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Abstract
Column-integrated moist static energy (MSE) budgets associated with the northward-propagating boreal summer intrasea-
sonal oscillation (BSISO) are diagnosed for the Bay of Bangel (BoB) and western North Pacific (WNP) regions. While an 
active BSISO convection is in phase with a positive column-integrated MSE perturbation, the MSE tendency exhibits a 
marked north–south asymmetry about the convection, with positive (negative) anomaly to its north (south). An MSE budget 
diagnosis reveals that the advection of anomalous MSE by the background southwesterly plays a dominant role in causing 
such an asymmetry and thus promotes the northward propagation, as the anomalous rainband associated with the BSISO 
has a northwest-southeast tilted structure. The anomalous BSISO wind plays a negative role, because the low-level easterly 
anomaly to the north of the BSISO convection tends to suppress the surface evaporation through reduced near-surface wind 
speed, inhibiting the north–south asymmetry. In addition, as maximum background MSE appears over the Asian land region, 
the advection by the low-level easterly anomaly contributes negatively over the WNP while it has little impact over the BoB. 
When the BSISO convection is near the equator, a much stronger subsidence anomaly appears to the north than the south 
due to the equatorial asymmetry of the summer mean state. This leads to a greater MSE tendency north of the equator due 
to greater anomalous vertical MSE advection, supporting the initiation of the northward propagation.
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1  Introduction

The tropical intraseasonal oscillation (ISO) exhibits pro-
nounced seasonality in propagation (Madden 1986; Wang 
and Rui 1990; Madden and Julian 1994; Jones et al. 2004; 
Zhang and Dong 2004; Kikuchi et al. 2012; Adames et al. 
2016) and initiation (Jiang and Li 2005; Wang et al. 2006; 
Zhao et al. 2013; Li et al. 2015). The typical boreal win-
ter ISO, also known as the MJO (Madden and Julian 1971, 
1972), is characterized by equatorially-trapped eastward-
propagating convective anomalies, with a zonal wavenum-
ber-1 structure and a principal period of 40–50 days (Salby 

and Hendon 1994; Hendon and Salby 1994). The boreal 
summer intraseasonal oscillation (BSISO) was firstly docu-
mented in the Asian summer monsoon in 1963 (Li et al. 
2018). As shown in Fig. 1, the most outstanding contrasts 
between BSISO and winter MJO are the marked off-equa-
torial activities and northward propagations over the tropi-
cal Indian Ocean and western North Pacific during boreal 
summer (Yasunari 1979; Lau and Chan 1986; Wang and Rui 
1990; Lawrence and Webster 2002; Jiang et al. 2004; Li and 
Wang 2005; Li 2014). In addition, a northwest-southeast 
tilted rainband is clearly identified in the BSISO of 30–60-
day time scale (Wang et al. 2006; Lee et al. 2013). Another 
parallel mode of the BSISO, namely, the 10–20-day quasi-
biweekly component (Krishnamurti and Ardanuy 1980; 
Chen and Chen 1993; Fukutomi and Yasunari 1999; Li and 
Wang 2005) is not intended to be investigated in this paper.

Various mechanisms have been proposed to understand 
the eastward propagation of MJO. Currently, the moisture 
mode theory is widely accepted, and there are two schools 
of thinking. One emphasizes the east–west moisture 
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asymmetry in the planetary boundary layer (PBL) and its 
destabilizing effect (Hsu and Li 2012). The PBL moisture 
asymmetry is caused by the phase leading of PBL conver-
gence (Wang and Li 1994; Hendon and Salby 1994), in 
which free-atmospheric wave dynamics play a dominant 
role, and air–sea interaction is partially responsible (Hsu 
and Li 2012; Cui et al. 2020). The other school of think-
ing excludes the PBL moistening effect but emphasizes the 
zonal asymmetry of column-integrated moist static energy 
(MSE) tendency, namely, the moisture mode theory (Ray-
mond and Fuchs 2009; Sobel and Maloney 2012, 2013; Kim 
et al. 2014; Adames and Kim 2016). The zonal asymmetry 
of column-integrated MSE is primarily induced by horizon-
tal MSE advection in lower-troposphere (Kim et al. 2014; 
Sobel et al. 2014; Adames and Wallace 2015; Jiang 2017) 
and vertical MSE advection in upper-troposphere associ-
ated with stratiform clouds (Wang et al. 2017; Wang and Li 
2020). As illustrated in Wang et al. (2017), the advections 
of background MSE by the intraseasonal flow dominate in 
both horizontal and vertical directions.

The northward propagation of BSISO is generally 
explained with atmospheric internal dynamics and air–sea 
interactions. The former is mainly attributed to the interac-
tion between convection-generated circulation and vertical 
shear of the background flow (Jiang et al. 2004; Drbohlav 

and Wang 2005; Tsou et al. 2005; Bellon and Sobel 2008a, 
b; Kang et al. 2010; Liu et al. 2015). In this vertical shear 
mechanism, a positive (negative) barotropic vorticity anom-
aly is produced to the north (south) of the convection center, 
resulting in a north–south asymmetry of PBL convergence 
and moistening, and thus promoting the northward propaga-
tion. The air–sea interaction mechanism is attributed to the 
near-quadrature relationship between the BSISO convection 
and sea surface temperature (SST) anomalies (Kemball-
Cook and Wang 2001; Fu et al. 2003; Roxy and Tanimoto 
2012). The observed warm SST anomalies to the north of 
the active BSISO convection (Wang et al. 2006) may exert a 
significant effect in the PBL moistening through enhancing 
the surface latent heat flux (Vecchi and Harrison 2002; Roxy 
and Tanimoto 2012; Wang et al. 2018) and PBL convergence 
(Wang et al. 2018). The above mechanisms of BSISO can be 
compared with the first school of thinking mentioned before, 
namely, the asymmetry of the PBL convergence/moistening 
and its destabilizing effect.

