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Abstract
Northward propagation of the boreal summer intraseasonal oscillation (BSISO) system over the Indian Ocean significantly 
affects Asia summer monsoon and extreme weather events including typhoons but many climate models poorly simulate 
the norward movement of BSISO. Here, we suggest that the modified parameterizations can improve BSISO northward 
propagation and three-dimensional dynamic and thermodynamic structures by enhancing the vorticity anomalies under the 
mean vertical wind shear and meridional gradient of mean moisture in the climate models. We hypothesize that poor BSISO 
simulation in a climate model may result from too frequent deep convections without abundant moisture in the boundary 
layer (BL). To represent them, the modified parameterizations include (a) a BL depth-dependent convective trigger, (b) a 
bottom-heavy diffusivity in the shallow convection scheme, (c) Relative humidity-dependent convective entrainment rate, and 
(d) reduced conversion rate of convective cloud water to rainwater. The modified parameterizations increase vertical shear 
over the northern Indian Ocean by strengthened easterly anomalies in the upper troposphere, inducing positive barotropic 
vorticity anomalies. The enhanced positive vorticities generate boundary layer moisture convergence and positive convective 
instability in the north of the BSISO convection center, inducing next convection and thereby improving northward propaga-
tion of the BSISO. The modified parameterizations also improve the meridional gradient of mean-moisture advection in the 
lower troposphere with increasing upward transport of moisture in the boundary layer. The increased air-sea interaction by 
modified parameterization tends to intensify the signal of the northward movement of the BSISO. It is shown that the modi-
fied parameterizations work properly in different types of convective parameterizations. The possibility that our hypothesis 
may be applied to other climate models for improvement of the BSISO northward propagation is discussed.

Keywords Boreal summer intraseasonal oscillation · Northward propagation · Convective parameterizations · NESM3.0 · 
Air-sea interaction · GloSea5

1 Introduction

Boreal summer intraseasonal oscillation (BSISO) exhibits 
robust northward propagation in the Indian Ocean (e.g., 
Wang and Rui 1990; Zhu and Wang 1993; Hsu and Weng 
2001). In the Indian Ocean, the BSISO northward propa-
gation begins near the equator, extends to the subtropical 
western Pacific, affecting the East Asian summer monsoon 
(e.g., Wang and Xie 1997; Lee et al. 2013, 2017; Li et al. 
2015; Hsu et al. 2017; Yang et al. 2010), typhoon activi-
ties (Maloney and Hartmann 2001; Goswami et al. 2003; 
Kikuchi et al. 2009; Moon et al. 2018), and extreme weather 
events (Moon et al. 2013; Hsu et al. 2016, 2017).

Many processes and mechanisms have been suggested to 
explain the northward propagation of BSISO in the western 
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North Pacific (WNP) and the Indian Ocean, including air-
sea interaction, vorticity anomalies induced by vertical wind 
shear, and meridional moisture advection. Hsu and Weng 
(2001) found that positive feedback between anomalous cir-
culation and convection leads to enhanced evaporation over 
the oceans (e.g. South China Sea) and moisture transport 
northeastward. Kemball-Cook and Weare (2001) suggested 
that sea surface temperature (SST) is likely to be warmer at 
the north of the BSISO precipitation center due to enhanced 
net radiation at the surface with reduced wind speed, which 
may be more favorable for convection moving northward. 
The increased SST anomalies induced by air-sea interaction 
enhance convective instability to the north of convection, 
thus moving the convection northward (Fu et al. 2003; Fu 
and Wang 2004; Zheng et al. 2004). Katsumata et al. (2011) 
proposed that pre-moistening due to warmer SST anomalies 
at the north of the BSISO center might be critical for the 
northward propagation of ISO precipitation. The dynamic 
theories encompassing wave dynamics and vorticity-wind 
shear interaction have been proposed to explain the north-
ward propagation of BSISO (Wang and Xie 1997; Jiang et al. 
2004; Drbohlav and Wang 2005; Yang et al. 2019a, 2020c). 
Jiang et al. (2004) suggested that northward propagation of 
ISO convection may be generated by generating a boundary 
layer (BL) moisture convergence to the north of the BSISO 
precipitation center. The BL moisture convergence may be 
caused by barotropic vorticity anomalies by vertical shear. 
DeMott et al. (2013) found that the boundary layer moisture 
advection and barotropic vorticity effect are major processes 
for the northward propagation of BSISO precipitation. Yang 
et al. (2019a) demonstrated that the interaction among wave 
dynamics, vorticity anomalies, and vertical wind shear is 
the dominant process for BSISO northward propagation in 
the Indian Ocean. On the other hand, Stephens et al. (2002) 
and Simmons et al. (2007) used satellite data and found that 
cloud water in the lower troposphere occurs north of the ISO 
convection center, which may contribute to the northward 
propagation of BSISO.

