO propagation. To achieve
this objective, this study addresses the two questions below.

1. Does MJO circulation structure have significant relationships with the MJO crossing the Maritime Continent?

BERRINGTON ET AL.

20f 17



A7t |

ADVANCING EARTH
AND SPACE SCIENCE

Journal of Geophysical Research: Atmospheres 10.1029/2021JD035806

2. What are the mechanisms relating MJO circulation and the eastward propagation of its convection across the MC?

We introduce a new method to quantify the lower-tropospheric Kelvin-Rossby circulation strength to examine its
effects on MJO propagation. Subsequently, we use moisture budget analysis to understand the physical processes
through which the circulation influences moisture evolution and MJO propagation.

2. Data and Methods
2.1. Data

To track latitude and longitude progression of the convectively enhanced phase of the MJO, we use NOAA
Interpolated Daily OLR (Liebmann & Smith, 1996) on a 2.5° by 2.5° horizontal grid and during the period of
1979-2018. For atmospheric variables, we use 6 hourly, 2.5° ERA-Interim (Dee et al., 2011) fields averaged
daily. The OLR is filtered for the MJO using the M. Wheeler and Kiladis (1999) method retaining intraseasonal
periods of 20-100 days and eastward zonal wavenumbers 1-10, following the removal of the mean and the first
three harmonics of the seasonal cycle. Unless otherwise specified, wind and geopotential height are filtered
for 20-100 day periods, and zonal wavenumbers higher than 10 are removed to reduce noise. We include west-
ward zonal wavenumbers for these variables to capture the circulation associated with the MJO that may not
necessarily propagate at the same speed as its convective envelope (D. Kim et al., 2014; DeMott et al., 2018;
Feng et al., 2015). This study only examines MJO events that occur during the period from November to March
because the Boreal Summer Intraseasonal Oscillation exhibits significantly different characteristics compared to
its boreal winter counterpart (B. Wang & Xie, 1997; Lawrence & Webster, 2002; Lee et al., 2013).

2.2. Tracking Algorithm

We use the MJO-filtered OLR anomalies to identify and track MJO convective envelopes in time, longitude, and
latitude, through an algorithm that extends from Kerns and Chen (2016) and Dias et al. (2017). The algorithm
operates as follows:

1. On each day, contiguous regions of MJO-filtered OLR anomaly above or below its upper and lower fifteenth
percentile values within the full longitude band of 15°S—15°N are identified as convectively suppressed and
enhanced envelopes of the MJO, respectively. The fifteenth percentile (about +10 Wm™2) is close to the daily
standard deviation of MJO-filtered OLR over the Indo-Pacific basin (Kiladis et al., 2005). We will refer to
them as MJO “convective envelopes”.

2. If a convective envelope overlaps horizontally with another envelope in the next day, it is considered the same
convective envelope and its propagation is tracked as an “event”. This step is less restrictive than the method
of Kerns and Chen (2016), where the convective envelope has to overlap for at least 50%. However, we deter-
mined that such a restriction is not necessary for filtered OLR anomalies and our method allows us to better
capture MJO events that are known to appear as if they “jumped” across the Maritime Continent due to typical
weakening over the Maritime Continent (B. Wang et al., 2019).

3. When a single convective envelope splits into two separate objects in the subsequent time-step, the objects that
overlaps more in horizontal space with the original convective envelope is maintained as the same event, while
the convective envelope with less horizontal overlap initiates a new event in the tracking algorithm. When two
envelopes merge into a single convective envelope in the subsequent time-step, the convective envelope that
had a larger horizontal overlap with the merged convective envelope is maintained as the same event, while
the other with less horizontal overlap is terminated by the algorithm.

4. Latitude and longitude centroids of the convective envelopes are computed using the absolute values of the
filtered negative OLR anomalies. The convective envelopes are terminated when their centroid moves pole-
ward of the 15°S—15°N latitude band.

Among all the identified events, we only analyze those that last more than 5 days. We also only include events
that have passed through or initiated over the Indian Ocean (45°-95°E) to examine factors that influence MJO
propagation across the Maritime Continent. A total of 240 events are identified using this criteria, or roughly six
events per season over the 40 year database.
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Figure 1. An example of composite OLR* averaged 5° south to north of the latitude centroid for five short wavelength (blue lines) and five long wavelength events (red
lines) within 80—100°E plotted via (a) standard longitude coordinates and (b) theta coordinates. (c) A zonal phase diagram of the same event defined by OLR* and its
zonal gradient. For (c), the data plotted is in longitude coordinates. Red and blue shaded regions in (b and c¢) represent the regions of suppressed convection and active

convection, respectively.