Recently, efforts have been made to understand the 
northward propagation of BSISO from the moisture mode 
paradigm through diagnosing the MSE (or moisture/moist 
entropy) budgets (Pillai and Sahai 2016; Adames et  al. 
2016; Jiang et al. 2018; Gao et al. 2019). It is agreed that 
the distinct ISO propagation between winter and summer 

(a)

(b)

Fig. 1   The standard deviation of 20–80-day filtered CMAP rainfall anomalies (shaded, unit: mm/day) during 1979–1998 and propagation vec-
tors for boreal a summer (May–October) and b winter (December–April). From Li (2014)
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is mainly attributed to the seasonal variations in the mean 
moisture pattern (Adames et al. 2016; Jiang et al. 2018). The 
propagation direction of the BSISO is favored by the spatial 
asymmetry of the intraseasonal MSE tendency, in which the 
horizontal advection is the dominant contributor. In addition, 
a quantitative diagnosis shows that the contribution of intra-
seasonal SST anomalies can reach about 12–20% over active 
BSISO regions, through modifying surface fluxes (Gao et al. 
2019). The difference in the interaction of moisture and cir-
culation in presence of underlying SST anomalies may be 
the reason for the differential propagation (Pillai and Sahai 
2016).

For the horizontal advection which is the dominant con-
tributor of the intraseasonal moisture tendency that regu-
lates the BSISO propagation, discrepancies exist in previous 
studies regarding the relative importance of its specific pro-
cesses. In the unified moisture mode framework suggested 
by Jiang et al. (2018), the zonal advection of background 
moisture by the intraseasonal flow is almost the only term 
that controls the positive moisture tendency anomaly. How-
ever, Adames et al. (2016) shows that both the advection 
of mean moisture by the anomalous flow and advection of 
anomalous moisture by the mean zonal flow contribute sig-
nificantly. While the zonal advection is particularly empha-
sized in the other studies, Gao et al. (2019) shows that the 
meridional advection dominated by the background flow 
could be more important over the Bay of Bangel and the 
western part of the western North Pacific.

In addition to the differential compositing scheme (Jiang 
et al. 2018), an important reason of the discrepancies regard-
ing the relative importance of the specific processes is the 
sensitivity of the diagnosis results to the areas and phases 
selected. Regularly, the quantitative budget diagnosis is 
obtained by calculating the area mean of each term over 
a fixed domain at a fixed phase (e.g., Hsu and Li 2012; 
Adames et al. 2016; Wang et al. 2017; Jiang 2017; Jiang 
et al. 2018). However, for a propagating system that has a 
large spatial scale such as BSISO, distinct background states 
and anomalous circulation can be found not only over dif-
ferent areas, but also at different stages of its life cycle. For 
instance, Adames et al. (2016) found that the background 
flow advection could favor the propagation of the BSISO 
rainband, but such an effect varies with regions as the pre-
vailing direction of the climatological monsoon flow varies 
spatially. A lack of consideration of such regional and phase 
sensitivities occurred in many previous studies.

The current work is aimed at providing a more compre-
hensive view of the moisture mode framework for the north-
ward-propagating BSISO, by taking account of the regional 
and phase dependence. For this purpose, two areas of active 
BSISO with distinct background states, namely, the western 
North Pacific (WNP) and Bay of Bengal (BoB) are selected. 
Diagnoses of the column-integrated MSE budget are applied 

at the initiating and developing stages of the BSISO convec-
tion over each area. Similarity and contrast between these 
two areas at two different stages are investigated, so as to 
understand the principal processes that promote the north-
ward propagation of the BSISO and how they vary within a 
BSISO life cycle.

The rest of the paper is organized as follow. Data and 
methods are introduced in Sect. 2. Section 3 describes the 
extraction of the BSISO signature and general features of 
its evolution. Section 4 analyzes the results of column-inte-
grated MSE budget diagnoses. Summary and discussion are 
given in Sect. 5.

2 � Data and methods

2.1 � Data

The datasets used in this study include (i) daily-averaged 
Climate Forecast System Reanalysis (CFSR) low-resolution 
products provided by the National Centers for Environ-
mental Prediction (NCEP) (Saha et al. 2010), (ii) observed 
daily outgoing longwave radiation (OLR) from the National 
Oceanic and Atmospheric Administration (NOAA) polar-
orbiting satellites (Liebmann and Smith 1996), and (iii) 
daily sea surface heat fluxes from the Objectively Analyzed 
Air-Sea Fluxes (OAFlux) provided by the Woods Hole 
Oceanographic Institution (Yu and Weller 2007). The three-
dimensional atmospheric reanalysis and model-output dia-
batic heating products of CFSR at 27 pressure-levels (from 
1000 to 100 hPa) are adopted. The observed OLR is used to 
identify the BSISO convective perturbations. The sensible 
and latent heat fluxes in the OAFlux dataset are calculated 
with the bulk algorithm [given by Eqs. (3), (4) below]. The 
near-surface wind speed, together with the temperature and 
humidity information of the sea surface/near-surface air is 
also provided in the OAFlux dataset and adopted in the cur-
rent study.

The CFSR and OLR datasets have the same latitude–lon-
gitude grid at a resolution of 2.5° × 2.5°, and the OAFlux is 
defined at 1° spatial resolution. To unify the spatial reso-
lutions among datasets, the OAFlux data are transformed 
into the 2.5° grid with linear interpolation. The period of 
1985–2009 for all the datasets is chosen in order to cover the 
time range of the OAFlux dataset. The boreal summer refers 
to the months June, July and August (JJA) in this study.

2.2 � Column‑integrated MSE budget diagnosis

The moist static energy M at a constant pressure level is 
defined as:
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where T  is the air temperature, q is the specific humidity, z 
is the geopotential height, Cp is the specific heat capacity 
at constant pressure (= 1004 J K−1 kg−1), Le is the latent 
heat of vaporization (= 2.5 × 106 J kg−1), and g is the gravi-
tational acceleration (= 9.8 m·s−2). Following Neelin and 
Held (1987), the column-integrated MSE budget equation 
can be written as:

where � is the horizontal wind vector, ∇h is the horizontal 
gradient operator, � is the vertical pressure velocity, p is the 
pressure, SWHR and LWHR are the shortwave and longwave 
radiative heating rates, respectively, and SHF ↑ and LHF ↑ 
are the surface upward sensible and latent heat fluxes respec-
tively. The angle brackets represent a mass-weighted vertical 
integration from the surface to 100 hPa level. In order to 
diagnose the MSE budget associated with the BSISO evolu-
tion, a 20–80-day band-pass filter (denoted by a prime) is 
applied to Eq. (2).