In the climate models, previous studies showed that 
BSISO northward propagation can be improved by the 
modification of moist physical processes (Kang et al. 2010; 
Liu et al. 2015, 2018; Abhik et al. 2013; Ganai et al. 2019; 
Chattopadhyay et al. 2009; Halder et al. 2012). Neena et al. 
(2017) attempted to identify the key using the multi-model 
and found that the meridional structure of lower tropospheric 
zonal wind, temperature, and diabatic heating anomalies 
associated with BSISO may play a critical role in improving 
northward propagation simulations. A few studies focused 
on the role of convective momentum transport, which may 
induce northward propagation of BSISO (Kang et al. 2010; 
Liu et al. 2015). For example, Kang et al. (2010) showed that 
a secondary meridional circulation by convective momen-
tum transports may generate BL convergence with strong 

easterly shear. The effect of shallow convection has been 
emphasized by Liu et al. (2018) and Abhik et al. (2013). 
They suggested that the shallow convection may enhance 
BSISO propagation northward by generating shallow con-
vection at the north of the BSISO convective center. Liu 
et al. (2015) show that the meridional gradient of humidity 
fields by shallow convection contributes to generating the 
frictional convergence at the north of the BSISO. Recent 
studies (Ganai et al. 2019; Chattopadhyay et al. 2009; Hal-
der et al. 2012) revealed that the northward propagation of 
BSISO may be improved by representing realistic grid-scale 
cloud processes and enhanced large-scale heating.

Our study utilizes a recently developed earth system 
model, the Nanjing University of Information Science 
and Technology (NUIST) Earth System Model version 
3 (NESM3) (Cao et  al. 2018; Yang et  al. 2020a). The 
NESM3.0 reproduces reasonable climatology and realistic 
MJO and BSISO (Yang and Wang 2019; Yang et al. 2019a, 
b, 2020b). In the model simulations, the northward propaga-
tion of BSISO is well reproduced over both the WNP and 
Indian Ocean. We modified moist physical processes in the 
atmosphere of NESM3.0 and examine the role of air-sea 
interaction, meridional moisture advection, and vorticity 
anomalies by zonal vertical shear on BSISO northward 
propagation. The explanation for the modified parameteri-
zations and model experiments is described in Sects. 2 and 
3. We examine dominant mechanisms for improved BSISO 
northward propagation in different parameterizations using 
various diagnostics in Sect. 4. Section 5 summarizes our 
findings.

2  The model and diagnostic methods

2.1  Model and experiments

The NESM3.0 includes atmosphere, ocean, land, and sea ice 
components. The details of the model are described in Cao 
et al. (2018) and Yang et al. (2020a). The horizontal resolu-
tion of the atmosphere model is T63 (about 200 km) and its 
vertical resolution is 47 levels. The ocean model has a reso-
lution of 1° latitude and longitude grid with the meridional 
resolution being refined to 1/3° over the equatorial region, 
and it has 46 vertical layers with the first 15 layers at the top 
100 m. The sea ice model resolution is about 1° latitude by 
longitude with four sea ice layers and one snow layer on the 
top of the ice surface. The convective parameterization is 
based on Tiedtke (1989) (TDK, hereafter), and the default 
setting is from the European Centre Hamburg Atmospheric 
model version6.3 (ECHAM6.3) (Peters et al. 2017 and; 
Möbis and Stevens 2012). The stratiform cloud scheme 
implements a cloud microphysical scheme and a diagnos-
tic cloud cover scheme. This convective scheme includes 
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three different convection types- shallow, deep, and midlevel 
convection but in the convective scheme, only one type of 
convective scheme is allowed in one vertical column at a 
given time. The initiation of deep convection is dependent 
on the magnitude of large-scale moisture convergence. The 
buoyance of updrafts is affected by organized entrainment 
and detrainment and the entrainment rate is calculated by 
buoyancy and vertical velocity of the updraft. The closure 
of the deep convection scheme is calculated by convective 
available potential energy (CAPE) (Nordeng 1994).

