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Abstract
While decadal changes in Madden–Julian oscillation (MJO) have received considerable attention, the corresponding changes 
in Boreal Summer Intraseasonal Oscillation (BSISO) have yet to be well understood. In this study, we show the enhanced 
northward propagation of BSISO in the Western North Pacific (WNP) during the 2000s compared to the 1980s–1990s. 
Observational analyses and model experiments suggest this enhancement is partially attributed to the tropical Indian Ocean 
(TIO) warming. The TIO warming tends to increase the air-sea interaction, enhancing moisture anomalies in the free atmos-
phere. Consequently, this increase in moisture anomalies strengthens BSISO-scale convection through increased convective 
anomalies at the north of the BSISO center, thereby enhancing the northward propagation of BSISO. Additionally, vorticity 
changes resulting from mean-state zonal vertical shear also contribute to the BSISO decadal change. Our findings underscore 
the importance of considering the interaction between BSISO and changes in the ocean mean state in future assessments.

Keywords Boreal summer intraseasonal oscillation · Northward propagation · Tropical Indian ocean warming · NESM3.0 · 
Air-sea interaction

1 Introduction

Boreal summer intraseasonal oscillation (BSISO) is char-
acterized by significant northward propagation in the west-
ern North Pacific (WNP) and Indian Ocean (e.g., Wang and 
Rui 1990; Zhu and Wang 1993; Hsu and Weng 2001; Lee 
et al. 2013). In the WNP, the BSISO convection propagates 
from the equator to the subtropical western Pacific. It is well 
known that the BSISO in the WNP is closely associated 
with the East Asian summer monsoon (e.g., Wang and Xie 
1997; Li et al. 2015; Lee et al. 2013, 2017; Hsu et al. 2017), 
typhoon (Maloney and Hartmann 2001; Goswami et al. 
2003; Kikuchi et al. 2009; Moon et al. 2018), and extreme 
weather and climate events (Moon et al. 2013; Hsu et al. 
2016, 2017, 2021).

Several key mechanisms and processes drive the north-
ward propagation of BSISO in the WNP, including vorticity 
anomalies induced by vertical wind shear, air-sea interac-
tion, and meridional moisture advection. The dynamic 
theories represented for enhanced vorticity anomalies by 
wind shear have been suggested in many studies (Wang 
and Xie 1997; Jiang et al. 2004; Drbohlav and Wang 2005; 
Yang et al. 2019a, 2020c). Jiang et al. (2004) proposed that 
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barotropic vorticity anomalies by vertical shear should gen-
erate boundary layer moisture convergence (BLMC) to the 
north of the BSISO convection center, inducing northward 
propagation of the BSISO. Kemball-Cook and Weare (2001) 
suggested that warmer sea surface temperature (SST) anom-
alies by reduced evaporation could contribute to generating 
the next convection at the north of the BSISO precipitation 
center, inducing northward propagation of the BSISO con-
vection. The air-sea interaction could lead to warmer SST 
anomalies and increases convective instability to the north 
of the BSISO convection center, and thus the convection 
moves northward (Fu et al. 2003; Fu and Wang 2004; Zheng 
et al. 2004). Katsumata et al. (2011) suggested warmer SST 
anomalies induce moistening in the lower troposphere north 
of the BSISO center, which may be necessary for the north-
ward propagation of the BSISO. Hsu and Weng (2001) found 
that evaporation may be increased by positive feedback 
between convection and associated circulation, contributing 
to abundant moisture around the South China Sea. DeMott 
et al. (2013) found that the meridional structure of moisture 
anomalies and the barotropic vorticity effect could contrib-
ute to the northward propagation of the BSISO in the WNP. 
Yang et al. (2020a, b, c) demonstrated that the air-sea inter-
action plays a critical role in BSISO northward propagation 
in the WNP, while the barotropic vorticity mechanism is the 
major driver in the Indian Ocean.

