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ABSTRACT: This study investigates why the major convective envelope of the Madden—Julian oscillation (MJO) detours
to the south of the Maritime Continent (MC) only during boreal winter [December—-March (DJFM)]. To examine pro-
cesses affecting this MJO detour, the MJO-related variance of precipitation and column-integrated moisture anomalies in
DJFM are compared with those in the seasons before [October-November (ON)] and after [April-May (AM)]. While
MIJO precipitation variance is much higher in the southern MC (SMC) during DJFM than in other seasons, the MJO mois-
ture variance is comparable among the seasons, implying that the seasonal locking of the MJO’s southward detour cannot
be explained by the magnitude of moisture anomalies alone. The higher precipitation variance in the SMC region is partly
explained by the much higher moisture sensitivity of precipitation in DJFM than in other seasons, resulting in a more effi-
cient conversion of anomalous moisture to anomalous precipitation. DJFM is also distinguishable from the other seasons
by stronger positive wind-evaporation feedback onto MJO precipitation anomalies due to the background westerly
wind in the lower troposphere. It is found that the seasonal cycle of moisture—precipitation coupling and wind—-eva-
poration feedback in the SMC region closely follows that of the Australian monsoon, which is active exclusively in DJFM.
Our results suggest that the MJO’s southward detour in the MC is seasonally locked because it occurs preferentially when the
Australian monsoon system produces a background state that is favorable for MJO development in the SMC.

KEYWORDS: Maritime Continent; Madden-Julian oscillation; Monsoons; Moisture/moisture budget;
Intraseasonal variability; Seasonal cycle

1. Introduction Despite the progress made in the past decades on under-
standing the MJO, the answers to many fundamental questions
about its observed characteristics remain incomplete. One such

ability. Associated with the MJO, anomalously enhanced or aspect 1s t.he MIO's characterlstlcs.lq the Ma.ntlme antment
. . . . (MC) region, where the MJO exhibits peculiar behavior that
suppressed convection coupled with planetary-scale circulation

anomalies propagates castward at a speed of about 5 m s ! are not present in the other areas [see Kim et al. (2020) and
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of tropical weather and climate phenomena, such as the for- propagating p p

. . . eastern Indian Ocean often weakens or ceases when it en-
mation of tropical cyclones (Liebmann et al. 1994; Maloney . « . o s
. . counters the MC. This so-called “MC barrier effect” (Kim
and Hartmann 2000), the Indian and Australian monsoons

. . e 1. 2014; Zh Ling 2017; K hen 2016) i
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velopment (Takayabu et al. 1999; Kessler 2001). Moreover, £8 & ’

the anomalous diabatic heating associated with the MJO in- MJO tends to be 1nterru1.:)ted in the MC region more fre-
. . . ; . . quently than observed (Jiang et al. 2015; Ling et al. 2017,
fluences circulations in the mid- to high latitudes through o .
. . Ahn et al. 2020a). Also, unlike in the Indian Ocean where
Rossby wave propagation (Matthews et al. 2004; Lin et al. the MJO’s main convective activity occurs near the equator
2009; Lee and Lim 2012; Seo and Son 2012; Dole et al. 2014; in the vicinity of the MC the ma'yorit of MJO con?/ectiori
Adames and Wallace 2014; Tseng et al. 2019). With pro- y JOTLty

found impacts on atmospheric circulations worldwide, the tends to propagate in the summer hemisphere (Knutson
p: . P L et al. 1986; Wang and Rui 1990; Zhang and Ling 2017), or
MJO provides a primary source of subseasonal predictabil-

.. . . ) in other words, the MJO “detours” the MC (Wu and Hsu
123721;1) the global climate system (Kim et al. 2018; Meehl et al. 2009; Kim et al. 2017). Partly due to the limited understand-

ing of the processes responsible for the MJO’s peculiar be-
havior over the MC, many contemporary climate models

fail to simulate realistic MJO activity across the MC region
Denotes content that is immediately available upon publica- (Jiang et al. 2015; Ahn et al. 2020b)
tion as open access. ’ ’

The Madden—Julian oscillation (MJO; Madden and Julian
1971, 1972) is the dominant mode of tropical intraseasonal vari-

Many efforts have been made to understand the mecha-
nisms behind the MJO’s peculiar behavior in the MC (e.g.,
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FIG. 1. Variance of daily MJO precipitation anomalies (mm? day ) in each month from October to May for 1998-2018.
The red boxes indicate the SMC region.

and Murtugudde 2020). Wu and Hsu (2009) suggested a cru-
cial role for MC topography in the development of the major
MJO convective envelop south of the equatorial islands
during boreal winter. Sobel et al. (2008, 2010) suggested that
intraseasonal variability of convection is preferred over the
ocean because surface latent heat flux is limited in the MC
islands near the equator, explaining why MJO variability
weakens there. Kim et al. (2017) proposed a “differential
moistening hypothesis” that attributes the southward detour
in boreal winter as a consequence of the greater moisture sup-
ply by horizontal advection in the southern MC (SMC) than
near the equator (Kim et al. 2017). Meanwhile, Zhou and
Murtugudde (2020) found that warm sea surface temperature
(SST) anomalies in the SMC appear before the onset of the
MIJO and suggested their role in the development of MJO-
associated convective anomalies.