2.2  The data and diagnostic methods

The Global Precipitation Climatology Project (GPCP) 
daily data (Adler et al. 2003) are used for precipitation, and 
the European Center for Medium-Range Weather Fore-
cast Reanalysis (ERA) Interim daily data (Dee et al. 2011) 
are utilized for circulation during 1997–2014. We used a 
20–70-day band-pass filter to obtain the ISO signal dur-
ing the boreal summer season (May 1st to October 31st). 
We analyzed the relationship between circulation, SST 
and moisture, and ISO northward propagation based on 
dynamics-based diagnostics. The vertical shear is defined 
by the difference in zonal winds between 200 and 850 hPa 
(U200–U850) averaged over 80°E and 100°E. Our strategy 
is to use coupled model experiments to examine the impacts 
of the model’s parametrization changes on the model’s simu-
lations because the modified parameterizations may affect 
the coupled model climatology and variability. The second 
principle is to use comprehensive metrics including both 
climatology and ISO perturbation. Because some change 
of parameterizations targeted for the improvement of ISO 
northward propagation may degrade the model’s perfor-
mance (e.g. climatology) in other aspects.

3  Improvement of the model physical 
parameterizations

3.1  The original model’s deficiencies and possible 
causes

The ISO convection in the earlier version of the model 
does not propagate northward. From the zonal vertical 
shear theory (Jiang et al. 2004) and global climate models’ 
diagnostics (Neena et al. 2017), the meridional structure 
of lower tropospheric wind, moisture, temperature and 
diabatic heating anomalies concerning ISO deep convec-
tion may play a critical key for better northward propaga-
tion. Also, the implementation of the shallow convection 
may improve the northward propagation of the BSISO by 

enhancing upward transport of the moisture at the north 
of the ISO center (Liu et al. 2018; Abhik et al. 2013), 
which may be favorable for the occurrence of next deep 
convection at the north of the BSISO center. Yang et al. 
(2019a) suggested that lower tropospheric heating, which 
can induce next convection at the north of the BSISO 
center may be critical for realistic ISO simulation. The 
enhancing shallow convection may improve the northward 
propagation of ISO precipitation by enhancing the inter-
action between lower tropospheric heating and boundary 
layer moisture convergence (BLMC) and gradual transition 
from shallow to deep convection. Given the problems with 
the early version, we improved the model’s capacity in 
simulating both ISO propagation and realistic climatology.

3.2  Major modifications and tunings made 
to the parameterization schemes

One of the major problems in the CTL simulation is the 
warm SST bias in the tropics, which influences both mean 
precipitation and BSISO, and also large-scale circulations. 
It may be due to incorrect cloudiness or cloud-radiation 
interaction. We examined the role of cloudiness on warm 
SST bias by increasing cloudiness. The warm SST biases 
were significantly reduced by reducing the amount of solar 
radiation downward but BSISO northward propagation 
and the precipitation climatology were little improved, 
suggesting that we need to modify moist physics pro-
cesses, particularly convective parameterization because 
most precipitation is made by a convective scheme in the 
eastern Indian ocean from the model simulations. We 
hypothesize that the poor BSISO simulation may result 
from too frequent deep convection without abundant lower 
tropospheric moisture and associated convective instabil-
ity. The earlier NESM3.0 shows less sensitivity to lower 
tropospheric moisture (e.g. Yang et al. 2020b), which is far 
from the observation. In the observation, the precipitation 
increase with increasing low-level moisture, indicating 
that deep convection or heavy rainfall may occur when a 
deep moist boundary layer developed or convective insta-
bility is accumulated properly (Kim et al. 2011, 2014). 
To represent those hypotheses, our strategy is allowing 
deep convection for abundant moisture in the lower tropo-
sphere. To do this, we used (1) convective trigger based on 
boundary layer moisture, (2) enhance shallow convection 
to transport moisture near boundary layer to free atmos-
phere, (3) entrainment rate based on relative humidity, 
which allows deep convection when relative humidity 
is relatively large, (4) reducing the conversion rate from 
convective cloud water to rain in the convective scheme, 
which tends to suppress convective rainfall.