While the decadal changes in the Madden–Julian Oscil-
lation (MJO) and its associated teleconnections have gar-
nered considerable attention, particularly the intensified 
MJO activity over the WNP during boreal winter in recent 
decades (Roxy et al. 2019; Hsu et al. 2021), the correspond-
ing shifts in the BSISO, especially within the WNP, have 
received less scrutiny. Recent studies have suggested that the 
rising tropical SST influences the decadal variations in the 
regional Hadley and Walker circulations through enhanced 
air-sea coupling (Annamalai and Slingo 2001; Neena and 
Gowami 2010). Kajikawa et al. (2009) noted significant 
changes in BSISO behavior over the South China Sea after 
1994. Yamaura and Kajikawa (2016) highlighted a decadal 
shift in BSISO patterns in the eastern Indian Ocean around 
2000, linked to warmer SST anomalies, using observed 
data. Sabeerali et al. (2014) investigated from observation 
the impact of Tropical Indian Ocean (TIO) warming on the 
BSISO over the Bay of Bengal, revealing heightened BSISO 
activity during 2001–2010 compared to 1979–1988. None-
theless, the decadal changes in the BSISO over the WNP 
due to TIO warming and the underlying mechanisms remain 
unclear.

This study aims to explore the decadal shifts in BSISO 
patterns within the WNP and to discern the dominant pro-
cesses among potential mechanisms using observation and 
model experiments. These mechanisms include air-sea inter-
action, vorticity-wind shear interaction, and the meridional 

structure of mean moisture advection. We undertake this 
investigation through an analysis of observational data and 
model simulations. The explanation for the data and model 
experiments is outlined in Sect. 2. Section 3 emphasizes the 
characteristics of the decadal changes in BSISO northward 
propagation and delves into the underlying mechanisms 
through the utilization of various diagnostic tools. Finally, 
Sect. 4 succinctly summarizes our findings and suggests 
avenues for further research.

2  The model and diagnostic methods

2.1  Model and experiments

For idealized climate model experiments, this study uses the 
third version of the Nanjing University of Information Sci-
ence and Technology Earth System Model (NESM3.0) (Cao 
et al. 2018; Yang et al. 2020a), which consists of the atmos-
phere, ocean, sea ice, and land models that are fully coupled 
by an explicit coupler. The resolution of the atmospheric 
model was T63L47. The ocean model has a grid resolution 
of 1°, with a meridional resolution refined to 1/3° over the 
equatorial region. The model uses 46 vertical layers, with 
the upper 15 in the top 100 m. The convective parameteriza-
tion is based on Tiedtke (1989) and Nordeng (1994) (TDK, 
hereafter), and the default setting is from the ECHAM6.3 
(Peters et al. 2017; Möbis and Stevens 2012). This convec-
tive scheme includes three different types of convection—
shallow, deep, and midlevel convection—but allows only 
one type of cloud when convection occurs. The initiation of 
deep convection depends on the amount of large-scale mois-
ture convergence. The buoyancy of updrafts is affected by 
organized entrainment and detrainment, and the entrainment 
rate is calculated from the buoyancy and vertical velocity of 
the updraft. The closure of the deep convection scheme is 
calculated by convective available potential energy (CAPE) 
(Nordeng 1994). To account for the moisture effect of con-
vective development, the entrainment rates in convective 
clouds have been increased. An increasing entrainment 
rate can cause a decrease in deep convection due to mixing 
between the updraft and relatively dry and cold ambient air. 
In the convective scheme, the cloud top is determined by 
the entrainment rate, which is estimated by the convective 
velocity and buoyancy of convective clouds (Möbis and Ste-
vens 2012). We include the effect of the relative humidity 
of the ambient air. We assume that the entrainment rate (ε) 
is parameterized based on buoyancy and grid-mean humid-
ity, following Kim and Kang (2012). The stratiform cloud 
scheme implements a cloud microphysical scheme and a 
diagnostic cloud cover scheme.

The NESM3.0 reproduces reasonable climatology and 
realistic MJO and BSISO (Yang and Wang 2019; Yang et al. 
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2019a, b, 2020b). In the model simulations, the northward 
propagation of BSISO is well reproduced over both the WNP 
and Indian Ocean. To investigate the impact of TIO warm-
ing on the BSISO, we conducted 50-year simulations by 
nudging the fixed observed SST averaged over 2001–2010 
in the tropical Indian Ocean (EXP1) and decreased the tropi-
cal Indian Ocean SST uniformly by 1 °C (EXP2) and 2 °C 
(EXP3). The model was freely coupled in other areas, and 
external forcings based on the CMIP6 historical simula-
tion protocol were fixed during the integration to remove 
the increase in SST by anthropogenic forcing over the west-
ern Pacific and other regions. The initial conditions were 
obtained from an ensemble mean of historical runs from 
CMIP6 protocols.

