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ABSTRACT: Two existing moisture mode theories of the MJO, one emphasizing boundary layer moisture asymmetry
(MA) and the other emphasizing column-integrated moist static energy (MSE) tendency asymmetry (TA), were validated
with the diagnosis of observational data during 1979-2012. A total of 2343 MJO days are selected. While all these days
show a clear phase leading of the boundary layer moisture, 20% of these days do not show a positive column-integrated
MSE tendency in front of MJO convection (non-TA). A further MSE budget analysis indicates that the difference between
the non-TA composite and the TA composite lies in the zonal extent of anomalously vertical overturning circulation in front
of the MJO convection. A background mean precipitation modulation mechanism is proposed to explain the distinctive
circulation responses. Dependent on the MJO location, an anomalous Gill response to the heating is greatly modulated by
the seasonal mean and ENSO induced precipitation fields. Despite the negative MSE tendency in front of MJO convection
in the non-TA group, the system continues moving eastward due to the effect of the boundary layer moistening, which
promotes a convectively unstable stratification ahead of MJO convection. The analysis result suggests that the first type of
moisture mode theories, the moisture asymmetry mechanism, appears more robust, particularly over the eastern Maritime
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Continent and western Pacific.
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1. Introduction

The Madden—Julian oscillation (MJO) is the most prom-
inent intraseasonal time scale mode in the tropics. It is char-
acterized by slow eastward propagation (around 5ms~ ') along
the equator over the Eastern Hemisphere (Madden and Julian
1972; Knutson 1986; Lau and Chan 1986; Hendon and Salby
1994; Lau and Lau 2010; Li and Hsu 2017; Jiang et al. 2020;
Zhang et al. 2020) and at zonal planetary scale (Zhang 2005; Li
and Zhou 2009; Li 2014). The discovery of this oscillation can
be traced back to Madden and Julian (1971), or even earlier by
Xie et al. (1963) [see Li et al. (2018) for a report on this earlier
study]. The MJO is the major predictability source for seasonal
to subseasonal forecast (Hsu et al. 2014; Xiang et al. 2015; Zhu
et al. 2015). Therefore, it is critical to understand the basic
propagation dynamics of the MJO.

A number of MJO theories have been developed during the
past decades [see recent review papers by Zhang et al. (2020)
and Jiang et al. (2020)]. Early theoretical studies regarded the
MJO as a moist Kelvin wave modified by convective heating
through a wave—CISK (conditional instability of the second
kind) mechanism (e.g., Lau and Peng 1987; Chang and Lim
1988). But the so-derived mode had a too fast phase speed
and favored the growth of shorter wavelengths, contrary to
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observed MJO characteristics. Emanuel (1987) put forward a
wind-induced surface heat exchange (WISHE) mechanism,
which relied on the existence of a mean easterly. However, in
the most active MJO region (i.e., the Indo-Pacific warm pool),
the pronounced mean wind is westerly (Wang 1988a). A
convection—frictional convergence feedback (CFC) theory
(Wang and Rui 1990; Wang and Li 1994; Li and Wang 1994)
was proposed. It emphasized the coupling among free-
atmospheric equatorial waves, boundary layer convergence,
and convective heating. The heating was critical in forming a
Kelvin—Rossby wave coupled structure (Wang and Li 1994;
Hendon and Salby 1994). Without the longwave approxima-
tion in the meridional momentum equation, the model favored
the growth of short waves under linear heating, and the plan-
etary zonal scale was selected only when a nonlinear heating
was specified (Li and Zhou 2009). A skeleton theory was
proposed by Majda and Stechmann (2009). It emphasized the
upscaling feedback of synoptic-scale and mesoscale convective
systems to the MJO. An empirical relationship between the
smaller-scale wave activity envelope and MJO-scale moisture
was assumed (Thual et al. 2014; Thual and Majda 2015, 2016).
Yang and Ingersoll (2013, 2014) put forward a gravity wave
theory. The essence of this theory is the interference of west-
ward and eastward inertia—gravity waves whose dispersion
relations are not symmetric due to the beta effect. This theory,
however, requires further observational validation.
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One school of recent studies emphasized the important role
of perturbation moisture in MJO propagation dynamics (e.g.,
Maloney 2009; Hsu and Li 2012; Sobel and Maloney 2012,
2013; Adames and Kim 2016; Kim and Maloney 2017; Maloney
et al. 2019). The MJO moisture mode theories may be in
general separated into two types (Wang and Li 2020a; Li et al.
2020). The first type emphasizes the zonal asymmetry of the
perturbation moisture in the atmospheric planetary boundary
layer (PBL) (Hsu and Li 2012). Hereafter we name this type as
the boundary layer moisture asymmetry (MA) mechanism.
The cause of the boundary layer moisture leading is primarily
attributed to the advection of the mean moisture by anomalous
ascending motion associated with the boundary layer conver-
gence according to a moisture budget analysis, and the PBL
convergence in front of MJO convection is a result of the MJO
heating-induced Kelvin wave and a warm SST anomaly in front
of MJO convection (Hsu and Li 2012). The boundary layer
moistening in front of the convection gradually sets up local
convective instability and triggers shallow and congestus con-
vection, promoting the eastward propagation. The boundary
layer moistening and congestus clouds developing processes
were well documented by various observational studies (e.g.,
Johnson et al. 1999; Kikuchi and Takayabu 2004; Del Genio
et al. 2012), including those during the DYNAMO observa-
tional campaign (Johnson and Ciesielski 2013). There was
clearly stepwise progression from shallow cumulus to con-
gestus and to deep convection. Wang et al. (2016) and Wang
and Chen (2017) extended the previous CFC feedback model
by including a perturbation moisture equation and applying a
simplified Betts—Miller cumulus parameterization scheme in
which precipitation depends on the perturbation moisture
and a convective adjustment time. An MJO-like perturbation
with a realistic eastward phase speed was simulated. The es-
sential mechanism for the eastward propagation in the model
lies in the PBL moisture leading. The PBL moisture-dependent
parameterization scheme indirectly represents the congestus
clouds development process, which has been emphasized
in various theoretical models (e.g., Biello and Majda 2005;
Khouider and Majda 2008).