In this study, M and its horizontal and vertical advec-
tions [corresponds to the first and second terms in the right-
hand side of Eq. (2), respectively] are calculated with the 
atmospheric reanalysis product of CFSR. SWHR and LWHR 
are derived from the CFSR model-output diabatic heating 
product, and SHF ↑ and LHF ↑ are derived from the OAFlux 
dataset. According to Yu and Weller (2007) and Yu et al. 
(2008), SHF ↑ and LHF ↑ in the OAFlux dataset are calcu-
lated with the bulk algorithm:

where � is the density of the air, ch and ce denote the turbu-
lent exchange coefficients for sensible and latent heat fluxes 
respectively, U is the wind speed near the sea surface, ΔT  
and Δq are the temperature and specific humidity differences 
between the sea surface and near-surface air respectively. 
The terms �Cpch and �Lece in Eqs. (3) and (4) can be calcu-
lated at every time step with the rest terms derived from the 
raw OAFlux dataset.

To identify the relative contributions of different time 
scales and their non-linear interaction effects in the intrasea-
sonal MSE budget, a similar decomposition method used in 
Hsu and Li (2012) and Li et al. (2015) is applied:

where X  represents any time-dependent variable, and 
is decomposed into a low-frequency background state 

(1)M ≡ CpT + Leq + gz

(2)

⟨�tM⟩� = −⟨� ⋅ ∇hM⟩� −
�
��pM

��

+ ⟨SWHR⟩� + ⟨LWHR⟩� + SHF ↑
�

+LHF ↑
�

(3)SHF ↑= �CpchUΔT

(4)LHF ↑= �LeceUΔq

(5)X = X̄ + X
�

+ X∗

component (> 80 day, denoted by an overbar), an intrasea-
sonal component (20–80-day, denoted by a prime), and a 
high-frequency eddy component (< 20 day, denoted by an 
asterisk). Here both synoptic-scale perturbations (typically 
less than 10 days) and quasi-biweekly oscillations (typi-
cally 10–20-day) are included in the high-frequency eddy 
component.

Our calculation shows that associated with the BSISO 
evolution, the first-order approximation of the column-inte-
grated MSE budget equation on the intraseasonal time-scale 
[Eq. (2)] can be written as:

That is, the horizontal advections and latent heat flux are 
regulated by the interactions between the background states 
and intraseasonal perturbations. The advection of back-
ground MSE by the intraseasonal ascending/descending is 
dominated in the vertical direction. The effects of shortwave 
radiative heating and sensible heat flux are neglected due to 
their small magnitudes.

3 � Extraction of the BSISO signature 
and general features of BSISO evolution

According to Fig. 1a which shows the tropical intraseasonal 
variabilities of convection during boreal summer, two active 
BSISO regions, the western North Pacific (WNP) and Bay 
of Bengal (BoB), are selected for diagnoses in this study. 
To extract local BSISO signals for WNP and BoB, an EOF 
(empirical orthogonal functions) analysis for 20–80-day 
OLR anomalies is applied to the boxes (WNP: 110°–135° E, 
7.5°–22.5° N; BoB: 80°–100° E, 7.5°–17.5° N) with larger 
variabilities. These boxes (hereafter, “target regions”) are 
selected partly because their longitude bands almost cover 
the entire BoB and WNP regions, and they also correspond 
well to the northward propagating routes of the BSISO, as 
will be seen below. The EOF results are generally insensitive 
to the small changes of boxes (figure not shown).

The two leading EOF modes over the WNP (Fig. 2a, b) 
and BoB (Fig. 2c, d) explained about two-thirds of the total 
variance in each target region for EOF analysis, respectively. 
The associated spatial structures are generally character-
ized by zonally-elongated OLR anomaly bands. The nega-
tive OLR anomaly in each EOF1 mode is centered near the 
northern flank of that in the corresponding EOF2 mode. The 
auto-correlations of the first principal components (PC1s) 
(black dashed lines in Fig. 3) are minimized when the lead/
lag step is about 15 days, and the cross-correlations between 
each pair of PC1 and PC2 (blue solid lines in Fig. 3) are 

(6)

⟨𝜕tM⟩� ≈ −
�
�̄ ⋅ ∇hM

���

−
�
�

�

⋅ ∇hM̄
��

−
�
𝜔

�

𝜕pM̄
��

+ ⟨LWHR⟩� + 𝜌Lece

�
U

�

Δq + ŪΔq
�

�
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maximized (minimized) when PC2 leads (lags) PC1 by 
about 5–10 days. The above features suggest that the first 
two EOF modes over each target region capture a northward-
propagating mode of convective anomalies with a principal 
period of 30–40 days.

The BSISO events over the WNP and BoB areas are iden-
tified with the PC1s of the EOF decompositions over the 
corresponding target regions. A total of 48 stronger events 
with the local maximums of PC1 exceeding one standard 
deviation are identified for each area, respectively. With 
these events, lead-lag composites are constructed for each 
area. Hereafter, day 0 refers to the time when PC1 reaches 
its local maximum, and negative (positive) days indicate the 
time before (after) day 0.

The composite temporal evolutions of the initiating and 
developing of an active BSISO convection over the WNP 
and BoB are shown in Figs. 4 and 5, respectively. The evolu-
tions of the convectively suppressed phase share similar fea-
tures but with opposite signs (not shown). For both the WNP 
and BoB areas, the BSISO convective perturbations origi-
nate from the equatorial Indian Ocean/western Pacific, then 
propagate northward and strengthen over the corresponding 
target regions of EOF analysis, and finally dissipate over 
the subtropical Asian continent. The northwest-southeast 
tilted rainband structure can be recognized according to the 
zonally-elongated OLR anomaly bands. Such a tilting is par-
ticularly obvious over the BoB area.