2.2  The data and diagnostic methods

Daily mean outgoing longwave radiation (OLR) data are 
obtained from the National Oceanic and Atmospheric 
Administration (NOAA) (Liebmann and Smith 1996). The 
Global Precipitation Climatology Project (GPCP) daily data 
(Adler et al. 2003) are used for precipitation, and the Euro-
pean Center for Medium-Range Weather Forecast Reanaly-
sis 5 (ERA) daily data (Hersbach et al. 2020) are utilized for 
circulation during 1979–2020. We use a 20–70-day band-
pass filter to obtain the ISO signal during the boreal summer 
season (May 1st to October 31st). Based on dynamics-based 
diagnostics, we analyzed the relationship between circula-
tion, SST, moisture, and BSISO northward propagation. 
Tropical Indian Ocean index is defined by SST averaged 
over 10°S–10°N and 40°E–100°E from May to October. We 
define the BSISO index as the first two leading modes of 
Multi-Variate-EOF analysis of daily mean Outgoing Long-
wave Radiation (OLR) and 850-hPa zonal wind (U850) 
anomalies over the Asian Summer Monsoon (ASM) region 
(10°S–40°N, 40°–160°E) from May 1st to October 31st for 
the 40 years from 1981 to 2020 based on Lee et al. (2013). 
The OLR and U850 anomalies were obtained by remov-
ing the slow annual cycle (mean and first three harmonics 
of climatological annual variation) as well as the effect of 
interannual variability by subtracting the running mean of 
the last 120 days. We did not apply any other time filtering.

3  Effects of the tropical Indian Ocean 
warming on mean fields and BSISO

We examined the decadal changes using the BSISO and 
TIO indices. Figure 1 illustrates the annual BSISO activity 
(Fig. 1a) and the TIO index (Fig. 1c), both averaged from 
May to October. The BSISO index was calculated follow-
ing the method of Lee et al. (2013) and the BSISO activities 
were calculated by the square root of the sum of the squares 

of the first two principal components. The dashed line rep-
resents the decadal component of each time series. Nota-
bly, the decadal BSISO index shows relatively minor and 
negative values for 1979–1999, while it exhibits significant 
positive values for 2000–2011. The differences in BSISO 
activity between periods P1 and P2 were statistically sig-
nificant at approximately the 1% level (as shown in Table 1), 
underscoring substantial decadal shifts around the year 
2000. Additionally, we calculated the BSISO index using 
the methods developed by Kikuchi et al. (2012). The results 
also indicate significant decadal changes in the BSISO 
index (Fig. 1b), suggesting that these decadal changes in 
the BSISO index are robust. Prior research has identified 
decadal alterations in the BSISO over the Indian Ocean dur-
ing the 2000s. Consequently, we have defined two distinct 
periods, namely period 1 (P1, 1986–1995) and period 2 (P2, 
2001–2010), to effectively assess the impacts of TIO warm-
ing on the BSISO. Note that the decadal variability of the 
BSISO index defined by the Real-time Multivariate MJO 
index (Wheeler and Hendon 2004) exhibits relatively weak 
decadal change compared to other methods, which may be 
due to meridional asymmetry in the decadal change of the 
BSISO (not shown).

3.1  Changes in the boreal summer mean climate

Figure 2 depicts the disparities in mean-state SST, zonal 
wind, and moisture at 850 hPa between periods P2 and P1 
(P2 minus P1) in observation and model simulations. The 
SST contrast reveals substantial warming across the western 
equatorial Pacific, alongside comparatively milder warming 
in the subtropical western Pacific (Fig. 2a). The meridional 
SST gradient exhibits a discernible increase extending from 
the equatorial western Pacific to 15°N. These SST altera-
tions could impact the average moisture levels and air-sea 
interactions that influence the northward propagation of 
BSISO. The mean-state moisture of P2 in the free atmos-
phere is more abundant than that in P1. Contrasting with 
the easterly winds during period P1, the low-level easterly 
winds in P2 notably diminish from the equator to 25°N over 
the western Pacific, resulting in prominent positive values 
(Fig. 2b). These reductions in zonal wind may potentially 
affect the augmented zonal vertical shear and the accompa-
nying vorticity anomalies.