The second type of the moisture mode theories emphasizes
the zonal asymmetry of the column-integrated moisture or
moist static energy (MSE) tendency, regardless of whether or
not the PBL moisture is asymmetric. Hereafter we name the
second type as the MSE tendency asymmetry (TA) mecha-
nism. Sobel and Maloney (2012, 2013) first established a simple
theoretical model using a column-integrated specific humidity
tendency equation. The most unstable mode derived from the
model had a too slow eastward phase speed compared to the
observations. A detailed MSE budget analysis was conducted
in a superparameterization general circulation model by
Andersen and Kuang (2012), who pointed out the important
role of the horizontal and vertical advection in promoting a
zonally asymmetric MSE tendency. Adames and Kim (2016)
improved the model framework by including anomalously
meridional MSE advection proposed by Kim et al. (2014). Li
and Hu (2019) further extended the theoretical framework by
considering the advection of the mean MSE by anomalously
second-baroclinic-mode vertical motion proposed by Wang
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et al. (2017). The simple model was able to capture the plan-
etary zonal-scale selection and slow eastward phase speed
similar to the observations.

The moisture mode framework has been applied not only in
theoretical and observational studies but also in the diagnosis
of climate models. For instance, through diagnosing 27 global
climate models that participated in a model intercomparison
project organized by the MJO Task Force, Jiang et al. (2015)
and Wang et al. (2017) revealed the fundamental dynamic
processes responsible for the diverse simulations of MJO
eastward propagation under the moisture mode framework. B.
Wang et al. (2018) proposed a new MJO diagnosis matrix for
diagnosing the climate model performance, which emphasizes
the zonal asymmetry of MJO-scale circulation and moisture.

Given that the first and second types of the moisture mode
theories emphasize different physical processes, one may
wonder whether the two mechanisms operate simultaneously
in all eastward-propagating MJO events, or on some days only
one of the two mechanisms operates. Motivated by the afore-
mentioned question, we intend to diagnose a large number of
observed MJO days to investigate the relative importance of
the two types of moisture mode dynamics in the eastward
propagation. In particular, we will examine what percentage of
the eastward propagating MJO days that involve only one of
the two moisture mode mechanisms, and on these days what
causes the eastward propagation.

The remaining part of this paper is organized as following. In
section 2, data and methods are introduced. In section 3,
moisture and MSE diagnoses for the all-days composite are
discussed. Circulation characteristics of the non-TA group are
introduced in section 4. Finally, conclusions and discussion are
given in section 5.

2. Data and methods
a. Data

The primary datasets used in this study include satellite-
measured daily outgoing longwave radiation (OLR) (Liebmann
and Smith 1996) with a horizontal resolution of 2.5° X 2.5°, and
daily averaged European Center for Medium-Range Weather
Forecasts interim reanalysis (ERA-Interim; Dee et al. 2011)
data. The reanalysis data consist of three-dimensional wind,
geopotential height, temperature, specific humidity, and surface
heat fluxes fields with a horizontal resolution of 1.5° X 1.5°. Fu
et al. (2011) compared the MJO moisture fields in three re-
analysis datasets (i.e., NCEP reanalysis I and II and ERA-
Interim) with the direct satellite observations (TRMM). It was
found that the quality of the humidity field was much better in
ERA-Interim, which was used in the current study, than that in
NCEP I and II. The current study focuses on a general boreal
winter season (i.e., from 1 November to 30 April) in which
eastward-propagating MJO signals are most pronounced. The
analysis covers a 33-yr period (1979-2012).

b. Days selection

A real-time multivariate MJO (RMM) index (Wheeler and
Hendon 2004) was used to select eastward propagating MJO
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events. Before calculating the dominant EOF patterns of the
OLR and upper and lower tropospheric zonal wind fields, a 20—
100-day Lanczos bandpass filtering was applied to these fields.
The leading EOF modes show strong MJO convective centers
over the tropical eastern Indian Ocean and the western Pacific.
Associated with the MJO convection is the low-level conver-
gence and upper-level divergence, presenting a clear first-
baroclinic-mode vertical structure. By reconstructing the OLR
and wind data from the first and second EOF modes above, one
may obtain the eastward propagating MJO signal. To remove
some events with weak amplitude and short duration, we define
the following criteria for the selection of MJO days: 1) the in-
tensity of the OLR anomaly on a given day must be less than or
equal to —15Wm ™2, 2) the MJO convection with the afore-
mentioned daily OLR strength must be continually moving
across 50° in longitude and must cross the eastern Indian Ocean
(80°-100°E) and Maritime Continent, and 3) only MJO centers
located between 60°E and 180° are considered.

With the criterion above, a total of 2343 MJO days were
selected during the 33-yr period. Note that all selected MJO
days propagate eastward. To describe the 3D circulation,
moisture, and moist static energy fields associated with the
eastward-propagating MJO signal, all fields are reconstructed based
on the two leading principal components of the RMM index.