The anomalous circulation associated with the northward-
propagating BSISO is governed by the modified Gill-type 

(a) (b)

(c) (d)

Fig. 2   Two leading EOF modes of 20–80-day band-pass filtered daily 
OLR anomalies in JJA for 1985–2009 over the WNP (a, b) and BoB 
(c, d) areas respectively, regressed upon the corresponding standard-
ized principal components. The white boxes indicate the domains for 

EOF decomposition (WNP: 110°–135° E, 7.5°–22.5° N; BoB: 80°–
100° E, 7.5°–17.5° N). Percentages of the variance explained by each 
mode are displayed on the top right corners
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response and off-equatorial Rossby wave response to con-
vective heating, both under the vertical easterly shear of 
background summer monsoon (Wang and Xie 1996; Xie and 
Wang 1996; Wang et al. 2003; Jiang and Li 2005). In this 
case, the anomalous low-level cyclonic (anti-cyclonic) cir-
culation has a slight northward shift relative to the enhanced 
(suppressed) convection center. Observed strong low-level 
easterly anomalies thus appear to the north and along the 
northern flanks of the convective area, and strong westerly 
anomalies are located over the southern portion of an off-
equatorial convection.

Distinct spatial and temporal phase relationships among 
several key variables can be identified in Figs. 4 and 5, as 
well as from the time-latitude sections (Fig. 6) and the tar-
get region averaged time series (Fig. 7). An active BSISO 
convection is accompanied with a positive intraseasonal 
column-integrated MSE perturbation ( ⟨M⟩′ ), while the ten-
dency of the latter ( ⟨�tM⟩′ ) is generally in-phase with the 
intraseasonal SST anomaly. A near-quadrature phase rela-
tionship exists between BSISO convection/⟨M⟩′ and SST 
anomaly/⟨�tM⟩′ . That is, positive ⟨�tM⟩′ and warm SST 
anomalies appear before/to the north of the BSISO convec-
tion with a phase shift by roughly 90°.

The time-latitude section (Fig. 6) clarified a marked 
north–south asymmetry of ⟨�tM⟩′ about the BSISO convec-
tion center, with positive (negative) anomalies to the north 
(south). According to the moisture mode theory, such an 
asymmetry of MSE tendency promotes the northward propa-
gation of the BSISO convection. Figure 6 also reveals that 
for the northward propagation of an active BSISO convec-
tion, the north–south asymmetry is mainly driven by the 
positive ⟨�tM⟩′ to the north. The key issue of the current 
work is to diagnose the causes of the observed north–south 
asymmetry of ⟨�tM⟩′ , which would be examined in the fol-
lowing section.

4 � Intraseasonal column‑integrated MSE 
budget diagnoses

4.1 � Phase selection and general characteristics

The residuals of the diagnosed results of intraseasonal 
column-integrated MSE budget in the current study are 
acceptable, which is verified in Fig. 7. For the target region-
averaged temporal evolutions, both the diagnosed results 

Fig. 3   Autocorrelations of 
the first principal components 
(PC1s, black dashed lines) of 
the EOF decompositions shown 
in Fig. 2, and the cross-correla-
tions between each pair of PC1 
and PC2 (blue solid line), for a 
WNP and b BoB areas respec-
tively. The ordinates are the 
correlation coefficients where 
the red long-dashed lines are 
bounds of the 95% confidence 
interval (Student’s t test). The 
abscissas are the lead/lag time 
in days with positive (negative) 
values indicating that PC1 or 
PC2 lags (leads) PC1

(a)

(b)
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without [i.e., sum of the right-hand side of Eq. (2), magenta 
lines] and with first-order approximation given by Eq. (6) 
(green dashed lines) match well with ⟨�tM⟩′ itself (black dot-
ted lines), particularly over the WNP area. Albeit detectable 
deviations exit over the BoB area on both the magnitudes 
and phases, the diagnosed results captured the general fea-
tures. Residuals may come from the finite-difference cal-
culation, the inconsistency between datasets, and also the 
neglected terms for the first-order approximation.

In order to taking account of the phase dependence, two 
stages of a BSISO convection are selected over each area for 

comparison. One is the initiating stage centered at day-15 
(indicated by green triangles in Fig. 6), during which the 
convective signal emerges over the equatorial area, accom-
panied with large MSE tendency anomalies to the north. 
Another is the developing stage centered at day-8 (indicated 
by yellow triangles in Fig. 6). At the developing stage, the 
northward-propagating convection is enhanced, and pro-
nounced north–south asymmetry of the ⟨�tM⟩′ still exists. 
The mature phase (day 0) when the convection is most 
enhanced is not selected, since the convection is decaying 

Fig. 4   Left panel: composite 
intraseasonal anomalies of daily 
OLR (shaded), column-inte-
grated MSE (contour, interval: 
2 × 106 J/m2), and 700 hPa 
horizontal wind flows (vectors) 
centered at lead/lag days − 15, 
− 10, − 5 and 0, in terms of 
the BSISO events identified 
with PC1 over the WNP target 
region. Right panel: same as the 
left panel, but for SST (shaded) 
and column-integrated MSE 
tendency (contour, interval: 
5 W/m2)
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rapidly after this stage, as the positive ⟨�tM⟩′ to the north is 
rather weak.

In order to understand the causes of the observed 
north–south asymmetry of ⟨�tM⟩′ that promotes the north-
ward propagation of BSISO, we calculated the contribution 
of each term averaged over an area between the convec-
tion center and the descending center to the north, along 
the longitude band of each target region. The grids of the 
ascending and descending centers are excluded, since 
the processes there mainly contribute to the enhancing 

or decaying of the BSISO, but not the propagation. The 
⟨�tM⟩′ to the south of the convection center is rather weak 
and is not in consideration. A 5-day average centered at 
day-15 and -8 gives the results for initiating and develop-
ing stages, respectively. For instance, as shown in Fig. 10, 
the area for diagnosis at this moment ranges from 5° to 
12.5° N (indicated by white dashed lines) along the WNP 
longitude band, since the convection and descending cent-
ers are located at around 2.5° N and 15° N, respectively, 
and the datasets have a spatial resolution of 2.5°. The 
final results for the initiating stage are obtained from the 

Fig. 5   Same as in Fig. 4, but the 
composites are in terms of the 
BSISO events identified with 
PC1 over the BoB target region
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average of day-17 to day-13, and the diagnosis area adjusts 
to the propagation of the convection and descending cent-
ers at every lead/lag day.

