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ABSTRACT

The Madden—Julian oscillation (MJO) exhibits pronounced seasonality. While it is largely characterized by
equatorially eastward propagation during the boreal winter, MJO convection undergoes marked poleward
movement over the Asian monsoon region during summer, producing a significant modulation of monsoon
rainfall. In classical MJO theories that seek to interpret the distinct seasonality in MJO propagation features,
the role of equatorial wave dynamics has been emphasized for its eastward propagation, whereas coupling
between MJO convection and the mean monsoon flow is considered essential for its northward propagation. In
this study, a unified physical framework based on the moisture mode theory, is offered to explain the sea-
sonality in MJO propagation. Moistening and drying caused by horizontal advection of the lower-tropospheric
mean moisture by MJO winds, which was recently found to be critical for the eastward propagation of the
winter MJO, is also shown to play a dominant role in operating the northward propagation of the summer
MJO. The seasonal variations in the mean moisture pattern largely shape the distinct MJO propagation in
different seasons. The critical role of the seasonally varying climatological distribution of moisture for the
MJO propagation is further supported by the close association between model skill in representing the MJO
propagation and skill at producing the lower-tropospheric mean moisture pattern. This study thus pinpoints an
important direction for climate model development for improved MJO representation during all seasons.

1. Introduction

One of the most prominent modes of variability in
the earth’s atmosphere, the Madden—Julian oscillation
(MJO), remains poorly represented in present-day cli-
mate and weather forecast models (Neena et al. 2014;
Jiang et al. 2015; Neena et al. 2017; Ahn et al. 2017),
greatly limiting our capability to conduct short-term
climate prediction of extreme weather activity. The
grand challenge in modeling the MJO is largely due to
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our limited understanding of essential processes regu-
lating this important form of variability.

The MJO exhibits pronounced seasonality in its prop-
agation characteristics. During boreal winter, the MJO is
characterized by the equatorial eastward propagation
(Madden and Julian 1994). In contrast, it exhibits marked
poleward movement over the Indian Ocean (IO) and
western Pacific (WP) during summer with a relatively
weak eastward-propagating component (e.g., Lau and
Chan 1986; Hsu and Weng 2001; Jiang et al. 2004). Var-
ious theories have been proposed to explain the distinct
seasonality in MJO propagation (e.g., Waliser 2006;
Wang 2012). One traditional view of the eastward
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propagation of the winter MJO maintains through trig-
gering of new convection to the east by frictional moisture
convergence in the planetary boundary layer (PBL) as-
sociated with the equatorial Kelvin wave response to the
MJO convective heating (e.g., Salby et al. 1994; Wang and
Li 1994; Maloney and Hartmann 1998). Meanwhile, past
work has suggested that northward propagation of the
summer MJO can be supported by preconditioning of
new convection to the north associated with PBL con-
vergence induced by barotropic cyclonic vorticity anom-
alies caused by coupling between the MJO convection
and summer mean flow (e.g.,Jiang et al. 2004). Based on a
theoretical framework and considering the MJO as a
convectively Kelvin—Rossby wave couplet, Li (2014) hy-
pothesized that the northward shift of convergence zone
and maximum moisture away from the equator in boreal
summer over the Indian monsoon region tends to damp
the equatorial moist Kelvin waves, while destabilizing the
Rossby waves, thus leading to meridional bifurcation of
the MJO convection off Sumatra.