2.3. Circulation Indices

Previous studies assessing the spatial characteristics of the MJO—through both horizontal mapping and verti-
cal cross-sections—have often computed composites of MJO signals in standard latitude-longitude coordinates
(Adames & Wallace, 2015; B. Wang et al., 2019; Feng et al., 2015; H. M. Kim et al., 2016; Kiladis et al., 2005).
Since MJO convection appears with a range of zonal wavenumbers, individual events may contain different zonal
scales. We may also assume that the zonal extent of MJO circulation scales with the zonal extent of the convection
itself, as suggested by B. Wang et al. (2019) and Chen and Wang (2020). In this case, a quantification of Kelvin
and Rossby circulation of the MJO should also be done according to the zonal scale of MJO convection. We scale
individual events by the zonal extents of MJO convection through a coordinate transformation. This is completed
prior to calculating composite means or other analysis. To do this, we define a “zonal phase” angle 6 as

| oLr
doLR|"
dx

where OLR* represents the standardized anomaly of MJO-filtered OLR, averaged from 5° north to south of the

0 = tan €8

latitude centroid of the MJO convective envelope, an is the standardized anomaly of the zonal gradient

d|[oLr *
dx

of the OLR* calculated across the full longitude domain from 0° to 360°, before any coordinate transformation

occurs. Both the OLR anomaly and its zonal gradient are standardized using their climatological standard devi-

ations between 15°S and 15°N prior to calculation. Similar methods were undertaken in Riley et al. (2011) and

Sakaeda et al. (2020) in the time dimension.

Figures la—1c illustrate this transformation using a composite MJO of shorter wavelength and longer wavelength
events (of comparable peak amplitudes), where Figure 1a represents the OLR* in longitude coordinates that is
averaged from 5° south to north of its latitude centroid. Figure 1c depicts how these MJO convective envelopes
appear on a phase diagram defined by OLR* and its zonal gradient. Variables at longitudes that correspond to
each bin are averaged and area-weighted to transform data from longitude to zonal phase (theta) coordinates.
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Figure 2. Composite mean 850 hPa Z* (color-shading, in std) and V,;” (vectors, in m s™") in theta-latitude coordinates for (a) all cases centered between 40 and 60°E,
(b) all cases centered between 60 and 80°E, (c) all cases centered between 80 and 100°E, (d) all cases centered between 100 and 120°E, (e) all cases centered between
120 and 140°E, and (f) all cases centered between 140 and 160°E. Red boxes indicate the regions used to create the zonal wind and geopotential height indices for each

longitude range.

Figure 1b represents the OLR* of the event (Figure 1a) in the transformed theta coordinates. The zonal phase
angle represents the relative location with respect to the location of the MJO convective center, where —180° is
the positive OLR* maximum to the west of the convective center, 0° is the negative OLR* at the convective center,
and +180° is the positive OLR* maximum to the east of the convective center. This process normalizes the scale
of the OLR* by its own zonal wavelength.

We quantify the strength of Kelvin-Rossby circulation using filtered 850 hPa zonal wind and geopotential height,
after transforming their longitudes to theta coordinates, thereby using the OLR* transformation as a guide for each
event. While prior studies have often used a fixed box to quantify the circulation signal (B. Wang et al., 2019;
Hsu & Li, 2012; L. Wang et al., 2018), using a fixed box does not accurately identify the signal of MJO events
that do not match the zonal scale that is prescribed by the fixed box. The coordinate transformation allows us to
better quantify the circulation signal for all zonal scales of MJO events. The circulation signal of MJO events is
quantified separately for six 20-degree longitude bins from 40°E (western Indian Ocean) through 160°E (western
Pacific). The wind and geopotential height anomalies on theta coordinates are averaged among the time steps that
the centroid of an MJO event was within each longitude bin. Figure 2 shows the composite 850 hPa standardized
geopotential height anomalies (Z*) and anomalous horizontal wind on coordinates defined by theta and latitude
relative to convective center for all events when their centroids are within each 20-degree longitude bin. For
circulation variables that are standardized, the anomalies are calculated using the standard deviation at each grid
point before transformation to theta coordinates. Figure 2 demonstrates that the circulation structure of the MJO
changes as it moves eastward; therefore, the method of quantifying its circulation will also adjust accordingly.

For each MJO convective envelope at each time step, we first average the standardized zonal wind and geopo-
tential height anomalies (U*, Z*) in theta coordinates averaged from 5° north to south of the latitude centroid of
MIO convection. We further smooth these circulation anomalies using a Gaussian filter with a standard deviation
of 5° to attenuate smaller scale noise. To measure the strength of Kelvin circulation eastward of MJO convec-
tion, we average this smoothed U* and Z* within the boxes shown in Figure 2 to create circulation indices. The
averaging boxes are defined based on the location of low level easterlies at each longitude range. Using these
circulation indices, we bin MJO events with (a) westerly (U* > 0.5), (b) easterly (U* < —0.5), and (c) neutral
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Figure 3. (a) Probabilities of propagation beyond the threshold longitudes given a positive or neutral U* state east of the convective center at the reference longitude
range, (b) as in (a), but for negative U* state, (c) probability difference between the two U* states. Hatching indicates significance at the 95% confidence level.