The diagnosed results for the north–south asymmetry of 
⟨�tM⟩′ at initiating and developing stages over the WNP and 
BoB areas are given in Fig. 8. Figure 9 shows the area dif-
ferences of Fig. 8. As revealed in the figures, the asymmetry 
of ⟨�tM⟩′ is mainly driven by the advection processes, while 
the external sources of ⟨M⟩′ , namely, the longwave radia-
tive heating ( ⟨LWHR⟩′ ) and surface upward latent heat flux 
( LHF ↑

′ ) appear to inhibit it. The relative importance of each 
term varies with regions and phases. The detailed charac-
teristics and causes of each term will be discussed below.

4.2 � Intraseasonal vertical motion effects

The vertical advection as well as the longwave radiative 
heating ( ⟨LWHR⟩′ ) processes are attributed to the intrasea-
sonal vertical motion effects. This is because the former is 
dominated by the vertical advection of background MSE by 
the intraseasonal vertical motion ( −

⟨
𝜔�𝜕pM̄

⟩�

 ), and the latter 
is largely regulated by cloud covers related to �′ . There is 

an obvious phase dependence of the intraseasonal vertical 
motion effects as shown in Fig. 8, that is, they are particu-
larly important at the initiating stage but negligible at the 
developing stage. The regional dependence, on the other 
hand, is minor (Fig. 9), which makes the analysis conveni-
ent as the regional comparison can be ignored.

The vertical-latitude cross sections of several key vari-
ables related to the intraseasonal vertical motion effects 
centered at the initiating stage are shown in Fig. 10, which 
is averaged along the longitude of the WNP target region. 
Similar features can be found over the BoB area (not shown). 
The BSISO convection near the equator at the initiating 
stage can be clearly identified in the vertical sections of M′ 
(shading in Fig. 10a) and �′ (contours in Fig. 10b). Mean-
while, a much stronger intraseasonal subsidence anomaly is 
found to the north than to the south.

The much stronger subsidence anomaly to the north than 
the south of the convection near the equator is mainly caused 
by the equatorial asymmetry of the summer mean state. 
During boreal summer, the intertropical convergence zone 
shifts northward, so that more active convections appear to 
the north of the equator while it is regulated by descending 

Fig. 6   Time-latitude section of 
composite intraseasonal OLR 
(shaded) and column-integrated 
MSE tendency anomalies 
(contour, interval: 5 W/m2) 
along the (a) WNP and (b) BoB 
target region longitudes. Green 
and yellow triangles indicate 
the points of the initiating and 
developing stages of an active 
BSISO convection
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motions to the south. In this case, a subsidence perturbation 
resulted from the BSISO meridional-vertical overturning 
circulation may exert a significant effect over the northern 
tropics by inhibiting the prevailing convections. The weak-
ened convection leads to a reduced diabatic heating, which 
further enhances the anomalous subsidence and forms a 
positive feedback. However, an additional subsidence does 
not lead to an anomalous diabatic heating over the southern 
tropics where the background state is dominated by descend-
ing motions.

In addition to the equatorial asymmetry of the summer 
mean state, another two factors are possibly responsible 
for the stronger subsidence anomaly to the north. One is 
the upper-tropospheric stratiform heating at the rear of 
the BSISO convection as revealed by the contours of �′ in 
Fig. 10b, which could be related to the upper-level stratiform 
cloud detected at the rear of the winter MJO convection (Lin 
et al. 2004; Wang et al. 2017). Another is the ascending 
motion over the subtropical Asian continent that comes from 

the decaying BSISO convection of the previous round. These 
additional ascending motions appear to enhance the subsid-
ence to the north of the BSISO convection near the equator. 
The stratiform heating also weakens the upper-level subsid-
ence to the south of the convection center, which ampli-
fies the north–south asymmetry of the anomalous vertical 
motion. At the developing stage (Fig. 11), the BSISO con-
vection has moved away from the equator, and both the addi-
tional ascending motions vanished, so that the meridional-
vertical overturning circulation becomes more symmetric 
about the convection center.

The much stronger subsidence anomaly to the north of the 
convection near the equator makes an asymmetric contribu-
tion of the intraseasonal vertical motion effects to the ⟨�tM⟩′ . 
As the summer mean MSE is minimized in the middle and 
lower troposphere (could be identified from the level of zero 
−
⟨
𝜔�𝜕pM̄

⟩� shown in Figs. 10b and 11b), a deep subsidence 
results in a positive vertically integrated background MSE 
advection. On the other hand, the subsidence anomaly leads 

Fig. 7   Temporal evolutions of 
the composite intraseasonal 
anomalies spatially averaged in 
the a WNP and b BoB target 
regions, for column-integrated 
MSE tendency (black dotted 
lines), its diagnosed result by 
Eq. (2) (magenta lines), and 
the diagnosed result of the 
first-order approximation by 
Eq. (6) (green dashed lines). For 
comparison, the corresponding 
composite SST (blue bars) and 
OLR (grey areas) anomalies are 
displayed

(a)

(b)
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to less cloud cover and more outgoing longwave radiation, 
so that the ⟨LWHR⟩′ term becomes negative. Therefore, with 
a much stronger subsidence anomaly to the north of the 

convection at the initiating stage, the intraseasonal vertical 
motion contributes positively to the observed north–south 
asymmetry of ⟨�tM⟩′ through vertical MSE advection, but it 

Fig. 8   Composite intraseasonal anomalies of column-integrated 
MSE tendency and its principal contributors at initiating (upper pan-
els) and developing (lower panels) stages for WNP (left panels) and 

BoB (right panels), averaged over the area between the ascending and 
descending centers along the longitude of each target region
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is partially offsets by the reduced longwave radiative heating. 
As the meridional-vertical overturning circulation becomes 
more symmetric about the BSISO convection center at the 
developing stage, the intraseasonal vertical motion effects 
are negligible.

4.3 � Horizontal advections

The horizontal advections exhibit more complicated char-
acteristics than the vertical motions. Both zonal and meridi-
onal components, as well as the advections by background 
and intraseasonal flows are retained in the first-order 
approximation. Besides, there is pronounced regional and 
phase dependence. For simplicity, the horizontal advection 
processes are analyzed at 700 hPa, since the intraseasonal 
perturbations of ⟨M⟩′ and ⟨�tM⟩′ are maximized around this 
level as shown in the vertical sections (Figs. 10a and 11a).