¢. Rationale for separating two type moisture mode theories

Consider a simple scenario of a two-level free atmosphere
on the equatorial beta plane without the PBL. Various free dry
waves exist in a shallow water model, as demonstrated by
Matsuno (1966). When considering an idealized circulation-
dependent heating with prescribed background moisture dis-
tribution (e.g., Wang and Li 1994; Li and Zhou 2009), a similar
set of wet wave solutions can be obtained, with a reduced
gravity wave speed (due to the reduction of midtropospheric
static stability). These wet waves are sometimes called as
convectively coupled Kelvin, Rossby, mixed Rossby—gravity
(MRG), and inertia—gravity (IG) waves. In the framework
above, the governing equations are essential same as those in
Matsuno (1966), and the perturbation moisture is not consid-
ered. With the inclusion of an additional prognostic moisture
equation, a parameterization of diabatic heating in terms of the
perturbation moisture is needed, in order to close the system.
Currently the most popular way is to assume that the heating is
proportional to the moisture (e.g., Wang et al. 2016; Wang and
Chen 2017). With this parameterization and the two-level free
atmospheric model, one would expect that the midtropo-
spheric perturbation moisture is in phase with the anomalous
ascending motion in situ, when a horizontally uniform back-
ground moisture is specified. Whereas such an in-phase rela-
tion may strengthen the perturbation and provide an additional
instability, it does not contribute to phase propagation. An
eastward phase propagation may occur when a positive mois-
ture tendency appears in front of the convective center, for
example, through the advection of a meridionally varying
mean moisture by anomalous poleward flow caused by a neg-
ative heating anomaly in front of the convection (Kim et al.
2014). Such a scenario (i.e., the perturbation moisture remains
symmetric while its tendency is asymmetric relative to the
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convective center) is essentially same as the TA mechanism
mentioned in the current study.

The scenario above is in great contrast with a situation in
which the moisture itself is asymmetric. Note that the phase
leading of the PBL moisture in front of the convection has been
found by many previous observational studies (e.g., Sperber
2003; Hsu and Li 2012). The physical cause of this moisture
asymmetry and its impact on the eastward propagation have
been extensively studied (e.g., Hsu and Li 2012). A theoretical
model based on this MA mechanism was constructed by Wang
et al. (2016) and Wang and Chen (2017). Note that in this
model the horizontal distribution of the background moisture
was assumed to be uniform, which excluded the aforemen-
tioned meridional moisture advection effect. The heating in
the model was proportional to column integrated moisture,
which was the sum of free-atmospheric moisture and PBL
moisture. While the former is in phase with the convection, the
latter leads the convection due to the phase leading of Kelvin
wave-induced PBL convergence. Thus, the PBL moisture
leading provides a fundamental mechanism for eastward prop-
agation in this simple theoretical model. It is worth mentioning
that this perturbation moisture asymmetry mechanism differs
from the previous PBL moisture convergence mechanism pro-
posed by Wang and Rui (1990) and Wang and Li (1994) in which
only the background mean moisture was considered.

In short, the MA and TA mechanisms have distinctive
physical origins. The former emphasizes the asymmetry of the
moisture itself, while the latter emphasizes the asymmetry of the
column integrated moisture/MSE tendency. For the latter, the PBL
process is not essential, as seen from the observed MSE budget
analysis (Wang et al. 2017). The discussion above may help under-
stand why the two distinctive moisture mode theories were proposed.

d. Moisture budget diagnosis

To understand specific processes that cause the PBL moisture
leading, a moisture budget diagnosis was applied. Following
Yanai et al. (1973), the moisture tendency equation on the in-
traseasonal time scale can be written as

9,4 = —(V-Vg) = (w,q) — Q4/L. @

where a prime denotes MJO-scale variables, g represents the
specific humidity, V is the horizontal velocity, V represents
horizontal gradient, w is vertical velocity, O, is the apparent
moisture sink, and L (2.5 X 10°Tkg ') is the latent heat of
condensation. The first and second terms on the right-hand side
(rhs) of Eq. (1) represent horizontal and vertical moisture
advection, respectively. The third term denotes the moisture
changing rate due to condensational heating.

A vertical average operator from 1000 to 700 hPa was ap-
plied to the moisture tendency equation to diagnose the relative
contribution of each term on the rhs of Eq. (1) to the PBL moist-
ening. Through this diagnosis, one may reveal specific physical
processes responsible for the MA and the eastward propagation.

e. MSE budget diagnosis

To reveal the specific physical processes for the TA,
we conduct a MSE budget diagnosis. MSE is defined as
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FIG. 1. Vertical-zonal cross section of (a) anomalous specific humidity (gkg ') and (b) MSE tendency
(107> m?s?) based on the total MJO days (2343 days) composite, averaged over —10° and 10° to the center of MJO
convection. Black lines represent the MJO convective center. The green box represents the PBL specific humidity
leading region. The blue box denotes the positive MSE tendency leading region. The x axis represents the relative
longitude distance to the MJO convective center. Dotted areas exceed a 95% confident level with Student’s ¢ test.
(c) Hovmoller diagram of reconstructed OLR (W m™~?) averaged between 10°S and 10°N for the 2003/04 boreal
winter. The blue contours indicate —15 W m ™2 contours. Dots indicate the reference days for the selected events.
Yellow dots represent days belong to the non-TA group. The longitude range under consideration is outlined in
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black lines.

m = C,T + gz + Lq, where T is temperature, z is height, g is
specific humidity, C, (1004J K~ 'kg ") is the specific heat at
constant pressure, and g (9.8ms™?) is gravity acceleration.
Following Neelin and Held (1987), the column-integrated
MSE budget equation on the MJO time scale may be written as
(E)tm>' =—(V.-Vm) — (wapm)' + QL + 0, )

where angle brackets denote mass-weighted vertical integral
from the surface to the tropopause. The first and second terms on
the rhs of Eq. (2) represent, respectively, horizontal and vertical
MSE advection, the third term denotes the sum of vertically in-
tegrated shortwave and longwave radiative heating rate, and the
fourth term represents the surface latent and sensible heat fluxes.
Given that MSE is a conservative quantity in the tropics in
the absence of diabatic processes (Neelin and Held 1987) and

that on the intraseasonal time scale, the MSE anomaly is in
phase with the precipitation anomaly (Andersen and Kuang
2012). The MSE budget equation can be used to understand
specific physical processes that give rise to the TA and thus
eastward propagation.