(IU*1 < 0.5) zonal wind anomalies east of their convective centers. We group positive and neutral cases together
due to small sample sizes for the positive cases and because we aim to compare MJO events with Kelvin signals
(easterlies) versus those that do not. We recognize that the zonal wind alone may not accurately identify Kelvin
waves, therefore we will also use the sign of the geopotential height anomaly to examine the role of Kelvin wave
signal on MJO propagation.

3. Effects of MJO Circulation on Its Propagation Probabilities

Previous studies have emphasized the importance of lower tropospheric easterly wind anomalies to the east of
the convective center (Adames & Wallace, 2015; B. Wang et al., 2019; Hsu & Li, 2012). The easterly anomalies
associated with the Kelvin wave can moisten the environment east of the MJO through frictional boundary layer
moisture convergence, surface fluxes, and horizontal moisture advection, leading to the eastward propagation of
the MJO. Therefore, we will assess the effects of Kelvin wave circulation on the probabilities of MJO propagation
across the Maritime Continent.

Figures 3a and 3b shows the probability that an event propagates beyond the threshold longitudes, given
non-easterly (neutral or positive U*) and easterly (negative U*) zonal wind anomalies east of the convective
center when the MJO is located within the reference longitude range. The probability of propagation is defined
as the percentage of events with a given circulation pattern at a reference longitude that propagate beyond a
threshold longitude. For example, the shading of the left-most column in Figure 3b shows the probability that
the MJO propagates eastward beyond 60°E, 80°E, 100°E, and so forth when an event contains an easterly Kelvin
component at 40-60°E. The probability of MJO propagation across the Maritime Continent is about 40%—60%
depending on the reference longitudes, which is consistent with the probabilities found in prior studies (B. Wang
etal., 2019; Feng et al., 2015).

Figure 3c shows the difference in the likelihood of propagation between those that do and do not contain a
stronger easterly wind anomaly, where positive differences indicates that the events with easterlies have higher
probability of propagation. For the reference longitude ranges of 40-60°E and 60-80°E (west to central Indian
basin), we see relatively small differences in probability of propagation for all threshold longitudes. However,
when the convective centers are located between 80 and 100°E and 100-120°E (eastern Indian basin to western
Maritime Continent), we see higher odds of propagation for events with stronger easterly wind anomalies, with
statistical significance using a Monte-Carlo test with 5,000 repetitions at the 95% confidence level.

These results indicate that when MJO convection is near or over the Maritime Continent, the presence of east-
erly wind anomalies to its east enhance the probability of further MJO eastward propagation. While the differ-
ences in propagation probabilities at other reference longitudes indicate a higher probability of propagation
for events starting out with a stronger easterly anomaly versus weaker (except at 60—80°E), there is no statistical
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Figure 4. As in Figure 3, but instead for cases with negative U* and differing Z* states east of the transition.

significance indicated by the Monte-Carlo test. Although it is not shown here, we found statistically significant
positive differences when MJO events with easterly anomalies were compared with events with westerlies (i.e.,
not including neutral cases). These results indicate that MJO events containing a stronger easterly wind anomaly
east of the convective center generally propagate further than the events with weaker easterly or westerly winds.
This is consistent with the results of Hsu and Li (2012) and B. Wang et al. (2019), which found that events that
successfully propagated through the Maritime Continent contained stronger easterly wind anomalies ahead of the
convective center.

The existence of easterlies ahead of the convective center alone does not strictly indicate the presence of Kelvin
wave. However, the combination of easterly and negative geopotential height anomalies is a clear indication of
the presence of a Kelvin wave as opposed to a Rossby wave (Matsuno, 1966). Therefore, we also test a combi-
nation of the two circulation indices (U* and Z*) east of the MJO enhanced convection. Figures 4a and 4b
show the propagation probabilities of MJO events with easterlies ahead of the convective center, separated into
events with non-negative (neutral or positive) and negative geopotential height anomalies (Z*). The easterlies
with negative geopotential height indicate the presence of strong Kelvin wave signal, while the easterlies with
non-negative geopotential height indicate weak Kelvin wave or anti-cyclonic Rossby waves. We analyze these
particular combinations to see the potential role of different wave signals to MJO propagation given the presence
of easterlies ahead of its convective center.