Most recently, the concept of a “moisture mode”
(Raymond and Fuchs 2009; Sobel and Maloney 2012,
2013; Adames and Kim 2016) has been widely employed
to understand maintenance and propagation mechanisms
for the MJO, with a particular focus on the eastward
propagation of winter MJO. One of the most important
findings is that the advection of column-integrated
moist static energy (MSE) or equivalently the lower-
tropospheric moisture, particularly its horizontal com-
ponent, plays a critical role in driving the eastward
propagation of the winter MJO (e.g., Maloney 2009;
Andersen and Kuang 2012; Hsu and Li 2012; Cai et al.
2013; Chikira 2014; Kim et al. 2014; Pritchard and
Bretherton 2014; Adames and Wallace 2015; Benedict
et al. 2015; Jiang 2017; Kim et al. 2017), although a role
of vertical advection was also noted (e.g., Hsu and Li
2012; Sobel et al. 2014; Yokoi and Sobel 2015; Wang
et al. 2017). For the horizontal advection, the winter mean
low-level moisture pattern, characterized by an equatorial
maximum between 140° and 150°E with strong westward
and poleward gradients over the Indo-Pacific region
(Fig. 1a), holds the key for the MJO eastward propaga-
tion. Given an active MJO convection over the 10, both
zonal and meridional advection of mean moisture by
MJO winds lead to moistening (drying) to the east (west)
of MJO convection, driving its eastward propagation. The
critical role of the mean moisture pattern for eastward
winter MJO propagation has been recently confirmed by
multimodel climate simulations (Jiang 2017; Gonzalez
and Jiang 2017) and hindcasts (Kim 2017).

While moisture mode theory has been mainly
employed for the winter MJO, a recent diagnostic study
on MJO moisture budget by Adames et al. (2016)
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suggests that distinct MJO propagation between winter
and summer is associated with seasonal variations in the
mean moisture pattern (Fig. 1). In this study, by
conducting a detailed moisture entropy budget analysis
for the northward propagation of the summer MJO over
the IO, we illustrate that horizontal advection of sea-
sonal mean moisture by MJO winds is also critical for
the northward propagation of the boreal summer MJO,
similar to its role in eastward boreal winter MJO prop-
agation. These results thus provide a unified physical
interpretation for both the eastward and northward
propagation of the MJO.

2. Dataset

While MSE budget processes associated with the win-
ter MJO have been comprehensively investigated, ana-
lyses in this study mainly focus on the northward
propagation of the summer MJO over the 10 from May
to October during 1998-2012. Primary observational da-
tasets used in this study include the 3-hourly Tropical
Rainfall Measuring Mission (TRMM) rainfall (3B42v7
data; Huffman et al. 2007) at 0.25° spatial resolution, and
daily 3D temperature, specific humidity, and winds from
the ECMWF interim reanalysis (ERA-Interim; Dee et al.
2011) with a horizontal resolution of 1.5° X 1.5°. Daily
TRMM-based 3D radiative heating (L’Ecuyer and
McGarragh 2010; Jiang et al. 2011) and surface heat fluxes
from the objectively analyzed air-sea fluxes (OAFlux)
project (Yu et al. 2008) are also used to examine impacts
of radiation and surface fluxes on MJO propagation.

Daily output of rainfall and specific humidity from 20-yr
simulations of 24 GCMs, participating in the MJO
Task Force (MJOTF)/GEWEX Atmospheric System
Study (GASS) MJO model intercomparison project
(Petch et al. 2011; Jiang et al. 2015; Klingaman et al.
2015) is also analyzed to examine the role of the mean
moisture pattern for northward propagation of the
summer MJO. Details of the GCMs analyzed in this
study can be found in Jiang et al. (2016). For the fol-
lowing analyses, all observed and model fields are in-
terpolated onto the same standard 2.5° X 2.5° horizontal
grids and 22 vertical pressure levels.