Another group of studies has attempted to address the
question of why the southward detour of the MJO occurs
only in boreal winter (Zhang and Dong 2004; Kim et al.
2017; Singh and Kinter 2020). For example, Zhang and
Dong (2004) and Singh and Kinter (2020) showed that the
seasonal cycle of the MJO variability covaries with that of
mean-state variables such as SST, zonal wind, column mois-
ture, and lower-tropospheric moisture convergence. They
found that the MJO variability was stronger in the region
with favorable seasonal conditions for deep convection in-
cluding warm SST, low-level westerly winds, a moist atmo-
sphere, and stronger moisture convergence, although the
seasonal cycle of SST was less strongly related with that of
the MJO variability than the other variables (Zhang and
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Dong 2004). Meanwhile, Kim et al. (2017) suggested that
the larger zonal moisture advection, which is crucial to the
southward detour, is a consequence of the higher mean
zonal moisture gradient in the SMC than the equatorial
MC. While these studies have presented some strong hy-
potheses, no consensus exists on the specific mean-state
variables that are key to the seasonal locking.

This study aims to investigate processes responsible for the
seasonal locking of the MJO MC detour during December—
March (DJFM). We will first assess monthly MJO activity
and the mean state in boreal winter (DJFM) and the sea-
sons before [October—-November (ON)] and after [April-
May (AM)]. We will then examine the influence of the mean-
state differences in moisture—precipitation coupling (Bretherton
et al. 2004; Rushley et al. 2018; Adames 2017) and wind-evapo-
ration feedback (Maloney and Sobel 2004; Sobel et al. 2010)
that have been hypothesized to be important for MJO convec-
tive development. Then, the seasonal cycle of the MJO activity
will be assessed relative to the mean-state variables.

This manuscript is organized as follows. Section 2 describes
the data and methodology employed in our study. In section 3,
we examine the processes responsible for the southward detour
of the MJO and investigate the role of the mean state. Section 4
presents a summary and conclusions.

2. Data and method

a. Dataset

We use daily averaged precipitation from the Tropical
Rainfall Measuring Mission 3B42, version 7, product (TRMM
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3B42v7; Huffman et al. 2007). Atmospheric state variables
are obtained from the fifth generation of the European Cen-
tre for Medium-Range Weather Forecasts (ECMWF) rean-
alysis (ERAS) product (Hersbach et al. 2019). A gridded
SST product from the Hadley Centre Sea Ice and Sea Sur-
face Temperature (HadISST; Rayner 2003) is used to exam-
ine the spatial distribution of SST. The datasets are
obtained for the period 1998-2018 and interpolated onto a
2.5° X 2.5° horizontal grid.

b. Methods

Most of the analysis performed in this study is done with
MIJO anomalies. We define MJO anomalies as those that can
be reconstructed from the Real-Time Multivariate MJO
(RMM) index of Wheeler and Hendon (2004). Specifically,
we first calculate the daily anomalies of each variable by re-
moving the mean and first three harmonics of the climatologi-
cal seasonal cycle. Then we obtain two maps of regression
coefficients by regressing daily anomalies onto RMM1 and
RMM2. To account for the MJO’s seasonality, the regression
maps are obtained separately for each calendar day using
a 31-day moving window centered on the day of interest.
The MJO anomalies for a given day are then obtained by
multiplying RMM1 and RMM2 on that day by their corre-
sponding regression maps and adding the two products.
Despite the caveat that the resulting MJO anomaly does
not perfectly explain the entire MJO variability, it represents
a significant portion of MJO characteristics in the vicinity of
MC including both zonal and meridional variation. The MJO
life cycle composite analysis (Wheeler and Hendon 2004) is
performed by averaging a variable of interest for each phase
of the MJO over days with MJO amplitude stronger than 1,
as defined by the RMM index.

3. Results

a. Seasonality of the MJO and the mean state in
the SMC

Figure 1 displays the variance of MJO precipitation anoma-
lies in each month from October to May. The monthly MJO
precipitation variance exhibits a prominent seasonal cycle in
the vicinity of the MC. In October (Fig. 1a), precipitation var-
iance peaks to the north of the equator. The zonally elongated
envelope of high precipitation variance migrates southward
into the Southern Hemisphere in the following months, reach-
ing its greatest southern extent in February, and then moves
back to the north. Consistent with the result of Zhang and
Dong (2004), the meridional migration of the maximum pre-
cipitation variance is less prominent in the Indian Ocean than
in the MC and the equatorial western Pacific. Instead, in the
equatorial Indian Ocean, the seasonal cycle of MJO precipita-
tion variance is mostly related to the magnitude, with rela-
tively lower variance in boreal winter months than in May
and October.