3. Moisture and MSE budget diagnoses for the all-day
composite

Figure 1a shows the composite pattern of anomalous specific
humidity based on all the selected MJO days (i.e., a total of
2343 days). It can be seen that the specific humidity anomaly in the
middle troposphere is in phase with MJO convection, while in the
lower troposphere a positive moisture anomaly leads the MJO
convection. Such an asymmetric structure matches well with the
first type of the moisture mode theories, the MA mechanism.



15 JANUARY 2021

Total

HU ET AL.

843

I'I' otal | MSE telndency |

PPL speciflic humidilty

(@)

30°

20°

10°

o

-10°

-20°

-30°

60° 90° 120°
[CONTOUR FROM -40 TO 10 BY 5]

-0.75 -0.55 -0.35 -0.15 0.05 0.25 0.45 0.65

400 .

500 —4-

Height (km)

700 =

1000

§0°

-60° -30° o° 30° 60° 90° 120°
[CONTOUR FROM -1.8x10” TO 1.8x10" BY 0.2x10']

65 55 45 35 25 -15 5 5 15 25 35 45 55 65

400 —

500 —

Height (km)

700 =

850 —
925 —
1000

-60° -30° o 30° 60° 90° 120

CONTOUR FROM -120 TO 180 BY 20

-0.06 -0.04 -0.02 0

0.02 0.04 0.06 4 0 4 8 12

FIG. 2. (a) Horizontal composite patterns of anomalous PBL specific humidity (shaded; gkg™') and OLR
(contours; Wm™?). (b) Horizontal composite patterns of anomalously column-integrated MSE tendency
(shaded; kg s ) and MSE (contours; m?s~2). Yellow dots represent the MJO convective center. Green and blue
boxes represent, respectively, the key region for moisture and MSE tendency leading. The x (y) axis represents
the relative longitude (latitude) distance to the center. (c) Vertical-zonal cross section of anomalous vertical
velocity (shaded; Pas™ ') and zonal and vertical velocity fields (vectors; ms ™! for zonal wind and 0.02 Pas ™" for
vertical pressure velocity). Yellow hollow arrows denote the vertical overturning circulation. (d) Vertical-zonal
cross section of anomalous divergence (shaded; 10”7 s~ ') and geopotential height (contours; m*s~2). Black lines
represent the MJO convective center. All the panels are based on the total MJO days (2343 days) composite,
averaged over —10° and 10° to the center of MJO convection. Areas with dots exceed a 95% confident level with

Student’s  test.

Figure 1b shows the vertical profile of the anomalous MSE
tendency derived from the all-day composite. Clearly it illus-
trates an east—west asymmetry, with a positive tendency to the
east and a negative tendency to the west of MJO convective
center. Such a zonal asymmetry of the MSE tendency is in
agreement with the TA mechanism and promotes the eastward
propagation of the MJO.

The horizontal view of the MA and the TA can be seen from
the top panel of Fig. 2. Relative to the MJO convective
center, a positive PBL moisture anomaly appears to its east
(Fig. 2a), while a positive MSE tendency appears to the east
and a negative MSE tendency appears to the west of the MJO
center (Fig. 2b). The MJO convective center denotes the lon-
gitude where the minimum meridionally averaged (10°S-10°N)
OLR appears.

The anomalous vertical velocity field shows a vertical tilting
structure. While the midtropospheric ascending motion is in
phase with the MJO convective center, the upward motion
leads the convective center in the PBL and lags the convective
center in the upper troposphere (Fig. 2c). The ascent at the
upper troposphere to the rear of MJO is consistent with the
characters of stratiform clouds, which has been emphasized to
be important for MSE tendency asymmetry and MJO eastward
propagation (Wang et al. 2017; Li and Hu 2019). The zonal
width of Gill-type anomalous vertical overturning circulation is
about 70° in longitude, as indicated by the yellow arrow in
Fig. 2c. Over the MJO convective center, the free-atmospheric
circulation is characterized by the first-baroclinic-mode struc-
ture, with a convergence in the lower troposphere and diver-
gence in the upper troposphere. Away from the convective
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FI1G. 3. (a) Vertically averaged (1000700 hPa) moisture budget
terms (10~" kgm ™~ 2s™ 1) averaged over the moisture leading region
(20°-50°, from —10° to 10°; the green box in Fig. 1a). Bars from left
to right represent, respectively, the observed specific humidity
tendency, sum of budget terms, horizontal advection, vertical ad-
vection, and condensational heating rate. (b) Column-integrated
MSE budget terms (kgs>). Bars grouped from left to right rep-
resent, respectively, the MSE tendency, sum of budget terms,
horizontal advection, vertical advection, radiation heating rate,
and surface latent heat flux. Gray, brick red, and green bars rep-
resent, respectively, an average over the east box (30°-90°, from
—10° to -10°; blue box in Fig. 1b), the west box (—50°-10°, from
—10° to -10°), and the east-west box difference.

center, a second-baroclinic-mode structure exists, with a con-
vergence in the lower and upper level and a divergence in the
middle level east of the MJO convection (Fig. 2d). An opposite
pattern appears to the west.

One question related to the MA mechanism is what causes
the boundary layer moistening in front of the MJO convection.
To answer the question, a vertically averaged (1000-700 hPa)
moisture budget analysis is conducted over a key analysis re-
gion (i.e., the green box in Fig. 1a; hereafter this green box will
be used to assess the MA mechanism). Figure 3a shows the
budget analysis result. The largest contribution arises from the
vertical advection term. To reveal specific processes responsi-
ble, the vertical advection term is further separated into three
components as follows:

~(03,9) = —®9,q' — /0.7~ 3 . 3)

where a prime denotes intraseasonal time scale variable and a
bar represents the background mean state. The diagnosis result
shows that the dominant term is —w'd,q (i.e., advection of the
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FIG. 4. Composite patterns of normalized anomalous PBL spe-
cific humidity (sky blue; normalized by 0.6 gkg '), SST (yellow;
normalized by 0.2°C), geopotential height at the top of the PBL
(red; normalized by 120 m*s~?), and divergence averaged over the
PBL (blue; normalized by 7 X 10~ s~ ') based on total MJO days
composite, averaged over —10° and 10° to the MJO convective
center. Shaded area represents moisture leading region.

mean moisture by anomalous ascending motion; figures not
shown). Because the mean moisture decays exponentially with
height, the generation of anomalous ascending motion at the
PBL holds a key.