3. Results

a. Moist entropy analysis for northward MJO
propagation

While the moist entropy is largely equivalent to the
MSE, the conservation of the MSE depends on the hy-
drostatic approximation, which is not precisely valid
for a moving parcel; in contrast, the moist entropy is
conserved by definition in slow, moist, and dry adiabatic
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F1G. 1. (a) Winter (November—April) and (b) summer (May-October) mean lower-
tropospheric (900-600 hPa) specific humidity (shaded; gkg '), and mean 850-hPa winds
[vectors; see a scale at the top right of (a)] based on ERA-Interim from 1998 to 2012.

processes (Madden and Robitaille 1970; Raymond et al.
2009; Raymond 2013). Therefore, similarly to previous
MSE analyses for the winter MJO (Benedict et al. 2014;
Jiang 2017), the moist entropy (ME or S) is used in this
study as an alternate form of the conventional MSE
following Raymond et al. (2009), which is defined as

r p
8= T,(Cpp +1,Cpy) In (T—> —R,T,In <F—D)
R R

—r R, T ln( )+L ry
sk

where Cpp, Rp, and pp are the specific heat, gas con-
stant, and partial pressure of dry air respectively; Cpy,
Ry, and py are the specific heat, gas constant, and partial
pressure of water vapor, respectively; ry is the water
vapor mixing ratio; 7 is air temperature; T is the ref-
erence temperature of 273.15K; pg is the reference
pressure (1000 hPa) for dry air; esp = 611Pa; and Ly =
2.5 X 10°Jkg ! is the enthalpy of vaporization.

The vertically integrated ME equation can then be
written as

R 1

M

where the square brackets represent mass-weighted
vertical integrals from 1000 to 100hPa, v is the hori-
zontal winds, o is the vertical pressure velocity, Fj is
total surface fluxes (including latent and sensible heat
fluxes), and Qp is vertically integrated radiative heat
fluxes (including longwave and shortwave heat fluxes).
A brief validation of coherence between rainfall and
ME anomalies associated with northward propagation of
the MJO is first provided. The northward propagation of
the summer MJO with a phase speed of about 1° day ' is
clearly evident over the 10 sector (75°-90°E; Fig. 2a)
based on lag-regression of 20-100-day filtered rainfall
against itself in an 10 box (2.5°-7.5°N, 75°-90°E; see box
in Fig. 2c)." Regressed vertically integrated ME anoma-
lies exhibit similar propagation features, and are gener-
ally in phase with rainfall (Fig. 2b). Spatial patterns of
regressed rainfall and ME anomalies at lag 0 day are
further displayed in Figs. 2c,d. Positive (negative) MJO
rainfall anomalies are generally collocated with positive
(negative) ME anomalies, with both of which exhibiting a
southeast-northwestward tilt. The consistency between

! Considering the focus of this study on northward propagation
of the boreal summer MJO, a box region centered at 5°N is applied
for lag-regression calculations here.
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FIG. 2. Latitude-time evolution of the observed (a) rainfall (mm day ') and (b) vertically integrated moisture
entropy (10° J m~?) anomalies averaged over the Indian Ocean sector (75°-90°E) associated with the summer MJO,
derived by lag regressions of corresponding 20-100-day bandpass-filtered anomalies against 20-100-day rainfall
anomalies in the Indian Ocean box 2.5°-7.5°N, 75°-90°E [shown in (c)]. Spatial regression patterns of (c¢) rainfall and

(d) ME anomalies on lag 0 day.

rainfall and ME anomalies of the summer MJO is thus in
concert with the moisture mode theory, and justifies using
the ME analysis for investigating the MJO northward
propagation mechanism.

Figure 3a illustrates the regressed anomalous column-
integrated ME tendency pattern at day 0. Positive
(negative) ME tendency is evident to the north (south)
of MJO convection and ME (Fig. 2), consistent with its
northward propagation. The pattern of each ME budget
term on the rhs of Eq. (2) (Figs. 3b—e) suggests that
horizontal ME advection (Fig. 3b) is the main contrib-
utor to the total ME tendency in Fig. 3a, with strong
positive horizontal advection over the Bay of Bengal
(BoB) and near-coastal regions of the Arabian Sea be-
ing partially offset by the vertical advection, and nega-
tive horizontal advection near the equator being
partially offset by radiative effects and surface fluxes.
The positive vertical ME advection over the land area of
the Indian subcontinent, associated with local anoma-
lous MJO downward motion possibly caused by topo-
graphic influences of the Ghats over the western coast,
partially contributes to the local total ME tendency,
leading to a smooth positive ME tendency belt to the
north of MJO from the Arabian Sea to BoB. ME