Focusing on the SMC region (red box in Fig. 1), notable
MIJO variability appears only from December to March, with
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FIG. 2. As in Fig. 1, but for the variance during (a) ON, (b) DJFM,
and (c) AM. (d) Climatological seasonal cycle of area-averaged
MIJO precipitation variance (mm?* day?) in the SMC region. In
(d), the numbers over the bar graphs indicate the variance cal-
culated in ON, DJFM, and AM (from left to right). The red
boxes indicate the SMC region.

much weaker variance in the months before (ON) and after
(AM). This seasonality of MJO variance is more clearly
shown in Fig. 2. Unlike the southward MJO detour in DJFM,
the MJO variance peaks in the northern MC and equatorial
MC in ON and AM, respectively (Figs. 2a—c). The MJO pre-
cipitation variance averaged in the SMC during DJFM is
about 6.34 and 2.30 times higher than that in ON and AM, re-
spectively (Fig. 2d).

While the much weaker MJO variability in the SMC during
ON and AM seems to be due to the seasonal shift in the pre-
ferred latitude band for MJO propagation, understanding the
stark difference in MJO variability in the SMC between
DJFM and its two shoulder seasons may provide useful in-
sight into the mechanism that is responsible for the southward
MJO detour during DJFM. Note that previous studies of the
MIJO detour (Kim et al. 2017; Zhou and Murtugudde 2020)
also focused on December—February (DJF) rather than a
broader boreal winter period (November—April). While the
focus of the previous studies is the difference between detour
events and nondetour events (e.g., Zhou and Murtugudde
2020) or between the propagating and nonpropagating events
during boreal winter (e.g., Feng et al. 2015; DeMott et al.
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FIG. 3. Climatological mean of (a) low-tropospheric (925-500 hPa) moisture (gir; kg m ?), (b) precipitation (mm day '), and
(c) SST (°C) for 1998-2018 in each season. The red boxes indicate the SMC region.

2018; Li et al. 2020), we aim to reveal the difference in MJO
detour between DJFM and its shoulder seasons by identifying
role of the processes that are affected by the mean state.

To explore how the seasonal evolution of the mean state
manifests in the SMC region, Fig. 3 compares the geographi-
cal distribution of selected mean-state variables among the
seasons. Figure 3a shows long-term mean climatology of the
lower-free-tropospheric moisture (grr), which is specific
humidity anomalies integrated from 925 to 500 hPa. We note
that moisture variability in these vertical levels have a crucial
role on the development of MJO convection (Gonzalez and
Jiang 2017). Mean-state gt in DJFM shows a maximum
around 5°S and that higher than 30 kg m ™2 stretches toward
northern Australia, indicating a large enough atmospheric
moisture contents and an increase in precipitation over the
SMC region (Figs. 3a,b). Meanwhile, gyt during ON and
AM peaks around the equator with dryer atmosphere and
lower precipitation over the SMC than during DJFM. Also
shown in Fig. 3 is the mean-state SST. SST in the Timor Sea
is relatively warmer in DJFM than that in ON and AM,
while SST near the MC islands at the equator is higher in
ON and AM (Fig. 3c). The location of the highest SST in
each season does not exactly match that of g 1 and pre-
cipitation, implying that the mean SST itself cannot fully
explain the distribution of the mean-state moisture and
precipitation.

Inspired by the view that maintenance and propagation
of the MJO are explained by moisture anomalies (i.e.,
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moisture mode theory; Sobel and Maloney 2012, 2013;
Adames and Kim 2016), we test whether the moisture vari-
ability alone can explain the seasonality of MJO variability
in the SMC. Figure 4 shows the MJO-related variability of
gur anomalies. There is a notable difference in the geo-
graphical distribution of MJO precipitation and moisture
variability in all seasons. MJO moisture variance tends to
maximize at a relatively higher latitude than the MJO pre-
cipitation variance. Focusing on the SMC region, unlike the
MJO precipitation variance peaking in DJFM (Fig. 2d), the
MJO moisture variance is relatively stationary across the sea-
sons (Fig. 4d) and shows no well-defined peak in DJFM. The
results shown in Figs. 2 and 4 suggest that the seasonality in
MIJO precipitation variance in the SMC cannot simply be ex-
plained by that in MJO moisture variability. In the following
subsections, we investigate the moisture—precipitation cou-
pling and wind—evaporation feedback to understand why a
similar moisture variability yields much greater convection
variability in DJFM.