What causes the anomalous low-level ascending motion in
front of the MJO convection? According to Hsu and Li (2012),
the anomalous ascent results from both the heating-induced
free-atmospheric Kelvin wave response and an anomalous
warm SST due to air—sea interaction. As seen from Fig. 4, a
positive low-level moisture anomaly is approximately in phase
with a low pressure anomaly at 700 hPa and a warm SST
anomaly. The low pressure anomaly at the top of PBL may
induce a boundary layer convergence and upward motion
in situ, according to the Ekman pumping mechanism (Wang
1988b; Wang and Li 1993). A warm SST anomaly induced by
reduced surface evaporation may cause boundary layer con-
vergence and ascending motion through a pressure gradient
force (Lindzen and Nigam 1987).

A key issue related to the TA mechanism is what causes a
positive MSE tendency to the east of the MJO convection. Our
MSE budget analysis shows that the key contribution arises
from both horizontal and vertical MSE advection, while radi-
ation and surface heat flux terms play a negative role (Fig. 3b).
To isolate specific advective processes, we separated the hor-
izontal and vertical MSE advection terms into linear and
nonlinear advection terms as following:

—(V-Vm)' = (0d,m)’ = —(@d,m') — (u'a,m) — (u'd,m')
— (va,m') — (Wa,m) — (W m') (4)
— (@3,m') — (w'd,m) — (w'o,m’).
The diagnosis result shows that the anomalous horizontal and

vertical MSE advection terms are mainly attributed to the
advection of the mean MSE by anomalous horizontal and



15 JANUARY 2021

30°

20°

\\\\\\\

10° G © - -

b~ —

0° S -t B 1

-10°

,,,,,,,,,,,,,,,,,,,,,,,,,,,,

-20°
......................... -
-30° I ‘——psl‘ I —#@
-60° -30° 0° 30° 60° 90° 120°
\
312000 316000 320000 324000 328000 332000 336000
200

400

500

700

850

-60° -30° 0° 30° 60° 90° 120°
[CONTOUR FROM -.06 TO .016 BY .004]

328000

330000 332000 334000 336000 338000 340000 342000 344000

FIG. 5. (top) Composite patterns of anomalously horizontal wind
(vectors; ms ') and mean MSE (shaded; m?s™~2) fields at 700 hPa.
The yellow dot represents the MJO convective center. (bottom)
Vertical-zonal cross section of anomalously vertical velocity
(contours; Pas™') and mean MSE (shaded;m*s?) field. Blue
boxes represent the key regions. All fields are based on the total
MJO composite.

vertical wind. While the maximum horizontal advection ap-
pears in the lower troposphere (near 700 hPa), the maximum
vertical advection occurs in the upper troposphere (near
300hPa) (figures not shown). The result is in good agree-
ment with previous results (e.g., Wang et al. 2017; Wang and
Li 2020b).

The cause of positive horizontal and vertical advection
anomalies to the east of the MJO convection can be inferred
from the mean MSE and the anomalous horizontal and vertical
wind patterns shown in Fig. 5. The anomalous horizontal wind
at 700 hPa is characterized by a modified Kelvin wave response
to the east of the MJO main convection and a pair of Rossby
wave gyre to the west (Li 2014). The poleward flow to the east
is the part of Rossby wave response to the suppressed con-
vection anomaly to the east of the MJO main convective center
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(Wang et al. 2017; L. Wang et al. 2018). Given the maximum
mean MSE near the equator, a poleward flow anomaly causes a
positive MSE tendency to the east of the MJO convection.

The zonal-vertical section of Fig. 5b shows a descent (as-
cent) anomaly in the upper-middle (lower) troposphere to the
east of the MJO convection. This anomalous vertical velocity
acts on the mean MSE vertical profile (with a maximum near
the tropopause and the surface and a minimum near 600 hPa)
and causes a positive MSE tendency in situ. The result is again
consistent with previous studies (e.g., Wang et al. 2017). It is
worth mentioning that the positive vertical advection is pri-
marily attributed to the upper-level part due to stronger in-
tensities in both the mean MSE gradient and anomalous
descent there. It is attributed to the advection of potential
energy (gz) rather than moist enthalpy (C,7 + Lgq). This
highlights a critical difference of physical process operating in
the MA and TA mechanisms.

To sum up, the diagnosis of the total-day composite above
shows that both the MA and TA mechanisms are valid and
important for promoting the eastward propagation of the
MJO. What happened to individual MJO days? Will the two
types of the moisture mode theories work for each of the in-
dividual days? To address the questions above, we develop a
strategy to examine each of individual MJO days. For the MA
mechanism, a PBL moisture index is introduced as the aver-
aged moisture anomaly over the key region (the green box
shown in Fig. 1a; 1000-700 hPa, from —10° to 10° and 20°-50°).
By examining the moisture index in each day, one may esti-
mate how many percentages of the MJO days satisfy the MA
mechanism. A positive index implies that a positive moisture
anomaly at the PBL leads to the MJO convection. Similarly, a
TA index is introduced. It is defined as the column-integrated
MSE tendency averaged over the domain of 1000-200 hPa,
from —10° to 10° and 30°-90° as shown in the blue box of Fig. 1b
(hereafter this blue box is used to assess the TA mechanism). A
positive TA index implies that a positive column-integrated
MSE tendency leads the MJO convection. It is worth men-
tioning that the blue box is located near the 90° phase of zonal
profile of the column integrated MSE anomaly, implying that
the TA index averaged over the domain links well to phase
propagation. By examining this index at each of individual
days, one may estimate the percentage of the MJO days that
satisfy the TA mechanism.