 Y.-M. Yang et al.

1 3

3.2.1  The modified TDK scheme

The convective parameterizations were modified in the 
NESM3.0. We implemented a convective trigger to the con-
vective scheme (hereafter ‘TRIG’; Yang et al. 2018; Yang 
and Wang 2019). This trigger is based on the Tokioka con-
straint (Tokioka et al. 1988) and further modified. The origi-
nal Tokioka constraint was designed for a “multiple-cloud 
(updraft)” mass flux scheme (e.g. the Arakawa-Schubert 
scheme). The original Tokioka constraint does not generate 
a deep convective cloud for relatively shallow PBL depths. 
Because the TDK scheme used a single updraft, the deep 
cloud tends to be suppressed too much and enhance large-
scale condensation to remove convective instability with 
colder SST by increases the cloudiness in coupled models. 
To reduce the negative effect of the Tokioka constraint, dif-
ferent criteria to determine the initiation of each cloud type 
are utilized. We use relaxed criteria for deep and middle 
convection compared to that for shallow convection. The 
modification may generate more frequent deep convection 
when compared to the same criteria for all cloud types.

where i refers to cloud type (deep, midlevel, and shallow 
convection), h is the BL depth, εmin is minimum entrain-
ment rate, and ai is a constant. The TRIG does not generate 
convection for relatively shallow BL depth. We adopt dif-
ferent constants for deep convection ( ai = 0.005), shallow 
( ai = 0.015), midlevel ( ai = 0.010) respectively. Those values 
may help to reduce colder SST simulation by the original 
Tokioka constraint. In the western Pacific, colder SST may 
occur compared to other regions because suppressed convec-
tion may induce large-scale condensation due to relatively 
high humidity. However, in the Indian ocean, this effect is 
relatively small, inducing weak cooling in the surface (e.g. 
Fig. 1e).

Second, a shallow convection scheme (SHLC) with 
a bottom-heavy diffusivity (Yang and Wang 2019) was 
included. This scheme is modified from Tiedtke et  al. 
(1988). This scheme calculated the following diffusive 
terms for large scale (grid mean) dry static energy S and 
specific humidity q (Tiedtke et al. 1988):

where l represents cloud liquid water content, ρ the air 
density, L the latent heat, t the time, and z the height. The 
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coefficient K is the eddy diffusivity showing a prescribed 
function of height. In earlier NESM3.0, it is shown that 
the vertical mixing between the boundary layer and lower 
troposphere is relatively weak, inducing less moisture and 
diabatic heating. Our shallow convection scheme includes 
a specific vertical profile of vertical mixing below 600 hPa; 
the vertical mixing near 925 hPa is relatively heavy and 
then gradually reduces to zero at 600 hPa. The new shallow 
convective scheme effectively enhanced shallow convection 
in the lower troposphere. It is known that the lower tropo-
spheric heating to the north of BSISO deep convection may 
play a role in improving BSISO simulation (Liu et al. 2018; 
Abhik et al. 2013).

Third, the conversion rate from convective cloud water 
to rain in the convective scheme is modified (hereafter 
‘CPRCON’). This parameter changes the amount of convec-
tive precipitation and detrainment of remaining cloud water 
in the updraft to the ambient air, affecting the formation of the 
stratiform cloud. We modified the conversion rate of cloud 
water to rain (Gp) in the convective scheme. This process is 
assumed to be in proportion to liquid water in the cloud (l) and 
empirical function (K) that varies with height (Tiedtke 1989).

where l is the liquid water content in the cloud and K(z) is 
constant at height, 2 ×  10–3. This parameter is reduced by 
30% compared to the original value. Note that this change is 
in a general range of observed variability (Yanai et al. 1973). 
This parameter affects the convective precipitation, down-
draft, and re-evaporation below the cloud-base, inducing a 
change of surface circulation and temperature. By reducing 
this parameter, the convection is suppressed and grid-scale 
precipitation can be enhanced.