b. Role of moisture—precipitation coupling

We first analyze the relationship between gy 1 and precip-
itation in the form of a joint histogram between the two var-
iables to see if their relationship varies from one season to
another (Figs. 5Sa—c). Also indicated is the average precipi-
tation as a function of g (solid lines in Figs. 5a—c). The
overall shape of the joint histogram and the average pre-
cipitation value corresponding to a given gt are almost
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FIG. 4. As in Fig. 2, but for the variance of daily g1 anomalies
(kg?m™).

identical across the seasons in the SMC region. In all seasons,
precipitation increases rapidly with gy T, especially when g
is greater than about 35 kg m™~2. This suggests that the underly-
ing moisture—precipitation relationship (e.g., Bretherton et al.
2004; Rushley et al. 2018) does not vary across the seasons. In-
stead, it is the number of days with gy higher than 35 kg m 2
that distinguishes DJFM from ON and AM (Figs. Sa—). With
more frequent moist days, DJFM exhibits a larger mean-state
gt and precipitation (black dots in Figs. 5a—c).

Figures 5d-f show the same joint histograms and average
precipitation values as in Figs. Sa—c, except that MJO anoma-
lies are used instead of the raw values. The joint histogram of
MIJO anomalies in DJFM is clearly different from that in the
other seasons; the slope of the average precipitation line is
much steeper, indicating that the same amount of MJO mois-
ture anomaly corresponds to a much greater precipitation
anomaly in DJFM. Interestingly, the difference between the
seasons in the magnitude of the slopes in Figs. 5d—f roughly
matches that of the lines that are tangential to the average
precipitation curves in Figs. 5a—c at the value of the mean
qrt- In DJFM, with the high mean gt (Fig. 3a), perturba-
tions in moisture around the mean value would cause greater
changes in precipitation. This suggests that the mean-state
moisture difference between the seasons leads to a greater
sensitivity of precipitation to moisture in DJFM than in the
other seasons.
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To quantify the moisture sensitivity of convection and com-
pare it between the seasons, we calculate the “convective re-
laxation frequency (F,)” of Adames (2017):

~

(@,
aP

. )

1
F=—; 7 =
c ch 4 c
where 7, is the convective moisture adjustment time scale,
(g,) and P are the mean-state column-integrated satura-
tion specific humidity and precipitation, respectively. The
sensitivity parameter a is obtained by fitting the following
equation to daily precipitation and column relative humi-
dity (CRH) data (Bretherton et al. 2004; Rushley et al.
2018):

P = P, exp(aCRH), 2)

where CRH = (q)/(q,); (q) and (g,) are column-integrated
specific humidity and saturation specific humidity, respec-
tively; and P, is constant. By design, 7, determines the
moisture adjustment time scale of a precipitation response
(i.e., 7. = (q’)/P’). Then, a higher F_ indicates a faster con-
version rate from moisture anomaly to precipitation anomaly
(Adames 2017).

Figure 6 shows F, in the vicinity of the MC calculated in
each season. The areas with a higher F, migrate toward the
Southern Hemisphere in DJFM, which resembles the sea-
sonal cycle of the MJO precipitation variance (Fig. 2). F,
averaged in the SMC region during DJFM is 2.46 and 1.57
times higher than that during ON and AM, respectively,
which is consistent with the seasonality of the slope be-
tween g1 and precipitation anomaly (Figs. 5d—f). The sea-
sonal cycle of F. suggests that a higher F.—a more
efficient conversion from moisture anomaly to precipita-
tion anomaly—contributes to the stronger MJO precipita-
tion variability in the SMC during DJFM. Figure 6d shows
the seasonality of F, and that of the mean-state variables
used for calculating F. [Eq. (1)]. The seasonal cycle of F,
distribution resembles that of the mean-state precipitation
(Fig. 3b), indicating that the seasonal F, variation in the
SMC is a function of mean precipitation, while the mean
(gs) remain constant across the seasons (Fig. 6d). This im-
plies the seasonal variation of relative humidity is more
likely to be associated with that of column moisture con-
tent rather than air temperature. It will be shown later that
the seasonal evolution of the mean precipitation in the
SMC region is closely associated with the Australian mon-
soon (Fig. 11).