It is found that a positive MA index appears in all the
2343 days. This suggests that the MA appears in all the days
studied. However, 461 days (about 20% of the total days)
possess a negative TA index, implying that during these days
the MSE tendency asymmetry is not clearly presented. Note
that all these special 20% days occur when the MJO center is
located east of 140°E (hereafter these special days are referred
to as the non-TA group).

The statistical analysis above indicates that for MJOs over
the tropical Indian Ocean and western Maritime Continent
(west of 140°E; 1745 days), both types of moisture mode the-
ories are valid and can explain the MJO eastward propagation.
When the MJO convective center passes 140°E, the MA
mechanism still works, while the TA mechanism works only for
about 23% of 598 days. In the next section, we will pay special
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attention to the special non-TA group in order to understand
the cause of the invalidation of the TA mechanism while the
MA mechanism still operates.

4. Circulation characteristics and budget diagnoses of the
non-TA group

Figure 6 shows the horizontal and vertical structure of the
anomalous MSE tendency in the non-TA group composite. A
clearly negative MSE tendency occurs to the east of the MJO
convective center, which is at odds with the TA mechanism. A
negative tendency also appears to the west of and near the
MIJO center, which implies an overall weakening of MJO
strength during the period. Note that all the non-TA days are
located east of 140°E, where the mean state and surface con-
ditions may hinder the MJO development. Even though the
TA mechanism does not work well in these non-TA days,
MJOs still propagate eastward. This motivated us to further
examine the MA mechanism.

Compared to the all-day composite, a similar phase leading
of a positive PBL moisture occurs to the east of the MJO
convection in the non-TA group (Fig. 7a). An important dif-
ference is the absence of anomalous descent over the key
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region for TA (30°-90° east of the MJO convective center)
(Fig. 7b). A weak descent anomaly occurs farther to the east
(east of 120°), which connects to the low-level easterly anom-
aly, forming a zonally extended anomalous vertical over-
turning circulation (Gill 1980). This zonally expended Kelvin
wave response is consistent with the first baroclinic mode
structure of the geopotential height field in the free atmo-
sphere, with a negative (positive) anomaly in the lower (upper)
troposphere (Fig. 7c). In response to the anomalous low
pressure forcing at the top of the PBL, area-averaged boundary
layer convergence and ascending motion appear to the east of
the MJO center (Figs. 7b,c).

A column-integrated MSE budget analysis is conducted to
reveal the cause of the negative MSE tendency in the blue box
region. The contribution for each term is shown in Fig. 8a. The
horizontal advection term is positive, while the vertical ad-
vection and surface heat flux terms are negative. The sum of
these terms makes a negative MSE tendency anomaly east of
the MJO convection. Compared to the all-day composite
(Fig. 3b), the most important difference appears in the vertical
advection term (Fig. 8b).

By comparing the decomposed vertical advection fields in
the non-TA and the all-day composites, one may find that the
difference is primarily attributed to the advection of the mean
MSE by anomalous vertical velocity in the upper-middle tro-
posphere. The anomalous vertical velocity and the mean MSE
distributions in the non-TA group are shown in Fig. 8c.
Consistent with Fig. 7b, upward vertical motion anomalies
dominate the upper-middle troposphere over the key analysis
region. The anomalous ascent leads to the column-integrated
negative MSE tendency (due to the advection of the potential
energy) in the non-TA group. Despite the upper-level negative
MSE tendency, low-level moistening process still happens in
front of the MJO convection. This unveils a fundamental dif-
ference in the MA and TA mechanism.

What causes an obvious descent east of MJO convection
(at 30°-90°) in the all-day composite but not in the non-TA
composite? We hypothesize that it is attributed to the zonal
distribution of the background (including the mean and in-
terannual) state. The top panel of Fig. 9 illustrates the clima-
tological boreal winter mean SST, precipitation, and low-level
specific humidity fields, whereas the lower panels of Fig. 9 show
the interannual counterparts for the following three groups: 1)
all MJO days west of 140°E (1745 days), 2) MJO days east of
140°E that belong to the TA group (137 days), and 3) MJO days
east of 140°E that belong to the non-TA group (461 days). For
group 1, the composite MJO center is located at 95°E, and
there is pronounced seasonal mean precipitation to the date
line. Because the associated interannual SST and precipitation
anomalies in the Pacific are weak, the background state is
primarily controlled by the mean state. For groups 2 and 3, the
MJO center is located at 150°E. The background SST and
precipitation are modulated by the interannual counterparts.
In group 2, an El Nifio-like SST pattern with positive rainfall
and moisture anomalies appears to the central and eastern
Pacific. This extends the background mean precipitation east-
ward. In contrast, a La Nifia-like SST pattern with suppressed
rainfall and a negative specific humidity anomaly appears in
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the central and eastern Pacific in group 3. As a result, the
background precipitation distribution shifts westward.