The highest probabilities of propagation exist when the MJO event in question contains both negative Z* and
easterlies east of the convection, with values in excess of 70% through most of the events (Figure 4b). The largest
positive and significant differences are for the 40-60°E and 60—80°E reference ranges. This result shows that
the presence of Kelvin wave circulation east of MJO convection as indicated by both easterlies and negative
geopotential height anomalies leads to the highest propagation probability. The result suggests that the presence
of negative geopotential height anomalies further enhances moistening processes east of MJO convection, which
will be investigated below.

Another interesting question is whether the strength of zonal wind or geopotential height anomalies influences
the amplitude of MJO convection, which could influence the probabilities of continuous eastward propagation.
We found that stronger MJO convection measured by OLR* is weakly associated with stronger easterlies (U*)
or more negative geopotential height (Z*) east of convection (not shown). However, no significant correlations
were found, with exception at 120—-140°E. Therefore, while some indication of stronger MJO convection resulting
in a well-developed Kelvin circulation exists, there also exists a large amount of propagation variability that the
circulation can explain, which is independent from the strength of MJO convection.
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4. Analysis of Contributing Processes Through Moisture Budgets

In order to assess the impacts of circulation on moisture, we will use the respective states of U* and Z* east of the
convective center to separate circulation characteristics, and we evaluate the amount of moisture near the convec-
tive center and moistening ahead (east) of convection. Intraseasonal specific humidity anomalies (g") are calcu-
lated from ERA-Interim reanalysis through the same filtering method used for the wind and geopotential height
anomalies. Three-dimensional moisture budget analysis of the filtered data is performed to assess processes that
contribute to moisture variability associated with MJO events. The corresponding budget terms are calculated
following the methods of Yanai et al. (1973) and Adames and Wallace (2015) as

! ’ ! /
() (3)-(4)
ot ox dy dap L,
where ¢ is the specific humidity, u is the zonal wind, v is the meridional wind, w is the vertical velocity in pressure
coordinates, Q, is the apparent moisture source (Yanai et al., 1973), and L, is the latent heat of vapourization.
Prime notation indicates MJO-filtered quantities (non-standardized). The left-hand side represents the local time
rate of change in specific humidity and the right-hand side terms are as follows from left to right: zonal mois-
ture advection, meridional moisture advection, vertical moisture advection, and the apparent moisture source
(Yanai et al., 1973), which represents fluxes generated by unresolved eddies, condensation, and evaporation
(Yanai & Johnson, 1993). As ERA-Interim representation of diabatic processes may be inaccurate (Kiranmayi
& Maloney, 2011), we calculate the apparent moisture source as a residual to the remaining terms. We combine
the vertical advection and residual terms to yield the net moistening between the two as they nearly cancel each
other. Each term in Equation 2 is calculated six hourly and in the longitude-latitude domain first before they are
composited based on MJO events. All moisture-related quantities on an event-by-event basis are again scaled by
the zonal wavelengths of the MJO (Section 2.3).

To diagnose the relationship between the circulation indices and moisture budget terms, we compute the
mean column-integrated moisture budget terms over the same regions that were used to calculate U* and
Z*. A column-integrated quantity X is denoted by a bracket (X) = i j; > X dp, integrated from 1,000 hPa
through 200 hPa. For simplicity, we hereby refer to the moisture budget terms in Equation 2 from left to right
as follows: time tendency as %, zonal advection as uadv, meridional advection as vadv, vertical advection as
wadv, and the residual (apparent heating) as resid. To partially account for the meridional shift in the maxima of
column-integrated specific humidity time-tendency ( %) east of the MJO, we average across +15° of latitude from
the convective center for the moisture budget terms. Figure 5 depicts the regression coefficients of U* versus all
four column-integrated budget terms above across all MJO events identified as a function of reference longitude.
In Figure 5, a negative regression coefficient indicates that the moisture budget term tends to have a higher value
(stronger contribution to moistening) for MJO events with easterly wind anomalies ahead of the convective center
than events with westerly wind anomalies.
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U* has a consistent negative regression coefficient (at time lag = 0) across all reference longitude ranges with
<Z_?) and the column integrated meridional advection (vadv). In other words, a positive time tendency in (g’)
and a positive contribution to that tendency from (vadv) is statistically associated with anomalous, MJO-related,
low-level easterly flow east of the convective center. Statistical significance of these regressions is noted for ( ‘;—‘T’)
at 40-60°E and 60-80°E, while statistical significance is indicated for (vadv) at 100-120°E and 120-140°E.
The sign of regression coefficients of the column-integrated zonal advection (uadv) changes from a statistically
significantly negative value over 40-60°E to a statistically significant positive value at 120-140°E, with values
close to zero in between. This result indicates that zonal advection does not generally contribute to the moisten-
ing eastward of MJO convection and it is not the key mechanism that supports the eastward propagation of the
MIO. Instead, the existence of easterly wind anomalies supports MJO propagation through meridional advec-
tion of moisture, which agrees with some of the findings of D. Kim et al. (2014) and Feng et al. (2015), which
both emphasized the role of meridional moisture advection in determining whether an MJO event propagated
across the Maritime Continent. The findings from these two studies suggested that these enhanced easterlies were
accompanied by anticyclonic flow associated with convectively suppressed regions leading the active convection
(D. Kim et al., 2014) or meridional shear associated with the Kelvin wave itself (Feng et al., 2015; L. Wang
et al., 2019). Our results also suggest that stronger Kelvin wave easterlies may be coupled with stronger equato-
rial Rossby wave-like disturbances that lead to additional moistening via meridional advection. The results also
highlight the challenge in isolating the effect of Kelvin waves using an index based on zonal wind alone. We will
address this issue by combining zonal wind and geopotential height signal later in this section.