The results shown in this subsection demonstrate the im-
portance of moisture—precipitation coupling in the seasonal
variation of MJO precipitation variance in the SMC. Our find-
ings suggest that the higher mean precipitation in DJFM,
which leads to a more efficient conversion from moisture
anomaly to precipitation anomaly (i.e., higher F,), is a critical
factor for the exclusively higher MJO precipitation variance
in DJFM, despite the relatively stationary MJO moisture
variance.
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FIG. 5. Joint histogram of daily g, v (kg m™~% x axis) and precipitation (mm day'; y axis) collected over the ocean grid points in the
SMC region (15°-5°S, 110°~150°E). (a)—(c) Daily mean and (d)-(f) MJO anomaly. Black solid lines indicate averaged precipitation binned
by grr (results with fewer than 100 samples are omitted). Black dots in (a)-(c) indicate the climatological mean values. In (d)—(f), regres-
sion coefficient of average precipitation values onto g 1 bins is indicated in the panel, and the p value in the parenthesis indicates signifi-

cance of the regression coefficient difference from DJFM.

¢. Role of wind—evaporation feedback

In this subsection, we examine seasonal variation in the
wind-evaporation feedback and the mean-state low-level
wind. With the development of organized convection associ-
ated with the MJO, upward motion and diabatic heating
induce anomalous horizontal circulations approximately in
the form of the Matsuno-Gill response (Matsuno 1966; Gill
1980). The circulation anomalies affect surface latent heat flux
variability under the organized convection, thereby either
positively or negatively feedback on the convection. This
wind-evaporation feedback, often referred to as wind-
induced surface heat exchange (WISHE; Emanuel 1987),
has been suggested as a crucial process in the MJO pro-
pagation and maintenance (Maloney and Sobel 2004; Lin
et al. 2000; Sobel et al. 2010; DeMott et al. 2015; Fuchs and
Raymond 2017; Shi et al. 2018; Bui and Maloney 2020). As
an example, Maloney and Sobel (2004) showed the magni-
tude of the wind—evaporation feedback is correlated with

Brought to you by Colorado State University

MJO intensity in a series of GCM simulations in which the
mixed-layer depth is varied. Sobel et al. (2010) showed
that the intraseasonal variability of precipitation and sur-
face latent heat flux locally coexist, which are evident in
both observations and a global model simulation. Fuchs
and Raymond (2017) presented a simple model for the
MIJO in which WISHE plays an essential role in the MJO-
like variability. Although many of the studies suggested a
crucial role for wind-evaporation feedbacks in simulated
MIJOs, the details of the wind—evaporation feedback varied
from model to model, and their relevance to observa-
tions remains a key issue. In the following, we investigate
whether and how wind-evaporation feedbacks promote the
MJO’s southward detour during boreal winter.

Figure 7 compares the joint histogram of daily near-surface
zonal wind and surface latent heat flux over the SMC region
between the seasons. As expected, latent heat flux is larger
when the magnitude of zonal wind (i.e., wind speed) is stron-
ger (Figs. 7a—c). Note that the wind variation in the zonal
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in DJFM.

direction dominates the total wind speed in this region (not
shown). While the majority of near-surface zonal wind in
DJFM are westerly, easterlies are more frequently observed
in ON and AM. Indeed, the mean-state zonal wind in DJFM
is westerly, and that in ON and AM is easterly (black dots in
Figs. 7a—c).

Figure 8 shows the geographical distribution of the back-
ground near-surface zonal wind in each season. In DJFM, the
background westerlies are dominant to the south of the
equator in the eastern Indian Ocean and the MC (Fig. 8b).
On the contrary, the direction of the background zonal
wind in the SMC region is mostly weak easterly during ON,
and these background easterlies are even more dominant
during AM (Figs. 8a,c). For the MJO anomalies of the joint
histogram, it seems the direction of the background zonal
wind determines the relationship between zonal wind and
latent heat flux (Figs. 7d—f). In DJFM, with the background
westerlies, the MJO latent heat flux anomalies tend to in-
crease with the positive MJO zonal wind (i.e., westerly)
anomalies. On the contrary, latent heat flux anomalies tend
to decrease with the positive zonal wind anomalies in AM
and to a lesser degree in ON.

Figure 9 shows the MJO anomalies of near-surface zonal
wind and latent heat flux as a function of MJO precipitation
anomalies. The active convective regions associated with the
MJO tend to exhibit westerly wind anomalies regardless of
the seasons (Figs. 9a—c). In DJFM, the westerly MJO anoma-
lies are superimposed on background westerlies, leading to a
positive correlation between precipitation and latent heat flux
anomalies (r = 0.55; Fig. 9e) that is statistically significant at
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the 99% confidence level. The positive correlation between
precipitation and latent heat flux anomalies indicates that
wind-evaporation feedback works toward enhancing MJO
precipitation variability under the moisture mode para-
digm (e.g., Adames and Kim 2016). However, in ON and
AM, with the background easterlies, MJO precipitation
anomalies exhibit little correlation (ON) or are negatively
(AM) correlated with MJO latent heat flux anomalies, in-
dicating a weak (ON) or negative wind-evaporation feed-
back (Figs. 9d.,f).