As the advections of background MSE and advections 
by background flow are both important, Fig. 12 provides 
the information of climatological horizontal distributions 
of 700 hPa MSE and wind fields. The background low-
level MSE is maximized over the Asian land region, as it 
is largely regulated by the thermal effect (contours repre-
sent the ratio of enthalpy to MSE). It is also higher over 
the surrounding oceans/Maritime Continent than over the 
oceans far away from the land. The background low-level 

circulation is depicted by the Asian summer monsoon, with 
strong westerly over the BoB and southerly over the WNP. 
It is worth pointing out that over the most part of the BoB, 
there also exists southerly component with almost the same 
magnitude of that over the WNP. For further analysis, a com-
bination of background (intraseasonal) MSE and intrasea-
sonal (background) circulation is given in Fig. 13.

The background flow governs the horizontal advec-
tion processes in the BSISO MSE budgets. As exhibited 
in Fig. 13e, f, with maximized MSE anomalies over the 
convective area, the advection by the southerly component 
of background flow ( −

⟨
v̄𝜕yM

�⟩�

 ) contributes mostly to the 
positive ⟨�tM⟩′ to the north (denoted by thick contours). In 
addition, the zonal advection ( −

⟨
ū𝜕xM

�⟩�

 ) is particularly 
important over the BoB at the developing stage. Figure 13f 
reveals that the BSISO rainband (positive M′ ) has a marked 
northwest-southeast tilted structure, so that strong back-
ground westerly transports higher MSE anomalies over its 
northwest downstream. However, due to weak background 
westerly or less titled rainband, large −

⟨
ū𝜕xM

�⟩�

 does not 
exist in the other cases.

The advections of background MSE by the intraseasonal 
horizontal circulation exert relatively smaller effects. As 
the Asian land with higher background MSE locates to the 
west of WNP, easterly anomalies to the north of the con-
vection results in negative −

⟨
u�𝜕xM̄

⟩�

 (Fig. 13b). In con-
trast, the BoB is surrounded by the Indian Subcontinent 

Fig. 9   Same as in Fig. 8, but for the difference between WNP and BoB at a initiating and b developing stages
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and Indochina Peninsula where zonal gradient of M̄ 
is weak (Fig. 13c), so that the advection by anomalous 
zonal flow generally has little impact. The weak but posi-
tive −

⟨
u�𝜕xM̄

⟩�

 detected at its initiating stage is due to 
the relatively higher M̄ over the Maritime Continent. The 
−
⟨
v�𝜕yM̄

⟩�

 terms are always negligible, as v′ is weak along 
the northern flanks of the convection.

The pronounced regional difference of the horizontal 
advection processes is generally characterized by a more 
important role of zonal advection over the BoB than over 
the WNP. As mentioned before, the differential advections 
by anomalous zonal flow due to distinct land-sea distribu-
tions lead to such a regional difference (Fig. 13a–c). The 
much stronger background westerly over the BoB becomes 
a more important factor and amplifies such a difference at 

Fig. 10   Vertical-latitude cross sections of composite intraseasonal 
anomalies along the longtiduted of the WNP target region (110°–
135°  E) at lead/lag day −  15, for a MSE (shaded), MSE tendency 
(contour, inteval: 0.5 × 10−3 W/kg), and circulation (vectors); b verti-
cal advection of background MSE by intraseasonal flow (shaded), and 

vertical pressure velocity (contour, interval 0.5 × 10−2 Pa/s). White 
dashed lines indicate the southern and northern boundaries in calcu-
lating the regional averaged diagnosed results. Arrows in b indicate 
the crucial intraseasonal vertical motions that contribute to the north–
south asymmetry of ⟨�

t
M⟩′
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the developing stage (Fig. 13d–f). In addition, the prevail-
ing southerly over the off-equatorial WNP results in a larger 
contribution of meridional advection at this stage, in com-
parison with that over the BoB.

The diagnoses of the horizontal advection processes 
reveal that in contrast to the winter MJO that the advec-
tion of background MSE by intraseasonal flow plays a 
leading role (e.g., Kim et al. 2014; Wang et al. 2017), the 
advection of the intraseasonal MSE by background flow is 
dominant in the BSISO. This is mainly due to the south-
westerly/southerly background monsoon flow, along with the 

northwest-southeast tilted structure of BSISO rainband. The 
distinct land-sea distributions and prevailing wind directions 
result in pronounced regional and phase dependence.

4.4 � Surface heat fluxes

Both surface sensible and latent heat fluxes are external 
sources of the column-integrated MSE and contribute to 
its tendency. The sensible heat flux has a relatively weak 
intraseasonal variability and is neglected in the first-order 
approximation. Besides, the sensible and latent heat fluxes 

Fig. 11   Same as in Fig. 10, but at lead/lag day − 8
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as well as their principal components share many common 
features associated with the BSISO evolution. Therefore, 
only the effect of the intraseasonal surface upward latent 
heat flux ( LHF ↑

′ ) is discussed.
It is found in Fig. 8 that the intraseasonal near-surface 

wind speed related component ( �Lece ⋅ U�Δq ) of the LHF ↑
′ 

is the largest term that reduces the positive ⟨�tM⟩′ to the 
north of the convection in most cases, while it is partially 
compensated by the intraseasonal sea-air specific humidity 
difference related component ( 𝜌Lece ⋅ ŪΔq� ), resulting in a 
negative LHF ↑

′ . The only exception takes place over the 
WNP area at the developing stage.

The negative �Lece ⋅ U�Δq term with large amplitude is 
caused by the configuration of surface background south-
westerly and intraseasonal easterly to the north of the 
convection (e.g., Fig. 14a, b). The near-opposite direction 
between the background and anomalous winds significantly 
reduces the near-surface wind speed, thus suppressing the 
evaporation to the north of the convection.