The regression coefficient of U* onto the column-integrated vertical advection and residual term (wadv + resid)
remains small and insignificant across all longitude ranges. When (wadv) and (resid) are considered separately,
U* has a negative, regression coefficient with (resid), indicating more moistening from the apparent heating with
stronger easterly anomalies. Meanwhile, the regression with (wadv) is positive and insignificant across all longi-
tudes. This result appears to be inconsistent with the conclusions by Hsu and Li (2012) and B. Wang et al. (2019),
who suggested that the enhanced low-level Kelvin wave easterlies were associated with enhanced boundary layer
moisture convergence and subsequent vertical moistening of the lower troposphere ahead of the convection.

To assess the vertical structure of the moisture budget terms, Figure 6 shows their cross-sections averaged over
+10° latitude from the convective center over the longitude range of 100-120°E, as this represents where U* was
most significant in affecting propagation probabilities (Figure 3). Shadings in Figures 6a—6c¢ show the regression
coefficients of the budget terms with U* east of the convective center. Contours show the regression of % with
U* and stippling indicates its statistical significance. The significance of the budget terms is not shown, but
generally yielded similar patterns to the time tendency across all longitudes. Negative coefficients indicate that
there is more moistening contributed by the given budget term for events with easterly U*. Statistically signif-
icant, negative coefficients in % primarily appear in the middle troposphere between 700 and 500 hPa, while
negative coefficients in the low-levels occur further ahead of the convective center roughly from 120° theta east-
ward. The contribution to this low-level tendency is strongly associated with the meridional component (vadv),
while the sum of vadv and the vertical component and residual (wadv + resid) is the strongest contributor to the
middle-troposphere coefficient (consistent with Figure 5). Again, the importance of the meridional component of
moisture advection is suggested over the Maritime Continent (D. Kim et al., 2014; Feng et al., 2015), and having
a stronger anomalous, low-level easterly ahead of the convective center favors a larger positive % in both the
lower and middle troposphere. This pattern consistently appears across all of the longitude ranges. As shown in
Figure 6a, we additionally find a statistically significant drying signal to the west of the convective center in the
lower to middle troposphere, potentially indicating some role of moisture asymmetry in driving propagation, as
in Hsu and Li (2012) and Wei and Ren (2019). This drying signal warrants further investigation.

We also decompose the meridional advection of specific humidity into its temporally-filtered components to
examine what terms contribute the most to the full budget term, and by extension, correlate with the circulation
indices, as in D. Kim et al. (2014) and Feng et al. (2015).

aq\ [-oq aq g\’ aq"\’
v} = (72 ) + (v )+ (v L) + (0 Z- 3)
ay dy ay ay dy
Here, the term on the left-hand side represents the meridional advection term from Equation 2, while overbars
denote the low-pass (100 days) filtered anomalies, single primes denote the intraseasonal filtered anomalies,
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Figure 6. Theta-height cross-section regression coefficients for events centered at 100-120°E between U* and intraseasonal (a) zonal advection of specific humidity,
(b) meridional advection of specific humidity, and (c) vertical advection and the residual (color-shaded, in g kg™! day~' std~!) averaged over +10° latitude from the
convective center. The composite difference of ‘;—‘I’ is plotted (black contours) and significance at the 95% confidence level is indicated by X-stippling.

and double primes denote the high-pass (20-day) filtered anomalies. Therefore, the terms on the right-hand side
represent from left to right; meridional advection of intraseasonal g by the background wind, meridional advec-
tion of background g by the intraseasonal wind, meridional advection of intraseasonal g by the intraseasonal
wind, and meridional advection of high-frequency g by the high-frequency wind.