The model reasonably reproduces the observed meridi-
onal SST structure and zonal wind patterns. In EXP2, the 
meridional gradient of mean-state SST is slightly smaller 
than that in EXP1 (Fig. 2a, blue line). Importantly, it's worth 
noting that the warming of the western Pacific in the model 
simulation could potentially be attributed to TIO warming, 
considering that anthropogenic forcings remain unchanged 
in the model simulations. The mean-state moisture tends to 
increase with TIO warming (Fig. 2c), which is consistent 
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with the observation. Furthermore, the easterly zonal wind 
in EXP2 intensifies over the subtropical western Pacific 
compared to EXP1. Notably, the disparities between EXP1 

and EXP2 align well with the corresponding observations 
(Fig. 2b, blue line). The inclusion of additional cooling in 
EXP3 accentuates the differences in SST and zonal wind 

Fig. 1  a, b Time series of 
the normalized BSISO index 
(solid blue line) (10°S–10°N, 
40°–100°E) (dashed red line) 
averaged from May to October, 
with the decadal component of 
the normalized BSISO index 
(dashed blue line) based on Lee 
et al. (a, 2013) and Kikuchi 
et al. (b, 2012). Decadal com-
ponents is defined by 5-year 
running average. The left x-axis 
indicates the strength of BSISO 
activity (no unit). c same as a 
but for Tropical Indian ocean 
(TIO) SST. The left x-axis 
denotes TIO index (°C)

Table 1  Probability of the monthly averaged BSISO index following a student t-test during P1 and P2

Index May Jun Jul Aug Sep Oct

P2-P1 0.02 0.68 0.08 0.02 0.05 0.06
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between EXP1 and EXP3 (Fig. 2, red line), surpassing those 
between EXP1 and EXP2. Consequently, the results from the 
model experiments indicate that TIO warming could indeed 
contribute to the observed decadal changes in the mean-state 
climate.

Figure 3a shows the June–August mean state differ-
ences in precipitation between P2 and P1. The difference 
between the P2 and P1 experiments indicates a decrease in 
precipitation over the eastern part of the Maritime Conti-
nent and the western Pacific, particularly the South China 
Sea and the Philippines. Model simulations show reduced 

mean precipitation due to TIO warming. The difference 
between EXP2 and EXP1 (Fig. 3b) shows a decrease in 
precipitation due to TIO warming over the eastern part of 
the Maritime Continent and the western Pacific. From the 
difference between EXP1 and EXP3, reduced precipitation 
was seen over the western Pacific, the South China Sea, 
and the Maritime Continent (Fig. 3c). These results sug-
gest that TIO warming reduces mean precipitation in the 
western Pacific and the Maritime Continent. The reduced 
mean precipitation in the Maritime Continent may contrib-
ute to the weakened northward propagation of the BSISO.

Fig. 2  Difference of Meridional structure of May–November a mean‐state SST (°C), b zonal wind (m  s−1) and c specific humidity (g  kg–1) at 
850 hPa averaged over 125°–145°E from observation between P2 and P1 (black lines) and model simulations (color lines)

Fig. 3  Difference in June–
August mean state precipitation 
(mm  day–1) from observations 
and model experiments. Dotted 
area represents significance at 
95% level
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3.2  Changes in BSISO properties

Composite life cycles of outgoing longwave radiation (OLR) 
and horizontal wind vectors at 850 hPa associated with the 
BSISO are analyzed to examine the changes in the propaga-
tion structures of BSISO in the western Pacific. Utilizing 
daily anomalies of OLR and zonal wind at 850 hPa (U850) 
within the range of 10°S–10°N, 40°–160°E, we employed a 
multivariate empirical orthogonal function (EOF) analysis 
as recommended by Lee et al. (2013). Defining eight phases 
using the first and second EOF modes, as these modes cap-
ture the canonical northward propagating mode, we examine 
the period spanning from May to October.