The modulation of the background mean precipitation on an
anomalous Gill response was discussed by various previous
studies (e.g., Wu et al. 2009, 2017; Wang et al. 2017). According
to Gill (1980), a positive heating anomaly associated with MJO
convection can generate an anomalous vertical overturning
circulation to its east as a result of Kelvin wave response. The
so-generated descent motion to the east of the heating is in
general weak and covers a wide region under a resting envi-
ronment. However, the location of the anomalous descent is
greatly modulated by the background mean precipitation due
to the fact that a positive convection—circulation-moisture
feedback happens in the mean precipitation region and that an
anomalous descent cannot induce a negative rainfall anomaly
in the mean subsidence region (Wu et al. 2009). As a result, the
longitudinal location of the maximum descent depends greatly
on the zonal distribution of the mean precipitation. The
feedback-induced negative heating may further suppress the
original anomalous overturning circulation to its east. In group
1, a strong descent anomaly appears at 70° (see the yellow
downward arrow in Fig. 2c) due to the seasonal mean precip-
itation modulation. In groups 2 and 3, because the MJO center
shifts eastward about 50° in longitude, the combined seasonal
and interannual precipitation distribution becomes critical in
modulating the anomalous vertical overturning circulation. An
eastward shifting of the background precipitation associated

with an El Nifio-like condition favors a similar mean precipi-
tation modulation scenario in group 2, whereas a westward
shifting of the background precipitation during a La Nifla—
like condition suppresses the aforementioned convection
feedback in group 3. As a result, the anomalous response to
MJO heating in group 3 is more like the original Gill solution,
characterized by a weak but zonally expanded vertical over-
turning circulation.

To further validate the convection feedback argument
above, we examine the MJO-scale OLR anomaly distribution
in all the three groups. Figure 10 shows clearly that a positive
OLR anomaly emerges in front of MJO convection in both
groups 1 and 2. The positive OLR anomaly implies a negative
heating anomaly, and its center is located at about 70°E of the
MJO center, being in phase with the anomalous descent
(Fig. 2c). In contrast, there is no obvious positive OLR
anomaly in front of MJO convection in group 3. This confirms
the non-feedback hypothesis discussed above. Because of the
lack of feedback, a weak but more zonally expanded over-
turning circulation appears in group 3 (Fig. 7b).

The distinctive vertical velocity responses in the key analysis
region (Figs. 5 and 8c) lead to a positive column-integrated
MSE tendency in groups 1 and 2 but a negative column-
integrated MSE tendency in group 3. Such a vertical over-
turning circulation difference in the free atmosphere, however,
does not significantly affect the boundary layer moistening
process (i.e., the MA mechanism). This is because Kelvin
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wave-induced PBL convergence appears in all groups (Figs. 2d
and 7c). For the MA mechanism, it is the lower-tropospheric
easterly anomaly that plays the key role. In response to the
MJO convective heating, Kelvin waves with low-level easter-
lies and low pressure appear to the east at the top of the PBL.
This induces boundary layer convergence and upward motion.
The mean moisture is then advected by the anomalous as-
cending motion. As a result, a positive moisture anomaly leads
the convection. Figure 11 illustrates the zonal-vertical distri-
bution of the anomalous specific humidity in the non-TA
group. A clear vertically tilted moisture structure is seen,
with positive boundary layer moisture anomalies leading the
convection. According to the MA mechanism, the moisture
leading can further induce convective instability east of MJO
convection, promoting its eastward propagation.

A moisture budget over the boundary layer was further
conducted to reveal the cause of the moisture leading in the
non-TA group. Figure 12 shows that the main contribution
arises from the vertical advection. A further diagnosis indicates
that the positive vertical advection is primarily caused by the
advection of the mean moisture by anomalous ascending mo-
tion. From Fig. 12, one can see that there is a low pressure
anomaly in the front at the top of the PBL, which can induce
anomalous boundary layer convergence there through the
Ekman pumping process. Note that a negative SST anomaly
appears in the boundary layer moistening region, suggesting
that it is internal atmospheric process, not air-sea interaction,
that contributes to the convergence.

To sum up, for the non-TA group, despite the negative MSE
tendency in the front, the MJO continues to move eastward
due to the MA mechanism. A positive PBL moisture anomaly
appears to the east of MJO convection, due to the advection of
the background mean moisture by anomalous ascending mo-
tion caused by the Kelvin wave-induced boundary layer
convergence.

5. Summary and discussion

Recently, two types of the moisture mode theories have
been proposed. The first type emphasizes the moisture asym-
metry in the PBL (MA mechanism). It is argued that a positive
boundary layer moisture anomaly in front of the convection
can trigger convective instability and promotes the eastward
propagation of the MJO. The second type emphasizes the
column-integrated MSE tendency asymmetry (TA mecha-
nism). It is argued that the MJO may be viewed as a column-
integrated thermodynamic energy complex so that a zonally
asymmetric MSE tendency with a positive anomaly to the east
and a negative anomaly to the west can promote its eastward
propagation. Under this theoretical framework, whether or not
the PBL moisture is asymmetric is not critical. In this work,
through a detailed diagnosis of the 33-yr observational data, we
intend to validate the two popular moisture mode theories.

The RMM index is used to isolate the eastward-propagating
MIJO signal. A criterion is developed to retain strong,
long-duration MJO events. A total of 2343 daily eastward
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propagating MJO days are selected for the 33 northern winter
seasons. It is interesting to note that while all these MJO days
show a clear PBL moisture leading, 80% of these days possess a
clear positive column-integrated MSE tendency in front of the
MJO convective center. The 20% remaining days have a neg-
ative MSE tendency in front of the convection, and they are all
located east of 140°E.

Both the moisture asymmetry (MA) and the MSE tendency
asymmetry (TA) mechanisms are well represented in the di-
agnosis of the all-day composite. For the former, a positive
moisture anomaly occurs at the PBL to the east of MJO con-
vection. The moisture anomaly arises primarily from the ad-
vection of the mean moisture by anomalous ascending motion,
according to a moisture budget analysis. The anomalous ascent
results from the MJO heating-induced Kelvin wave response
and associated boundary layer convergence. For the latter, the
positive MSE tendency in front of the convection arises from
both the lower-tropospheric horizontal MSE advection and
upper-tropospheric vertical MSE advection.