To further examine the wind—evaporation feedback during
the MJO’s life cycle, MJO phase composites of zonal wind,
vertical velocity, precipitation, and surface latent heat flux
anomalies are compared (Fig. 10). The MJO precipitation
anomalies over the SMC peak around phase 5 with westerly
(easterly) anomalies in the lower (upper) troposphere, re-
gardless of the seasons. The peak of anomalous upward mo-
tion (phase 5), which corresponds to anomalous precipitation,
lags by one phase that of the low-level zonal wind conver-
gence (phase 4). This lag reveals that the low-level conver-
gence is located at the east of the MJO convection center
during its eastward propagation, indicating the anomalous
westerlies present at the peak of anomalous precipitation
(phase 5).

In contrast to the consistent structures of precipitation
and atmospheric circulation in their phase composites, la-
tent heat flux anomalies exhibit different behaviors among
the seasons. With the weak MJO variability and background
zonal wind during ON, only subtle wind—evaporation feed-
backs are present over the SMC region (Fig. 10a). On the
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FIG. 7. As in Fig. 5, but for the joint histogram of daily zonal wind at 1000 hPa (m s~ '; x axis) and surface latent heat flux (W m™~;
y axis). In (d)-(f), regression coefficient of average latent heat flux values onto the zonal wind bins is indicated in the panel, and the

p value in the parenthesis indicates significance of the regression coefficient difference from DJFM.

other hand, wind-evaporation feedbacks are prominent latent heat flux (Figs. 10b,c). The role of positive wind—
during DJFM and AM with the strong background wester- evaporation feedback described in this study is consistent
lies and easterlies, respectively (Figs. 10b,c). The westerly =~ with the mechanism proposed by Zhou and Murtugudde
wind anomalies during the active convection (phases 5 and 6)  (2020), who emphasized that the detour events are accom-
are superimposed on the background westerly (easterly) in  panied by the prominent westerly wind anomalies over the
DJFM (AM), increasing (decreasing) total wind speed and SMC. Our results indicate that the wind-evaporation

b) DJFM
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FIG. 8. Climatological mean of zonal wind at 1000 hPa (m s™') in (a) ON, (b) DJFM, and (c) AM. The red boxes indicate the SMC

region. Thin solid and dashed contours indicate positive and negative anomalies, respectively, and the zero line is indicated with the thick
solid line.
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feedback plays a critical role exclusively in DJFM, which is
facilitated by the mean-state westerlies that are absent in
other seasons.

The results shown in this subsection highlight a possible
role for wind-evaporation feedback on supporting the sea-
sonal variation of MJO moisture variance, which then could
affect MJO precipitation variance via moisture—precipitation
coupling in the SMC. In DJFM, the higher variances of mois-
ture and precipitation coexist over the ocean in the SMC
(Figs. 2b and 4b), which indicates the supportive role of
wind—-evaporation feedback in addition to the moisture—
precipitation coupling. In particular, our results suggest that
the background westerlies are a mean-state parameter that
favors MJO development over the SMC exclusively during
DJFM by modulating the magnitude and sign of the wind—
evaporation feedback.

d. Role of the Australian monsoon

In this section, motivated by the important role of the
mean-state variables underscored in sections 3b and 3c, we
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focus on how the background state fosters the MJO’s south-
ward detour in DJFM. To illustrate the association of the
mean-state variables highlighted above with MJO variability
during the climatological seasonal cycle, Fig. 11 shows the sea-
sonal evolution of four mean-state variables together with
that of MJO precipitation variance in the SMC region. The
convective relaxation frequency (F.) and MJO precipi-
tation variance show a robust linear relationship (r = 0.95;
Fig. 11a). One interesting feature in Fig. 11a is the sharp in-
crease from November to December in both variables,
which is associated with the onset of the Australian mon-
soon. At the beginning of the austral summer, differential
heating between land and ocean leads to a rapid develop-
ment of precipitation over the northern Australia land area
from November to December (Fig. 11b). With the monsoon
precipitation developed in northern Australia, low-level
northwesterlies near and to the north of Australia asso-
ciated with a southward shift of the local Hadley circula-
tion transport warm and moist air from the Indian Ocean
(Fig. 12; e.g., Kim et al. 2006), increasing moisture and



JOURNAL OF CLIMATE

VOLUME 35

1000

10

5 4
Phase

-18 09 0 0.9

FIG. 10. (top) MJO life cycle composite of MJO zonal wind (shaded; m s !) and vertical velocity (contours; Pa s~ ) anomalies averaged in
the SMC region (ocean only; 15°-5°S, 110°~150°E) obtained from each MJO phase (RMM amplitude > 1). Contour interval is 0.003 Pas ™,
and solid and dashed contours correspond to positive and negative anomalies, respectively. Zero line is omitted. (middle),(bottom) The
graphs below show the composite of MJO precipitation (mm day ') and surface latent heat flux anomalies (W m ), respectively. Note that