Figure 4 illustrates phases 4 to 6 of the BSISO during 
this period. In P2, robust convective anomalies related to 
BSISO are observed in the Maritime continent and the 
equatorial western Pacific during phase 4 (upper panel of 
Fig. 4b). Observation shows a northwest-southeast tilted 
structure extending from the western Indian Ocean to the 
western North Pacific. These anomalies propagate both 
eastward and northward, intensifying and peaking in the 

Western North Pacific at phase 5 (middle panel of Fig. 4b). 
Notably, these convective anomalies propagate northward 
from the southern Philippine Sea to the South China Sea, 
with their magnitude slightly diminishing by Phase 6 (lower 
panel of Fig. 4b). In contrast, during P1, distinct alterations 
are observed in convective anomalies and associated circula-
tion. In phase 4, the peak of convective anomalies emerges 
in the eastern Indian Ocean rather than the Maritime conti-
nent (upper panel of Fig. 4a). These convective anomalies 
move eastward and northward. However, their intensity in 
the western Pacific does not amplify during phase 5, render-
ing them weaker than those in P2 (middle panel of Fig. 4a). 
Moreover, the convective anomalies do not progress north-
ward, and their signals largely dissipate.

Model simulations reveal a reinforced northward propa-
gation of the BSISO due to TIO warming. EXP1 captures a 
northwest-southeast tilted structure extending from the west-
ern Indian Ocean to the western North Pacific in Phase 4, 
which closely aligns with observations. Additionally, model 
simulations demonstrate a significant northward movement 
of BSISO convection from Phase 4 to Phase 6 (Fig. 4c). 

Fig. 4  a, b The life cycle composite of OLR (shading, W  m–2) and 
850-hPa wind (vector, m  s–1) anomaly reconstructed based on PC1 
andPC2 of BSISO1 in Phases 4 (upper), 5 (middle), and 6 (bottom) 
during a period 1 and b period 2 from observation. c–e same as a-b 

but for c EXP 1, d EXP2, and e EXP3. The composite life cycles have 
a moderate amplitude (1.0). We defined eight phases of ISO based on 
Lee et al. (2013), the wind vectors are represented with statistical sig-
nificance at a 95% confidence level based on a t test
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Conversely, in EXP2, BSISO convection moves both north-
ward and southward during phase 5 and appears to stall near 
the equator in phase 6 (Fig. 4d). In EXP3, BSISO convection 
exhibits slight southward propagation from phase 4 to phase 
6 (Fig. 4e). These findings underscore the distinct enhance-
ment of northward propagation in P2 compared to P1, with 
TIO warming likely playing a contributory role in these 
observed decadal BSISO changes. Note that intraseasonal 
signals of EXP2 and EXP3 in the eastern Indian Ocean were 
substantially reduced, which may be associated with a sys-
tematic cold bias of the model in the eastern Indian Ocean. 
Another possible reason is that in our atmosphere model, the 
large-scale circulation (e.g., Walker circulation) is highly 
sensitive to the zonal gradient SST change between the 
eastern Indian Ocean and the western Pacific. If the Indian 
Ocean is lowered by 1 degree, the rising motion in the west-
ern Indian Ocean could induce anomalous sinking motion 
in the eastern Indian Ocean, which could contribute to the 
weakening of the convective anomalies.

Changes in mean-state climate fields between periods P1 
and P2 can potentially impact the northward propagation of 
the BSISO in the western Pacific. To investigate the influ-
ence of the Tropical Indian Ocean (TIO) on the latitude-time 