Figure 7 shows this decomposition by displaying the regression coefficients of these terms and their sum with
U* at 100-120°E. Here, the advection of background ¢ by the intraseasonal meridional wind is the dominant
contributor to the overall budget term, suggesting that MJO-related poleward advection across the mean moisture
gradient is most important as suggested by prior studies (D. Kim et al., 2014; Feng et al., 2015). Some contribu-
tion from the combination of higher frequency eddies and high frequency variations in g is noted further east in
the lower and middle troposphere, along with some low-level negative coefficients from the background wind
advecting intraseasonal g.

To understand why easterlies lead to increased moistening via meridional advection, the theta—latitude regression
of the intraseasonal 850 hPa horizontal wind onto U* at 100—-120°E is shown in Figure 8, along with the intrasea-
sonal meridional advection budget term. As shown in Figure 7b, the meridional advection term shows negative
regressions with U* across a range of latitudes east of the convective center. Separate tests at 700 and 500 hPa
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Figure 7. Regression coefficients with U* at 100-120°E for meridional advection of (a) intraseasonal g by the background wind, (b) background g by the intraseasonal
wind, (c) intraseasonal ¢ by the intraseasonal wind, and (d) high-frequency g by the high-frequency wind (color-shaded, in g kg~ day~! std~"). Black contours are the
sum of the regression coefficients of all four terms.

revealed similar findings (not shown). The horizontal winds show that equatorial easterlies are associated with
stronger poleward meridional winds, which would result in moisture being advected away from the mean back-
ground moisture maximum (contours) on the intraseasonal timescale. This result indicates that the poleward
moisture advection may be associated with anticyclonic Rossby-wave response to preceding MJO suppressed
convection. To further examine the relationship between U* and the poleward flow associated with the Rossby
waves, we generated an index to quantify the strength of Rossby waves. This index (V*) is formed by finding a
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negative. Blue contours represent the mean 850 hPa background specific humidity for all cases used to compute the regression.
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difference between the meridional wind at north and south relative to the convective center, averaged between
zonal phase of 33.75 and 101.25°. We found a significant negative correlation between U* and V* (not shown),
confirming the strong coupling between easterly wind and poleward flow that leads to the meridional advection
of moisture. The poleward meridional winds may also be associated with a westward propagating intraseasonal
mode (WPIM) identified in Gonzalez and Jiang (2019). Interactions between the WPIM and MJO may therefore
influence MJO propagation when both of these modes are active. Coupling between the Kelvin circulation east
of active convection and these antecedent features is therefore potentially important for supporting eastward
propagation.

The aforementioned coupling between the easterly wind and poleward flow makes it difficult to conclude if the
existence of easterlies support MJO propagation due to the presence of Kelvin or Rossby waves. In addition to the
easterly wind, Section 3 showed that the presence of negative geopotential height leads to higher probability of
MIJO eastward propagation. Therefore, to understand what process might contribute to this enhanced propagation,
Figure 9 depicts the regressions of the column-integrated budget terms with Z*, given an easterly wind anomaly
ahead of the convection. In other words, these regressions are assessed when a Kelvin wave signal is evident
in both U* and Z* versus when it is only present in U*, which could come from either Kelvin or Rossby wave.
The regression with (’2—‘:) remains weakly negative across the full range of longitude ranges, but weakens over
120-140°E, indicating at least a modest tendency for events with negative geopotential height east of the convec-
tive center to have more moistening in the same region. There is a flip in the signs of the regressions associated
with (vadv) and (wadv + resid), with regressions near zero around 80-100°E. The weak negative regression with
(vadv) over the Indian Ocean indicates its contribution to greater moistening when there are negative geopoten-
tial height anomalies. However, its regression sign changes to positive over the western Pacific, which indicates

Regression of Budget Terms with Z* Given Neg U*

—e— dq/dt —e— wadv + resid
—e— uadv  —e— wadv
—o— vadv  —e— resid

40-60°E 60-80°E 80-100°E 100-120°E 120-140°E 140-160°E

Longitude Range

Figure 9. As in Figure 5, but instead for cases with negative U* and for the regression with Z* states east of the transition.
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Figure 10. As in Figure 6, but for the regressions of budget terms with Z* when U* is easterly for events centered at (a—c) 40—60°E and (d—f) 120-140°E.

that the events with negative geopotential height anomalies would tend to have less moistening or drying from
(vadv) over this region. This may be a result of detours in the track of the MJO away from the mean moisture
maximum as it propagates further east, where equatorward flow may result from a negative geopotential height
anomaly. The reverse is true for (wadv + resid). As in Figure 5, we also compute the regressions with (wadv)
and (resid) separately. As with using U* only, (resid) has a positive, significant regression with Z* across all
longitudes, indicating more drying takes place with lower pressure east of the convection. However, unlike for
U* only, (wadv) has a negative and significant regression across all longitudes with Z*. Therefore, the presence
of negative Z* in addition to easterly U* encourages more boundary layer convergence and vertical moistening
than easterly U* alone, despite the drying from the apparent heating term, which is consistent with the findings of
Yang and Wang (2019). These results suggest that a Kelvin wave signal leads to a stronger contribution to mois-
tening through (wadv + resid), particularly over the western Pacific. Similar results were found when the budget
terms were integrated for the lower-tropospheric levels (1,000-700 hPa) only (not shown).