In contrast to the all-day composite, a negative MSE ten-
dency appears in front of the MJO convection in the non-TA
group. The cause of the difference lies in the zonal scale of the
overturning circulation. While a descent appears in the key
region in the total case composite (see Fig. 2¢), a weaker ascent
appears in the non-TA composite (see Fig. 7b). The former

induces a positive MSE tendency, whereas the latter induces a
negative tendency. The vertical overturning circulation is still
there, and the difference is attributed to the zonal extent of the
circulation. By examining all the MJO days into three groups,
days west of 140°E, days east of 140°E that satisfy the TA
mechanism and the non-TA group, a background mean state
modulation mechanism is proposed to explain the distinctive
vertical velocity anomaly in front of MJO convection.
Figure 13 is a schematic diagram that illustrates the modulation
of the background mean state on the heating-induced
anomalous vertical overturning circulation in front of the
MIJO convection. The location of the maximum descent in
group 1 is primarily modulated by the seasonal mean pre-
cipitation, whereas in groups 2 and 3 it is modulated by the
combined effect of the seasonal mean state and the ENSO-
like patterns.

The mechanism through which the background precipitation
modulates an anomalous Gill response is summarized as fol-
lowing. A positive heating anomaly associated with MJO
convection can induce a Kelvin wave response with anomalous
descent to its east (Gill 1980). The so-generated descent can
only be amplified (through a positive convection—circulation—
moisture feedback) when there is background mean precipita-
tion. The process of this positive feedback can be summarized
as following. In the region of the background convection, an
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anomalous descent reduces moisture through dry advection,
leading to a negative heating anomaly in middle troposphere.
The negative heating further decreases the thickness and
induces a positive (negative) geopotential height anomaly in
the lower (upper) troposphere, which promotes a low-level
divergence and upper-level convergence. As a result, the
anomalous descent is strengthened. Because of this positive
feedback, the strength and longitudinal location of the anom-
alous descent associated with the Kelvin wave response de-
pend greatly on the background precipitation distribution. For
group 1, a strong descent appears in front of the convection due
to the seasonal mean state modulation (Fig. 13a). For groups 2
and 3, because the mean MJO center shifts about 50° in lon-
gitude, the ENSO mode becomes critical in modulating the
background state profile. An El Nifio-like background condi-
tion in group 2 favors a strong but zonally more confined vertical
overturning circulation (Fig. 13b). A La Nifia-like background
condition leads to a weak but zonally more expanded vertical
overturning circulation (Fig. 13c), in a way similar to the original
Gill response under a resting environment.

As stated in the introduction, the main objective of the
current study is to validate the existing two moisture mode
theories, based on the observational diagnosis. We confirm
that both the moisture mode theories are in general operating
in the real world. In particular, the two mechanisms work
very well over the tropical Indian Ocean and the western
Maritime Continent (west of 140°E). However, to the east
of 140°E, it appears that only 23% of the MJO days support
the TA mechanism, while 100% of these days support the MA
mechanism.

The results above were obtained based on the filtered daily
data. A parallel calculation was done with pentad data. The
comparison of the two results shows no significant difference
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based on non-TA composite. The black line and box represent the
MJO convective center and the key region, respectively.

between the daily and pentad data results. Similarly, the sen-
sitivity of the analysis result to the different domains of the TA
and MA indices, for example enlarging the domain size by 50%
and shifting zonally by 10° in longitude, has been examined.
Results show that the main results are not sensitive to the
domain change.

While the current study emphasizes the moisture mode
theories, it is worth mentioning that MJO-like perturbations
may be generated in a dry model without an explicit descrip-
tion of moisture (Yang and Ingersoll 2013, 2014). In the model,
the convective available potential energy (CAPE) was used
as a closure of cumulus parameterization. Even though some
observed features of the MJO can be explained by the moisture
mode theories, some weaknesses of the theories do exist
(Pritchard and Yang 2016; Kacimi and Khouider 2018; Zhang
et al. 2020). For example, there are several assumptions within
the moisture mode theories, such as the precipitation being
linearly proportional to the column moisture, no explicit de-
scription of the congestus (stratiform) cloud development in
front (rear) of MJO convection, a nonjustified steady-state Gill
response to the MJO heating (Kacimi and Khouider 2018),
and the use of a too large damping coefficient in the free-
atmospheric momentum and thermodynamic equations.

Caution is needed in interpreting the current analysis result
because the reanalysis data contain biases. For example, Fu
et al. (2011) noted that while the quality of the specific hu-
midity field in ERA-Interim was better than that in NCEP 1
and II compared to satellite observations, all three reanalysis
products underestimated the intensity of the eastward-
propagating MJO. It is worth pointing out that the main ob-
jective of the current study is to validate the existing two
moisture mode theories in terms of MJO propagation dy-
namics. Other important issues such as MJO planetary-scale
selection and instability mechanisms are not examined.
Through this effort, we intend to promote a deeper under-
standing and stimulate in-depth discussions of the current
moisture mode theories. Further theoretical and observational
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studies are needed to understand the fundamental difference
between the two moisture mode mechanisms and among dif-
ferent theories. While the current study focuses on the moisture
mode theories, it is desirable to validate all existing theories using
observational data including the WISHE (e.g., Emanuel 2020)
and the multiscale interaction (e.g., Majda and Biello 2004) the-
ories. An open question related to the moisture mode theories is
what controls the MJO propagation speed. Is it controlled by the
strength of the PBL moisture perturbation in front of the MJO
convection, the column integrated MSE tendency asymmetry, or
both? This issue will be discussed in the near future.
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Medium-Range Weather Forecasts interim reanalysis (ERA-
Interim) dataset at https://psl.noaa.gov/data/gridded/data.interp_
OLR html as cited in Liebmann and Smith (1996).

2. Daily reanalysis data consist of three-dimensional wind, geo-
potential height, temperature, specific humidity, and surface heat
fluxes fields are openly available from the European Center for
Medium-Range Weather Forecasts ERA-Interim dataset at
https://rda.ucar.edu/datasets/ds627.0/ as cited in Dee et al. (2011).
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