2.7 1.8 27

the x axis (MJO phase) is reversed.

precipitation over the SMC during the Australian mon-
soon period (Figs. 3a,b, 11a). The seasonal locking of the
Australian monsoon is associated with the meridional migra-
tion of the Hadley circulation, which is ultimately tied to the
climatological seasonal cycle of insolation. Our study focused
on the features of the Australian monsoon system that are
part of the climatological seasonal cycle and our results sug-
gest that the rapid seasonal transition of the MJO behavior
during austral summer also follows the onset and decay of the
Australian monsoon in the climatological seasonal cycle.
It should be noted that, although the Australian monsoon
is a seasonally locked phenomenon, the exact timing of its
onset and demise varies from one year to another due to
internal variability; it has been shown that the timing of
the Australian monsoon onset each year is affected by the
intraseasonal variability, and the onset occurs mostly in
the active phase of the MJO (Wheeler and Hendon 2004;
Duan et al. 2019).

The onset of the Australian monsoon is also manifest
in a reversal of low-level wind direction (Hung and Yanai
2004). The Australian monsoon index, defined by the low-
level zonal wind in the north of Australia (Kajikawa et al.
2010), and the near-surface zonal wind over the SMC
both exhibit a rapid transition from easterlies to wester-
lies during the onset from November to December, and
vice versa during the withdrawal from March to April
(Figs. 11c,d, 12). This zonal wind variability also exhibits a
robust linear relationship with the MJO precipitation vari-
ance, revealing that the Australian monsoon provides a
mean state favorable for MJO development. We argue that
the Australian monsoon affects MJO precipitation variance
in the SMC by modulating the mean precipitation and low-
level zonal wind, which affect moisture—precipitation cou-
pling and wind—evaporation feedback, respectively. In gen-
eral, the Australian monsoon is known to be predominant
during DJFM (Kajikawa et al. 2010; Drosdowsky 1996),
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which is consistent with the argument proposed in this
study.

Figure 13 summarizes the mean-state changes accom-
panied by the Australian monsoon and how they affect
MJO development in the SMC region. In DJFM, low-level
northwesterly winds transport moisture into the SMC and
northern Australia from the equator (Fig. 13a). The larger
mean precipitation and westerly wind within the active
Australian monsoon provide a favorable state for the MJO
to detour into the SMC. On the other hand, in ON and
AM, southeasterly mean winds allow the SMC to dry, in-
hibiting the development of MJO convection in this region
(Fig. 13b).

4. Summary and conclusions

Motivated by the limited understanding of why the ma-
jor convective envelope of the MJO detours to the south
of the MC only during boreal winter (DJFM), this study
examined the processes that explain the seasonal locking
of the MJO’s southward detour. Precipitation and mois-
ture variability associated with the MJO, the moisture—
precipitation relationship, and wind—evaporation feedbacks
were compared between DJFM and its shoulder seasons (ON
and AM) in the SMC region, with a special emphasis on the
role of the mean state. Note that we also examined longwave
cloud-radiation feedback (Lin and Mapes 2004; Andersen
and Kuang 2012; Kim et al. 2015) and other mean-state varia-
bles such as the “alpha” parameter defined by Chikira (2014)
and found that they did not show notable difference among
the seasons (not shown).

We first tested whether the moisture variability alone
can explain the seasonality of MJO variability in the SMC.
MJO-related variance of precipitation and low to midtro-
pospheric moisture anomalies in DJFM were compared
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region within the climatological seasonal cycle. DJFM and the other months are marked with red and black,

respectively.

with those in the seasons before (ON) and after (AM).
While MJO precipitation variance over the SMC was
found to be much larger during DJFM than the other sea-
sons, MJO moisture variance was comparable among the
seasons, revealing an existence of processes enhancing pre-
cipitation variability within the nearly constant moisture
variability.

The relationship between free-tropospheric moisture and
precipitation in the SMC region was then examined and com-
pared among the seasons in the form of the joint histogram.
In the total field, there was no discernable difference between
the seasons; similar moisture values corresponded to similar
precipitation values with the well-known exponential-like
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relationship between the two (Bretherton et al. 2004; Rushley
et al. 2018). In MJO anomalies, however, the same moisture
anomaly in DJFM was found to be associated with a larger
precipitation anomaly than in the other seasons, suggesting
a greater moisture sensitivity of precipitation in DJFM.
This seems at least partly responsible for the seasonal cycle
of MJO precipitation variance peaking in DJFM despite of
the relatively small seasonality of the moisture variance.
Given the exponential-like relationship between moisture
and precipitation in the total field, the larger mean-state
precipitation and moisture in DJFM causes the moisture
sensitivity of precipitation (F,) higher during that season. It
was also shown that F, and MJO precipitation variance
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FIG. 12. Climatological seasonal cycle for 1998-2018 at
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500 hPa. Black and yellow arrows indicate wind vectors (m s~ !)
at 850 and 200 hPa, respectively. For enhanced readability, the
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covary within the climatological seasonal cycle, suggesting
that the increase in the mean-state precipitation and mois-
ture is a key factor for the southward detour of MJO con-
vection in DJFM.