The negative regressions of Z* with (vadv) over 60-80°E and U* with (vadv) over 80-100°E, 100-120°E and
120-140°E suggest some role of the meridional advection in assisting propagation, as these are the reference
longitudes where negative Z* and easterly U* have the most significance in the probability of propagation analy-
sis (Figures 3 and 4). Rather strong, statistically significant negative regressions between Z* and (wadv + resid)
east of 100°E suggest that the boundary layer moisture convergence and associated vertical advection may be
related to regions of low pressure within the Kelvin circulation over the Maritime Continent and eastward (B.
Wang et al., 2019; Wang & Rui, 1990), but the strength of the low-level easterlies within the Kelvin region alone
is not particularly associated with the anomalous vertical moistening of the low-levels (Figure 5).

Figures 10a—10c shows the same as Figure 6, except showing the regression between budget terms and Z* when
U* was easterly for the reference longitude range of 40—-60°E, as this represents where Z* was most significant
in affecting the propagation probabilities (Figure 4). We also include the budget terms regressed at 120—140°E
in Figures 10d—10f. While the regressions of Z* with % do not reach the 95% confidence level, a separate test
using the 90% confidence level (not shown) showed some statistically significant negative regressions in the
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middle-levels ahead of the convective center at 40-60°E. The negative regression coefficients of moisture
tendency (more moistening with lower Z*) ahead of the convective center at 40-60°E is again primarily related
to the horizontal components of moisture advection, particularly vadv, except near 500 hPa and above, where
a comparatively small negative regression coefficient in wadv + resid exists. Figure 10f suggests a negative
regression between the wadv + resid term and Z* as in Figure 9, therefore indicating that the importance of the
wadv + resid term when using Z* as the circulation index seems to rise over the Maritime Continent and West
Pacific. However, as Figure 4 suggested, the positive differences in propagation probabilities are not as large over
these regions, nor are they as consistently significant as further west. In addition, the time tendency itself actually
has a positive regression coefficient east of the active convection in Figures 10d—10f, indicating that there is more
drying as Z* becomes more negative over these regions. When wadv and resid are separated, there is positive
contribution to moistening from wadv in the lower and middle troposphere, but the residual tends to cancel it out
in the lower troposphere (L. Wang & Li, 2020). For the middle troposphere, some moistening remained when
considering wadyv, but the regression was not as strong as with vadv. These results suggest that the Kelvin wave
acts to enhance boundary layer convergence over the western Pacific, but its moistening is canceled out by other
processes and does not lead to greatly increased probability of propagation as shown in Figure 4. Furthermore,
relationships between the circulation indices and the upward-directed surface latent heat flux (not shown) were
weak and did not display significance across all longitude ranges, indicating that the state of the circulation had
little effect on the surface latent heat flux. While L. Wang and Li (2020) indicated moistening occurred due to
0, when the MJO is centered at 120°E due to enhanced easterlies over the Pacific, our results suggest that the
strength of these easterlies does not have a strong relationship with the latent heat flux.

Therefore, while some influence of the wady term is suggested near/over the Maritime Continent, as implied by
studies such as Hsu and Li (2012) and B. Wang et al. (2019), such an influence is not consistent across all longi-
tudes given the opposing contribution from the resid term. The existence of Kelvin wave signal, identified by the
presence of both easterly winds and negative geopotential height, enhances MJO eastward propagation primarily
over the Indian Ocean (Figure 4), where it is associated with enhanced moistening via meridional advection
(Figure 9). Therefore, the effect of the Kelvin wave on MJO propagation may still be indirect due to its strong
coupling with the Rossby wave that tends to strengthen with Kelvin wave signal. Despite this, having lower pres-
sures (negative Z*) east of MJO convection does appear to encourage more vertical moistening from boundary
layer convergence (Figure 9), especially once the MJO moves over the Maritime Continent, and therefore the role
of wadyv should not be fully discounted.

5. Conclusion and Discussion

Eastward propagation of the MJO, especially over the Maritime Continent, remains an issue in operational and
climate models. To improve our understanding of MJO propagation, this study assessed the relationship between
MIJO circulation and its propagation over the Maritime Continent. We developed a new method to quantify MJO
circulation independent of its zonal scale over differing regions. Prior studies suggest that a Kelvin circulation
leading MJO convection can support MJO propagation through horizontal advection (Adames & Kim, 2016;
Adames & Wallace, 2015; Feng et al., 2015) and frictional boundary convergence (B. Wang et al., 2016, 2019;
Hsu & Li, 2012; Wei & Ren, 2019). Therefore, a probability analysis was conducted to test the impact of both the
lower-tropospheric zonal wind and geopotential height anomalies within the Kelvin circulation on MJO propaga-
tion. An intraseasonal moisture budget analysis was conducted to link the results found in the probability analysis
with physical processes known to affect the evolution of the MJO (A. H. Sobel et al., 2001; Adames & Kim, 2016;
A. Sobel & Maloney, 2012; Chen & Wang, 2019).