The suppressed surface evaporation together with the 
enhanced insolation over the BSISO subsidence area gener-
ate an intraseasonal warm SST anomaly (Kemball-Cook and 
Wang 2001; Roxy and Tanimoto 2012; Wang et al. 2018). 
As the low-level cyclonic anomaly has a northward shift 
relative to the convection center in the existence of the back-
ground vertical shear (Jiang et al. 2004; Drbohlav and Wang 
2005; Tsou et al. 2005), the easterly anomaly and associated 
suppressed evaporation largely coincides with the enhanced 
insolation (Wang et al. 2018). Due to the large heat capacity 
of the ocean mixed layer, the forced warm SST anomaly lags 
(leads) the subsidence (convection) by roughly 90-degree, 
and coincides with positive ⟨�tM⟩′ (Figs. 4, 5, 7, 14). In gen-
eral, the sea-air specific humidity difference is mainly regu-
lated by the SST. A positive 𝜌Lece ⋅ ŪΔq� term thus appears 

to the north of the convection where SST anomaly is warm, 
which partially compensates the impact of reduced near-
surface wind speed.

Although LHF ↑
′ inhibits the observed north–south asym-

metry of ⟨�tM⟩′ in most cases, an exception takes place 
over the WNP area at the developing stage. The positive 
LHF ↑

′ to the north of the convection (Figs. 8, 15a) over the 
WNP has also been reported in Wang et al. (2018). As the 
𝜌Lece ⋅ ŪΔq� term has a comparable magnitude with those 
in other cases (Figs. 8, 15c, d), the direct cause of this excep-
tion is the nearly vanished impact of the �Lece ⋅ U�Δq term 
(Figs. 8c, 15e). This is because the surface background flow 
over the off-equatorial WNP turns to be southerly dominant, 
so that the easterly anomaly no longer efficiently reduces 
the near-surface wind speed at this moment (Fig. 14c, d). In 
addition, the warm SST anomaly is a forced result of inso-
lation and latent heat flux, whose intraseasonal variabilities 
are comparable associated the BSISO evolution (Roxy and 
Tanimoto 2012; Wang et al. 2018). It is thus reasonable that 
the feedback of the warm SST anomaly could reverse the 
negative sign of LHF ↑

′ , as long as the near-surface wind 
speed anomaly has a minor impact.

5 � Summary and discussion

5.1 � Summary

The intraseasonal column-integrated moist static energy 
( ⟨M⟩′ ) budgets associated with the northward-propagating 
BSISO are diagnosed in this study, so as to improve the 
current understandings of the BSISO northward propa-
gating mechanisms under the moisture mode framework. 

Fig. 12   Climatological hori-
zontal distribution of 700 hPa 
MSE (shaded) during boreal 
summer (JJA) for 1985–2009. 
The contours indicate the ratio 
of enthalpy to MSE, and the 
vectors indicate horizontal wind 
fields
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While a positive ⟨M⟩′ is generally in phase with an active 
BSISO convection, its tendency ( ⟨�tM⟩′ ) exhibits a marked 
north–south asymmetry about the convection center, with 
positive (negative) anomalies to the north (south). Such a 
north–south asymmetry promotes the northward propaga-
tion of the BSISO convection, and is caused by various pro-
cesses. Due mainly to the distinct background states, the role 
that a specific process plays in the ⟨M⟩′ budget could have 
large spatial discrepancies, and could also change at different 

stages of a BSISO cycle. The regional and phase dependence 
of ⟨M⟩′ budget is thus investigated by comparing the results 
over the WNP and BoB regions at the initiating and develop-
ing stages of a BSISO convection. General conclusions are 
illustrated in a schematic diagram (Fig. 16) and stated below.

The advection processes are the principal factors in gen-
erating the observed north–south asymmetry of ⟨�tM⟩′ . As 
the BSISO rainband and positive ⟨M⟩′ have a northwest-
southeast tilted structure and the latter is maximized in the 
lower troposphere, the horizontal advection of anomalous 

Fig. 13   a, d Same as in Fig.  9a, b, but only those terms related to 
horizontal advection processes are listed. b, c 700  hPa climatologi-
cal MSE (shaded) and intraseasonal circulation (vectors) at the initi-
ating stage for WNP and BoB areas, respectively. e, f 700 hPa intra-

seasonal MSE anomalies (shaded) and climatological circulation 
(vectors) at the developing stage for WNP and BoB areas, respec-
tively. Thick contours surround the areas where �

t
⟨M⟩ are larger 

[ �
t
⟨M⟩ ≥ 10W∕m2 for (b), (e), (f), but �

t
⟨M⟩ ≥ 7W∕m2 for (c)]



4727Diagnosing the column-integrated moist static energy budget associated with the…

1 3

MSE by the background low-level southwesterly monsoon 
flow plays the leading role (white arrows acting on the blue 
zones in Fig. 16). While the meridional advection dominates 
in most cases, the zonal advection is particularly important 
over the BoB at the developing stage, in the existence of 
strong background westerly and markedly tilted rainband. 
In addition, a much stronger subsidence appears to the north 
than the south of the convection when it is near the equator 
(purple downward arrows in Fig. 16), resulting in a greater 
vertical MSE advection to the north of the equator and sup-
porting the initiation of the northward propagation. This is 
mainly caused by the equatorial asymmetry of the summer 
mean state, as a subsidence perturbation inhibits the more 
active background ascending to the north of the equator and 
forms a positive feedback through reduced diabatic heating.

The dominant external sources of ⟨M⟩′ , namely, the long-
wave radiative heating and surface upward latent heat flux 
generally reduce the observed north–south asymmetry of 
⟨�tM⟩′ and thus hinder the northward propagation of BSISO. 

These two processes are related to intraseasonal vertical and 
horizontal motions, respectively. Vertically, while the strong 
subsidence to the north of the convection at the initiating 
stage induces a greater vertical MSE advection, it is partially 
offset by the enhanced outgoing longwave radiation, as there 
is less cloud cover over the subsidence area. Horizontally, 
the Rossby wave response to the BSISO convective heating 
produces an easterly (westerly) anomaly to the north (south) 
of the convection center (black arrows in Fig. 16), which is 
roughly in the opposite (same) direction of the background 
flow and thus decreases (increases) the near-surface wind 
speed. Such an intraseasonal near-surface wind speed distri-
bution contributes to suppressed (enhanced) surface evapo-
ration to the north (south) of the convection center, which 
goes against the observed north–south asymmetry of ⟨�tM⟩′.