structure of the BSISO, we examined the lead-lag correla-
tion of BSISO precipitation in the western Pacific, using 
the ISO convection center located at the equatorial western 
Pacific (125°–145°E, 5°S–5°N) as a reference due to its 
robust BSISO northward propagation. Convection advances 
northward with a phase speed of 1.25 m  s−1 from the equato-
rial western Pacific to the South China Sea (Fig. 5b). In P2, 
BSISO convection advances northward with a phase speed 
of 1.3 m/s from the equatorial western Pacific to the South 
China Sea (Fig. 5b). The correlation coefficient remains con-
sistently between 0.4 and 0.5 up to 25°N. In contrast, dur-
ing P1, the convection also progresses northward, reaching 
approximately 15°N, but the correlation coefficient signifi-
cantly drops by 0.1 beyond 15°N (Fig. 5a). This suggests 
that the signal for northward propagation is most prominent 
around the equator and then quickly diminishes in the sub-
tropical western Pacific. Model simulations closely mirror 
these changes in the northward propagation of the BSISO. In 
EXP1, BSISO between 0.4 and 0.5 up to 20°N, highlighting 
the predominance of northward propagation in the subtropi-
cal western Pacific (Fig. 5c). Conversely, in EXP2 (weak 
TIO cooling), the signal for northward propagation weakens 
from 10° to 25°N compared to EXP1 (Fig. 5d). In EXP3 

Fig. 5  a, b Propagation of ISO OLR as depicted by the lead‐lag cor-
relation of 20–70  day filtered OLR averaged over 125–145°E dur-
ing a period 1 and b period 2 from observation based on Lee et al. 
(2013). c–e same as a–b but for c EXP1, d EXP2 and e EXP3. Boreal 

summer (May–October) data are used for the analysis. The ISO OLR 
averaged over 125°E–145°E and 5°S–5°N was used as a reference for 
calculating the correlation
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(strong TIO cooling), the signal for the northward propaga-
tion of the BSISO is greatly weakened, with a small cor-
relation coefficient of 0.1–0.2 (Fig. 5e). The model results 
collectively suggest that alterations in mean-state conditions 
prompted by Tropical Indian Ocean (TIO) warming play a 
partial role in enhancing the northward propagation of the 
BSISO in the western North Pacific.

4  Potential underlying mechanisms

Based on observational analysis and model simulations, we 
propose potential mechanisms for the weakening of BSISO 
northward propagation in the WNP driven by TIO) warm-
ing. The warming of the TIO results in increased SST over 
the equatorial western Pacific, which triggers enhanced 
deep convection. This, in turn, intensifies the Hadley cir-
culation and induces alterations in temperature and wind 
patterns in both the lower and upper troposphere, notably 
enhancing zonal vertical wind shear (Fig. 6a). During period 
P2, substantial easterly vertical wind shear is evident from 
the equatorial western Pacific to the subtropical western 
Pacific (10°S–20°N), with its peak at 10°N before dimin-
ishing. In contrast, during period P1, vertical wind shear 
weakens in the southern equatorial to subtropical western 
Pacific (10°S–30°N) in comparison to P2. In addition, the 
lower tropospheric easterlies decrease in P2 compared to P1, 
leading to a more pronounced zonal vertical wind shear. It's 
important to note that the differences in upper-tropospheric 
easterlies between P2 and P1 are much smaller than the dif-
ferences in low-level zonal winds. In the model simulation, 
zonal vertical shear tends to be reduced with TIO cooling, 
which is consistent with the observation. EXP1 shows signif-
icant easterly vertical wind shear from the equatorial western 
Pacific to the subtropical western Pacific (10°S-20°N), but 
its magnitude is slightly larger than the observation (P2). In 
EXP2, the easterly vertical shear is reduced as in P1. EXP3 

shows very weakened easterly vertical shear, suggesting that 
TIO warming may contribute to increased easterly vertical 
shear in the western Pacific.

The changes in zonal vertical wind shear could poten-
tially be attributed to shifts in barotropic vorticity, poten-
tially giving rise to coupled baroclinic and barotropic modes. 
Regression analysis was conducted to explore the relation-
ship between BSISO convection and vorticity anomalies. 
Figure 6b illustrates the meridional structure of regressed 
vorticity anomalies at 925 hPa onto OLR averaged over the 
western Pacific (5°S–5°N, 125°–145°E). In P2 (solid black 
line), positive vorticity anomalies are evident from 5°N to 
20°N, peaking around 8°N. Conversely, during P1, the peak 
of vorticity anomalies diminishes and shifts equatorward, 
with the positive vorticity range contracting from 5°N to 
14°N. These reduced positive vorticity anomalies in P1 are 
consistent with the attenuated zonal vertical wind shear, sup-
porting the link between vorticity anomalies and changes in 
BSISO convection. In the model simulation, EXP1 shows 
positive anomalies between 0°N and 20°N with slightly 
stronger magnitudes. In EXP2 the positive anomalies are 
reduced compared to those in EXP1. In EXP3, positive 
anomalies occur only between 0°N and 10°N, suggesting 
that TIO warming may contribute to enhanced vorticity 
anomalies.