The role of wind-evaporation feedback to the development
of MJO convection in the SMC region was also examined.
The total field surface latent heat flux is proportional to the
speed of the near-surface zonal wind, a relationship consistent
among the seasons. Because the total wind speed is largely de-
termined by the sum of the background zonal wind and its
anomaly, the mean-state zonal wind determines the relation-
ship between the zonal wind anomaly and latent heat flux
anomaly. Regardless of the seasons, westerly anomalies
are present in the lower troposphere near the center of
MJO convection. The westerly anomalies are superim-
posed on the background westerlies in DJFM, yielding an
increase in latent heat flux. The enhanced latent heat flux
supplies additional water vapor to MJO convection, con-
tributing to the maintenance of the convection (i.e., positive
wind-evaporation feedback). However, westerly anomalies
in background easterlies in the other seasons leads to a nega-
tive wind—-evaporation feedback. The contrast in the sign of
the wind-evaporation feedback on MJO maintenance among
the seasons suggests that the mean-state westerlies in DJFM
are a crucial factor for the MJO’s southward detour during
that season.

The mean-state conditions that critically affect the devel-
opment of MJO convection in the SMC through moisture—
precipitation coupling and wind-evaporation feedbacks were
found to be closely linked to the Australian monsoon. Dur-
ing the Australian monsoon season, low-level northwesterly
winds transport moist air masses to the SMC and northern
Australia from the equator, which increases the mean pre-
cipitation and moisture, enhancing moisture—precipitation
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coupling. The westerly component of the mean wind that
arises during monsoon onset changes the sign of the wind-
evaporation feedback from negative to positive. The
monthly seasonal cycle of MJO precipitation variance in
the SMC region and the important mean-state factors regu-
lating such variance closely follow that of the Australian
monsoon, which is active exclusively in DJFM. The robust
correlation of MJO activity and mean-state evolution
strongly suggests that the MJO’s southward detour occurs
preferentially when the Australian monsoon system fosters
the mean state favorable for MJO maintenance. In a com-
panion study (Rushley et al. 2022, manuscript submitted to
J. Climate), we examine the seasonal cycle of MJO activity in
GCM simulations in which the orbital parameters are altered
and find that the moisture—convection coupling and wind-
evaporation feedback play a critical role in the simulation of
the MJO’s seasonality.

Also, the onset and intensity of the Australian monsoon
vary with low-frequency variability such as El Nino-Southern
Oscillation (Kajikawa et al. 2010; Lisonbee and Ribbe 2021),
implying that interannual and interdecadal variations of inten-
sity and timing of the Australian monsoon could affect the
MJO detour. The distribution of the mean-state moisture gra-
dient, which has been suggested as a crucial factor for vari-
ability in MJO propagation across the MC at interannual
(Kang et al. 2021) and interdecadal time scales (Kang et al.
2020), is likely associated with the Australian monsoon. MJO
diversity (Wang et al. 2019) and the phase speed of MJO
propagation (e.g., Chen and Wang 2020) may also be affected
by whether an MJO event occurs in the season with or with-
out the active Australian monsoon. These aspects warrant fur-
ther investigations of the relationship between the Australian
monsoon and the MJO.

Because many contemporary climate models fail to sim-
ulate realistic MJO propagation (Jiang et al. 2015; Ahn
et al. 2020b), it is uncertain whether these models are able
to simulate the seasonal cycle of the southward detour
realistically. Future investigations of how mean-state bias
associated with the Australian monsoon affect models’
ability to simulate the southward detour are warranted.
Also, the direction of projected change in the Australian
monsoon precipitation with warming remains uncertain,
with a nearly equal number of climate models projecting
increases and decreases in land precipitation over the
northern Australia, despite the reduced model spread in
phase 6 of the Coupled Model Intercomparison Project
(CMIP6) compared to that in CMIP5 (Dey et al. 2019;
Jin et al. 2020; Narsey et al. 2020). Projected model
changes to the MJO under the warming also show consid-
erable intermodel spread (Maloney et al. 2019; Rushley
et al. 2019), some of which may be related to the un-
certainties in the Australian monsoon change. Improved
process understanding of the relationship between the
Australian monsoon and MJO may help engender im-
provements in global climate models (GCMs) to pro-
duce more accurate simulations of MJO propagation and
teleconnections.
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