tendencies resulting from Qx and Fj are largely positive
(negative) over the convectively active (inactive) region
of the MJO, indicating that these two energy sources
amplify the summer MJO, similar to the case of the
winter MJO (e.g., Raymond 2001; Maloney and Sobel
2004; Andersen and Kuang 2012; Sobel et al. 2014; Kim
et al. 2014; Arnold and Randall 2015; Yokoi and Sobel
2015; Jiang et al. 2016; Jiang 2017).

The relative importance of each ME term for north-
ward MJO propagation is assessed by projecting its
spatial pattern (Figs. 3b—e) onto the total ME tendency
(Fig. 3a) over the domain of 5°S-25°N, 50°~110°E.> The
dominant role of horizontal ME advection for the total
ME tendency is clearly evident (Fig. 4a). While the
vertical ME advection and radiative effects generally
have a weak impact on propagation, surface fluxes tend
to inhibit the northward propagation, largely because of
the reduction of westerly mean monsoon winds by
easterly MJO anomalous winds to the north of the MJO
convection (e.g., cf. Figs. 1b and 5a). A positive ME

2Results shown here are not sensitive to slight changes of
projection domain.
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FIG. 3. Lag 0 day regressed patterns for (a) total vertically integrated ME tendency and its budget terms (W m ™~ 2),
including (b) horizontal and (c) vertical ME advection, (d) radiative heating, and (e) surface fluxes in the obser-
vations. Note that TRMM-based Qx and F; from the OAFlux project are only available over ocean.

budget residual is also noted (Fig. 4a), possibly resulting
from spatial interpolation and the analysis increment in
the reanalysis data (Kiranmayi and Maloney 2011;
Mapes and Bacmeister 2012), and the use of satellite-
based Qg and surface heat flux estimates.

To further identify specific processes associated with
horizontal ME advection for northward MJO propaga-
tion, both horizontal winds and ME are decomposed
into three different time scales: low-frequency (>100 days,
with mean annual cycle included), intraseasonal (20-
100 days; e.g., MJO), and high-frequency (<20 days) time
scales. The contribution of each horizontal ME advection
component to the northward propagation is indicated by
projections of its corresponding lag 0 day regressed pat-
terns onto the total ME tendency (Fig. 4b). Clearly evident
is that the background ME advection by MJO winds
[—V - VS,.] plays a dominant role in the total horizontal
ME advection and thus northward summer MJO

propagation, the same term that largely controls eastward
propagation of the winter MJO (e.g., Kim et al. 2014;
Benedict et al. 2015; Adames and Wallace 2015; Jiang
2017; Kim et al. 2017). Further decomposition of the total
[—V' - VS,,] term into zonal and meridional components
(Fig. 4b, right) suggests a dominant contribution by the
zonal advection.