In agreement with prior studies, we found that the existence of equatorial easterlies east of MJO convection
increases the chance of its propagation, especially around the Maritime Continent (Figure 3). A new finding
of this study is that the presence of negative geopotential height east of MJO convection over the Indian Ocean
further increases the chances of eastward propagation (Figure 4). Probabilities of propagation are highest when
anomalous easterlies and negative geopotential height are both present east of MJO convection (a Kelvin circu-
lation, Figure 4a). These results indicate that zonal wind and geopotential height signals consistent with Kelvin
waves play a role in supporting MJO eastward propagation. However, the effect of the Kelvin wave on MJO
eastward propagation may be indirect through the strong coupling between Kelvin and Rossby wave circulation.
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A moisture budget analysis indicates that the MJO with a strong Kelvin wave signal tend to propagate across
the Maritime Continent through enhanced environmental moistening stemming from meridional advection. The
strongest contributor to the overall meridional advection is the meridional advection of background specific
humidity by the intraseasonal wind. Stronger Kelvin wave circulation east of MJO convection is coupled with
anticyclonic equatorial Rossby circulations associated with a suppressed convective phase and dry signal lead-
ing the active convection or a separate westward propagating intraseasonal mode (DeMott et al., 2018; D. Kim
et al., 2014; Gonzalez & Jiang, 2019). Therefore, although Kelvin waves do not produce strong meridional winds,
the associated equatorial Rossby waves could potentially lead to moistening through meridional advection and
support MJO eastward propagation.

The importance of individual moisture budget terms also changes depending on the region that is assessed.
Stronger negative geopotential height collocated with the Kelvin circulation east of the convective center leads to
stronger moistening through vertical advection. This result may be partially related to meridional shifting of the
active convection and circulation over these longitudes (D. Kim et al., 2017) and maturation of the circulation
response (Adames & Wallace, 2015; Kiladis et al., 2005), which warrants further investigation. Our results
suggests that previous studies such as B. Wang et al. (2019) that linked further propagation to primarily boundary
layer moisture convergence and subsequent vertical moistening of the lower troposphere based on a “stronger
Kelvin response” may only be applicable over a limited region. While vertical advection from boundary layer
convergence contributes—especially when considering geopotential height anomalies east of the convection—
through the lenses of our coordinate transformation methodology, it does not appear to be the primary factor in
encouraging MJO propagation. In contrast, moistening via the meridional advection is shown to play an impor-
tant role in enhancing MJO propagation throughout all longitudes.

This study focused on understanding the moistening processes associated with the MJO under the “moisture
mode” framework (A. H. Sobel et al., 2001), but we acknowledge that dry wave dynamics may play an additional
role. We additionally acknowledge that our method and choice of data do not resolve smaller scale features that
may be an important aspect in impacting moistening processes, particularly within the boundary layer. Such
smaller scale features may therefore suggest a stronger relationship between boundary layer convergence and
subsequent vertical moistening and MJO propagation than indicated in this study.

Our study provided further insights into how the Kelvin-Rossby wave circulation relates to MJO propagation. The
new method to quantify these waves can be applied to GCMs and operational models, which would help assess
model performance and MJO prediction skill. The circulation indices outlined here cannot be directly imple-
mented operationally given the filtering performed in order to yield them, but some adjustments can be made to
be applied operationally. The lack of closure in the moisture budget in ERA-Interim (Adames & Wallace, 2015;
Kiranmayi & Maloney, 2011) also presents a caveat to the analysis, as does the derived nature of the vertical
velocity fields, although vertical velocity has been shown to be well represented in ERA-Interim (Adames &
Wallace, 2014). Further analysis and improvement of diagnostic indices using both observations, other reanaly-
zes, and modeling will help further improve our understanding of MJO propagation.

Data Availability Statement

Datasets used in this manuscript are publicly available. ERA-Interim data (Dee et al., 2011) were obtained from
the ECMWEF data server and can be accessed at https://www.ecmwf.int/en/forecasts/datasets/reanalysis-datasets/
era-interim. NOAA OLR data (Liebmann & Smith, 1996) were obtained from the NOAA PSD data server and
can be accessed at https://psl.noaa.gov/data/gridded/data.interp_OLR.html.
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