The positive vorticity anomalies associated with BSISO 
convection may contribute to enhancing the Boundary Layer 
Moisture Convergence (BLMC). BLMC can play a role in 
moistening the lower-level atmosphere and triggering deep 
convection (e.g., Bladé and Hartmann 1993; Johnson et al. 
1999; Kemball-Cook and Weare 2001; Tian et al. 2006). 
Figure 6c depicts regressed BLMC anomalies at 925 hPa 
onto OLR averaged over the western Pacific (5°S–5°N, 
120°–150°E). In P2, positive BLMC anomalies are observed 
from 3°S to 18°N, consistent with the meridional pattern 
of vorticity anomalies (Fig.  6c). The BLMC is nearly 
absent around the equatorial western Pacific, with its peak 

Fig. 6  Meridional structure of May–November a mean‐state zonal 
shear (U200 minus U850) averaged over 125°–145°E from observa-
tion (black lines) and models (color lines). Meridional variation of 
the regressed ISO b relative vorticity  (s–1) at 925 hPa, c BL moisture 

convergence  (day–1) anomalies at 925 hPa averaged over 125°–145°E 
from observation and model simulations. For a–b, The 20–70 day fil-
tered OLR anomaly averaged over 5°S–5°N and 125–145°E was used 
as a reference for calculating regression
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occurring around 13°N, suggesting that subsequent convec-
tion might develop to the north of the BSISO center. In com-
parison, during P1, the positive BLMC extends from 8°N to 
18°N, with a relatively smaller peak. The reduced range of 
positive vorticity and BLMC anomalies in P1 also appears 
to align with the weakened northward propagation over the 
subtropical western Pacific, as shown in Fig. 5a and b.

In the model simulation, when the TIO is cooled, the 
BLMCs are reduced, which aligns with the observations. 
However, the diminished vorticity anomalies caused by 
zonal vertical shear cannot fully account for the weakened 
northward propagation of the BSISO, as these changes 
in vorticity anomalies are limited to the range of 5°N to 
15°N, whereas the alteration in northward propagation of 
the BSISO spans from 5°N to 25°N. In other words, other 
mechanisms also may contribute to the weakened northward 
propagation. In summary, the change in vorticity anoma-
lies due to zonal vertical shear contributes to the weakened 
northward propagation.

Next, we explore how the air-sea interaction mechanism 
affects the northward propagation of the BSISO. Figure 7a 
displays the meridional structure of regressed SST anoma-
lies onto the BSISO convection center. In P2, positive SST 
anomalies are evident from 5°N to 25°N, aligning with the 
signal of BSISO northward propagation. In contrast, in 
P1, positive SST anomalies occur only between 15°N and 
22°N, with significantly reduced magnitudes. This reduction 
may contribute to the weakened northward propagation of 
ISO convection. Model simulations also show that the SST 
anomalies in EXP1 are larger than those in EXP2 and EXP3, 
implying that the next convection in EXP1 (TIO warming) 
is more likely to occur north of the ISO center compared to 
EXP2 and EXP3 (TIO cooling). The easterly surface anoma-
lies of P2 decrease from the equator to the subtropical west-
ern Pacific compared to those in P1 (Fig. 7c). This reduces 
the latent heat flux, leading to warming and abundant mois-
ture anomalies. Model simulations support these observa-
tions. The easterly surface wind anomalies are reduced with 
TIO warming. These results suggest that TIO warming may 
contribute to strengthening the meridional gradient of SST 
anomalies associated with BSISO convection over the sub-
tropical western Pacific, thereby enhancing the northward 

motion of ISO convection. These observations suggest that 
air-sea interaction may play an important role in explain-
ing the weakened northward propagation caused by TIO 
warming.