As vertically integrated ME variations are largely
dominated by the low-level moisture, the above result
slightly differs from that of Adames et al. (2016). Based
on a moisture budget analysis for the summer MJO
over a broad Indo-Pacific region between 30°S and 30°N,
Adames et al. (2016) suggested that in addition to [V’ -
VS,.], advection of anomalous MJO moisture by the
mean monsoon circulation [—v' - VS§,,] also plays a
dominant role for propagation of the summer MJO.
While this latter term contributes to total ME tendency
in Fig. 3a over some regions [e.g., the moistening to the
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FIG. 4. (a) Relative role of each ME component for northward MJO propagation by
projecting spatial pattern of each ME budget term over the IO (5°S-25°N, 50°~110°E) onto
the total ME tendency pattern (Fig. 3a). (b) (left) Decomposition of the total horizontal ME
advection by three different time scales: low-frequency variability with period greater than
100 days (denoted by subscript m), MJO time scale with a period between 20 and 100 days
(denoted by a prime), and high-frequency variability (denoted by a double prime). (b) (right)
Decomposition of [V - VS,,] by zonal and meridional components.
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north of the MJO convection over the BoB as suggested
in Adames et al. (2016)], its projection on total ME
tendency pattern is rather weak in our study (Fig. 4b).
We have verified that this difference is largely due to
their compositing scheme and larger domain of study.
To demonstrate how advection of the mean ME or
low-level moisture by the MJO circulation leads to
northward MJO propagation, Fig. 5 presents 900-600-
hPa-averaged summer mean moisture (shaded) and
MIJO winds based on regression at day 0. Associated
with northwest—southeast-slanted MJO rainfall anoma-
lies near the equator and suppressed MJO convection to
the north of 10°N (Fig. 2c), the anomalous MJO circu-
lation near the equator exhibits modified Gill-type re-
sponses with stronger amplitude to the north of the
equator, partially resulting from influences of strong
vertical easterly shear of summer monsoon circulation
(Wang et al. 2003; Jiang and Li 2005). As a result, strong
anomalous easterlies prevail between 10° and 20°N.
Meanwhile, in stark contrast to the winter mean mois-
ture pattern (also see Fig. 1), the maximum in the
summer mean moisture is displaced over South Asia
near 20°N, with two local maxima between 10° and 20°N:

one over India and another over Indo-China. Therefore,
advection of this mean moisture pattern by easterly
MIJO winds leads to moistening over BoB and west of
the Ghats (e.g., Fig. 3b). Moreover, drying near the
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FIG. 5. Summer (May-October) mean 900-600-hPa-averaged
specific humidity (shading; gkg ') and anomalous MJO winds de-
rived by lag-0-day regression onto the 20-100-day filtered rainfall
anomalies over the 1O base point (vectors; see scale at the top right).
The two rectangular boxes denote regions where summer mean low-
level moisture pattern is highly correlated to MJO northward prop-
agation based on multimodel simulations as discussed in section 3b.



MONTH 2018 JIANG ET AL. 7

OBS CNRM_AM FGOALS-s2 SPCAM3
= 30N 30N

T 7T 7 T T[T mm/day
4 35 3 25 22 15 1 0505 1 15 2 25 3 35 4

FIG. 6. Latitude—time evolution of rainfall anomalies by lag-regression of 20-100-day bandpass-filtered anomalous rainfall against its
averaged value over the 10 (2.5°-7.5°N, 75°-90°E) in observations and multimodel simulations from the MJOTF/GASS MJO model
comparison project. Rainfall anomalies are averaged over 75°-90°E. Dashed lines in each panel denote the 1° day ' northward propa-
gation phase speed. Note that the observed rainfall evolution shown in the top-left panel is duplicated from Fig. 2a.
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equator as a result of mean moisture advection by the
westerly anomalous MJO winds associated with the
Rossby wave response to MJO convection leads to a
meridional dipole ME tendency pattern that drives
northward MJO propagation, a process largely similar
to that described in Adames et al. (2016).

A previous study by Prasanna and Annamalai (2012)
suggested that horizontal MSE advection is critical in
initiating intraseasonal Indian monsoon breaks, which is
in accord with results in this study although their study
focused on the suppressed phase of the summer MJO.
Moreover, results from this analysis are also consistent
with diagnostic studies using remote-sensed observa-
tions that positive moisture advection tends to play an
important role in triggering abrupt transitions from
shallow cumulus to deep convections, thus provide
preconditioning of deep convection associated with the
summer MJO (Wong et al. 2011; Wang et al. 2015).

b. Mean low-level moisture and the MJO northward
propagation in multimodel simulations