Pronounced regional differences between WNP and 
BoB in the ⟨M⟩′ budget have been detected, which is gen-
erally characterized by a more important role of zonal 
advection over the BoB than over the WNP, together with 

(a) (b)

(c) (d)

Fig. 14   a Intraseasonal SST anomalies (shaded) at the developing 
stage, and climatological JJA 1000 hPa winds over BoB. b Intrasea-
sonal 1000 hPa circulation at the developing stage over BoB. c, d Are 

same as in (a), (b), but for WNP area. Thick contours indicate areas 
where �

t
⟨M⟩ ≥ 10W∕m2
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a positive contribution of surface evaporation over the 
WNP at the developing stage. The distinct land-sea dis-
tributions and background circulations are responsible 

for such regional differences. During boreal summer, the 
lower tropospheric MSE is maximized over the Asian 
land region due mainly to the thermal effect. As a result, 

Fig. 15   Left panel: composite intraseasonal anomalies of a surface 
upward latent heat flux, and its c intraseasonal sea-air specific humid-
ity difference related component, and e intraseasonal near-surface 
wind speed related component, at developing stage over the WNP 

area. Right panel: same as in the left panel, but for the BoB area. Dot-
ted areas passed the significant test at the 90% level (Student’s t test). 
Thick contours indicate areas where �

t
⟨M⟩ ≥ 10 W∕m2
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the MSE advection by the easterly anomaly to the north 
of the BSISO convection contributes negatively over the 
WNP while it has little impact over the BoB. In addition, 
the prevailing low-level wind direction is southerly over 
the WNP but westerly over the BoB, leading to a dif-
ferential advection of anomalous MSE. The prevailing 
southerly also results in a less impact of easterly anomaly 
on the near-surface wind speed change, so that the warm 
SST anomaly to the north of the convection contributes 
to an enhanced surface evaporation over the WNP at the 
developing stage. The warm SST anomaly is a delayed 
response forced by suppressed evaporation and enhanced 
insolation associated with the BSISO subsidence.

5.2 � Discussion

From different aspects, two general features can be con-
cluded from the current results of BSISO MSE budgets. One 
is while the advection processes are the principal factors 
in generating the observed north–south asymmetry of the 
MSE tendency, the external sources of the MSE that related 
to diabatic heating processes tend to inhibit it, as mentioned 
before. Another one is while the background southwesterly 
monsoon circulation contributes positively via horizontal 
advections, the anomalous BSISO wind contributes nega-
tively to the north–south asymmetry of the MSE tendency. 
This is because the low-level easterly anomaly to the north 

Fig. 16   Schematic diagram illustrating the principal processes in the column-integrated MSE budgets associated with the northward-propagating 
BSISO, for WNP (left panel) and BoB (right panel) areas at initiating (upper panel) and developing (lower panel) stages
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of the BSISO convection tends to suppress the surface evap-
oration through reducing near-surface wind speed, and the 
MSE advection by the easterly anomaly has weak impact or 
even contributes negatively.

The second conclusion above disagrees with those found 
in the eastward-propagating winter MJO (Kim et al. 2014; 
Sobel et al. 2014; Adames and Wallace 2015; Wang et al. 
2017; Jiang 2017) and some of the previous studies on the 
northward-propagating BSISO (e.g., Adames et al. 2016; 
Jiang et al. 2018), as most of them emphasized the role of 
advection of background MSE by the intraseasonal circu-
lation. Particularly, the zonal advection by the anomalous 
BSISO wind is suggested to be the fundamental cause of 
the northward propagation in Adames et al. (2016) and Jiang 
et al. (2018). However, the same term has relatively small 
impact or could even play negative roles in the current study.

We argue that the disagreements between the current 
work and previous studies on the northward-propagating 
BSISO mainly come from the regional and phase depend-
ence of the MSE budgets. For instance, Jiang et al. (2018) 
focused on a broad region of the Indian Ocean, in which 
the Asian land with higher background MSE is located to 
the northeastern edge. In this case, an easterly anomaly to 
the north of the near-equator BSISO convection leads to 
a large positive background MSE advection. In our study, 
the analyzed areas are targeted to those with larger intra-
seasonal variabilities and pronounced northward propaga-
tions. The west portion of the Indian Ocean which has a 
higher background MSE to the east, however, is excluded. 
On the contrary, due to the distinct land-sea distribution, the 
background MSE has a weak zonal gradient over the BoB 
area, and has a lower (higher) value to the east (west) of the 
WNP area. Therefore, the MSE advection by the easterly 
anomaly plays a less important role in our study. Particu-
larly, we point out that it hinders the northward propagation 
over the WNP.

The northwest–southeast tilted rainband is a striking fea-
ture of the northward-propagating BSISO. With such a struc-
ture, the large-scale BSISO appears to be propagating north-
eastward (Wang et al. 2006). Adames et al. (2016) suggested 
that while the anomalous easterly/westerly favors the north-
ward propagation, the advection of anomalous moisture by 
the background westerly monsoon flow causes the eastward 
propagation. Here we point out that since the southerly com-
ponent exists in the low-level monsoon circulation, particu-
larly over the BoB and WNP where BSISO is more active, 
the MSE advection by background flow is crucial for the 
northward propagation. The role of the meridional MSE or 
PBL moisture advection induced by mean flow has also been 
reported in previous studies (Hsu and Weng 2001; Chou 
and Hsueh 2010; Demott et al. 2013; Wang et al. 2018; Gao 
et al. 2019). In addition, as long as the northwest-southeast 
tilted rainband is formed, the background westerly transports 

larger MSE anomaly over its northwest downstream, and 
favors a northward propagation of the southeastern portion 
of the rainband. This process could dominate the horizontal 
advections as revealed in Fig. 8d, during which a markedly 
tilted rainband is formed and background westerly is strong 
there. It is further speculated that once the northward propa-
gation of a BSISO convection near the equator is initiated, 
for instance, supported by the vertical MSE advection by 
stronger subsidence anomaly to the north, the background 
southwesterly thus encourages the formation of a northwest-
southeast tilted rainband and its northeastward propagation. 
Related issues will be explored in our future work.
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