In addition, we investigated the processes related to 
the role of moisture in the free atmosphere on the north-
ward propagation of BSISO (Jiang et al. 2018; Wang and 
Sobel 2022). The positive moisture anomalies in the free 
troposphere could potentially contribute to the generation 
of the subsequent convection north of the BSISO convec-
tion center. Figure 8 illustrates the meridional pattern of 
moisture anomalies in the free atmosphere. In P2, positive 
moisture anomalies are evident from 10°S to 15°N, con-
sistent with the signal from the northward propagation of 
the BSISO. In contrast, in P1, positive moisture anomalies 
occur only between 0°N and 8°N, with significantly reduced 
magnitudes. This reduction may inhibit convection north of 
the BSISO center, contributing to the weakened northward 
propagation of the ISO convection. Model simulations show 
that EXP1 captures the observed positive moisture anoma-
lies between 10°S and 15°N. The moisture anomalies in 
EXP1 are larger than those in EXP2 and EXP3, suggesting 

Fig. 7  Meridional variation of 
the regressed ISO a SST (k) 
and b surface zonal wind (m 
 s–1) anomalies averaged over 
125°–145°E from observa-
tion and model simulations. 
The 20–70 day filtered OLR 
anomaly averaged over 5°S–5°N 
and 125–145°E was used as a 
reference for calculating regres-
sion

Fig. 8  Meridional variation of the regressed ISO specific humidity 
anomalies (g  kg–1) at 850 hPa averaged over 125°–145°E from obser-
vation and model simulations. The 20–70 day filtered OLR anomaly 
averaged over 5°S–5°N and 125–145°E was used as a reference for 
calculating regression
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that the next convection in EXP1 is more likely to occur 
north of the ISO center compared to EXP2 and EXP. These 
results imply that TIO warming contributes to better BSISO 
northward propagation by increasing the moisture in the free 
atmosphere.

5  Conclusion and discussion

We investigated the influence of the Tropical Indian Ocean 
(TIO) on the northward propagation of the Boreal Summer 
Intraseasonal Oscillation (BSISO) in the Western North 
Pacific (WNP) and examined how TIO warming affects the 
BSISO signal through a combination of observations and 
model simulations. We explored several potential mecha-
nisms, including vorticity anomalies induced by vertical 
zonal wind shear, air-sea interaction processes, and the 
meridional structure of mean moisture in the boundary layer.

Our findings suggest that TIO warming enhances BSISO 
northward propagation by amplifying both the air-sea inter-
action effect and the vorticity effect from zonal vertical shear 
over the WNP. TIO warming leads to an increased meridi-
onal structure of warm sea surface temperature (SST) and 
moisture anomalies linked to the BSISO convection center, 
fostering subsequent convection and consequently strength-
ening the northward propagation of the BSISO. The vorti-
city anomalies resulting from heightened zonal vertical shear 
also contribute to the intensified northward propagation.

The amplitude of observed northward propagation dur-
ing a specific period may also be influenced by interactions 
with other ocean basins, such as the Atlantic multi-decadal 
variability or the Pacific decadal oscillation. Recent studies 
suggest that North Atlantic warming since the 2000s can 
induce a negative phase of the Pacific decadal oscillation, 
characterized by warming in the western Pacific and cool-
ing in the eastern Pacific, resulting in a similar meridional 
structure of mean SST (Hong et al. 2022; Yang et al. 2020a). 
Another study indicates a linkage between TIO warming and 
North Atlantic warming, with the latter contributing to TIO 
warming and influencing the horizontal pattern of the inter-
decadal Pacific oscillation (Mohtadi et al. 2014; Xie et al. 
2021; Yang et al. 2022). The impact of the North Atlantic 
Ocean (or the negative interdecadal Pacific oscillation) on 
the BSISO will be investigated in future studies.

To mitigate potential model-dependent outcomes, future 
research could replicate similar experiments using differ-
ent climate models to ensure the consistency of results. It's 
important to acknowledge that the numerical experiments 
conducted in this study were based on a single model.
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