The analyses above thus suggest a critical role for the
summer mean moisture pattern in northward MJO
propagation. This is further supported by multimodel
analysis based on 24 GCM simulations from the
MIJOTF/GASS MJO model intercomparison project.
As in Neena et al. (2017), model fidelity in representing
northward propagation of the summer MJO is denoted
by the pattern correlation of the simulated lag-regressed
rainfall evolution pattern over the 10 (75°-90°E) against
its observational counterpart. Figure 6 presents lag-
regressed rainfall evolution onto a base point over
2.5°-7.5°N, 75°-90°E in model simulations along with the
observed counterpart (top-left panel; identical to
Fig. 2a). As reported in details by Neena et al. (2017),
many GCMs exhibit large deficiencies in representing
northward propagation of the summer MJO. To obtain
more reliable model skill for the MJO northward
propagation, the lag-regressed MJO rainfall anomalies
(0°=25°N; from —20 to 20 days) in models and observa-
tions are also derived against other three different 10
base points over 5° longitude strips between 75° and 90°E
centered at 2.5°,7.5°, and 10°N, respectively, in addition
to that centered at 5°N as shown in Fig. 6, and the final
skill for the MJO northward propagation in a model is
the average of the four pattern correlation scores.

Meanwhile, model fidelity in representing the summer
mean low-level moisture pattern can be derived by the
pattern correlation of simulated 900-600-hPa-averaged
mean moisture pattern against the observed. Figure 7
presents a scatterplot between model skill for the MJO
northward propagation and the summer mean low-level
moisture pattern over a broad Indian monsoon domain
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FIG. 7. Scatterplot between model skill for 900-600-hPa-
averaged summer mean specific humidity pattern over the Indian
region of 5°S-27.5°N, 60°-110°E (see black rectangle in Fig. 5) and
skill for northward MJO propagation based on multimodel simu-
lations. A linear best-fit regression line by least squares means is
shown by the gray line, and the correlation coefficient is shown in
the top-left corner.

5°8-27.5°N, 60°-110°E (black rectangle in Fig. 5) across
the multimodel simulations. A close association between
the summer mean low-level moisture pattern over the
Indian monsoon region and the northward MJO propa-
gation is clearly evident with a high correlation of 0.78
(Fig. 7). An even higher correlation of 0.82 is noted be-
tween model skill of MJO northward propagation and
skill in reproducing the summer mean moisture pattern
over the core Indian monsoon region 10°-27.5°N, 70°-
105°E (blue rectangle in Fig. 5). These results thus lend
further support to the critical role of summer mean lower-
tropospheric moisture on northward MJO propagation.

4. Summary

The MJO exhibits distinct seasonality in its propaga-
tion characteristics. While equatorial eastward propa-
gation is dominant during boreal winter, pronounced
poleward propagation prevails during summer over the
Asian monsoon region. Using the moisture mode
framework, several recent studies have highlighted the
critical role of the mean moisture pattern for eastward
propagation of the winter MJO (Jiang 2017; Gonzalez
and Jiang 2017), and its seasonal variations in propaga-
tion characteristics (Adames et al. 2016). A moist en-
tropy budget analysis is conducted in this study with a
specific emphasis on northward propagation of the
summer MJO in the 10.

Results suggest that the horizontal advection of the
climatological ME distribution (approximately the low-
level mean moisture) by MJO anomalous winds plays a
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dominant role in northward summer MJO propagation,
the same process previously suggested as critical for the
eastward propagation of the winter MJO. This study thus
provides a unified interpretation under the moisture
mode framework for both the equatorial eastward
propagation of the winter MJO and also the northward
propagation during summertime. The seasonal variations
in the mean moisture pattern between winter and sum-
mer shapes the distinct seasonality of MJO propagation
features. This notion is further supported by multimodel
simulations that indicate that model skill in representing
northward summer MJO propagation is tightly related to
their fidelity in depicting the lower-tropospheric summer
mean moisture pattern, similar to the winter MJO. Re-
sults presented here thus provide important guidance for
model development in improving the representation of
the MJO in weather and climate models.
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