Fourth, the entrainment rates in convective clouds were 
increased (hereafter ‘ENTR’). An increasing entrainment 
rate may generate a decrease of deep convection since mix-
ing between updraft and relatively dry and cold environmen-
tal air. In the convective scheme, cloud top is determined by 
entrainment rate, which is estimated by convective velocity 
and buoyancy of convective clouds (Möbis and Stevens 2012). 
In this study, we consider the impact of the relative humidity 
of the environmental air. The formula for entrainment rate as 
following: an entrainment rate (ε) is parameterized based on 
buoyancy (B_u) and grid-mean humidity (RH) based on Kim 
and Kang (2012)

where, a0 refers buoyancy on entrainment rate, and c� are 
conversion factors of grid-mean humidity. When RH is low 
(< 10%), c� is fixed at 10. For high RH (> 99%), c� is 1·e − 1. 
The range of entrainment rate is from 1·e−6 to 1·e−2  m−1. The 

(4)Gp = K(z)l,

(5)� = a0 × c� × B
u
, c� =

1

RH
,
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second iteration occurs when the cloud depth (that is, the 
difference of lift condensation level and the level of neutral 
buoyancy) is larger than 200 hPa. For the second iteration, 
deep convection uses a pre-defined entrainment profile. We 
increase the entrainment rate for deep convection by 50% of 
the original value.

3.2.2  The modified RAS scheme

The relaxed Arakawa Schubert (RAS, Lee et  al. 2001) 
scheme is included in the NESM3.0 model to examine 
that the modified schemes used in the TDK scheme work 
in other convective schemes. The RAS scheme has differ-
ent characteristics compared to the TDK scheme. First, the 
RAS scheme generates multiple updrafts (it is called “cloud 
ensemble”), whereas the TDK scheme uses a single updraft. 

Second, the RAS assumes that all type of clouds in a grid is 
to develop but the TDK generates only one type of clouds 
among shallow, midlevel and deep clouds. Third, the RAS 
calculates the entrainment rate based on assumption that the 
buoyancy of updraft is zero at the cloud top, which is pre-
scribed in the scheme, while the entrainment rate in the TDK 
is estimated with the updraft buoyancy. The TRIG, SHLC, 
CPRCON are also implemented into the RAS scheme. Note 
that ENTR is not included in the RAS scheme since the 
entrainment rate in the RAS scheme is determined by a pre-
scribed cloud top.

We conducted six experiments by using the TDK scheme 
to test the impacts of modified parameterizations: (1) the 
original TDK without modification (CTL), (2) the TDK 
with the convective trigger (TRIG), (3) the TDK with the 
modified shallow convection (SHLC), (4) the TDK with 

Fig. 1  Bias of boreal summer (June–August) mean-state sea surface temperature (ºC) from the models with the modified parameterizations. Stip-
pling indicates the region with statistically significant change at a 95% confidence level based on the t-test



 Y.-M. Yang et al.

1 3

the modified ratio of convective cloud water to rainwater 
(CPRCON), (5) the TDK with the modified entrainment rate 
(ENTR), and (6) the TDK with all modifications (M-TDK). 
Two additional experiments are performed using the RAS 
scheme. One is the RAS scheme without the modifications 
(RAS), and the RAS scheme with combined TRIG, SHLC, 
and CPRCON (hereafter ‘M-RAS’). Noted that the models 
have not been retuned for each change of the convective 
parameterizations. Because the model is fully coupled, we 
integrated the model through four stages. First, to obtain sta-
ble upper and deep ocean initial condition, only ocean model 
of the NESM3.0 integrated for 4000 years with atmospheric 
forcings. Second, to obtain a stable atmosphere–ocean equi-
librium state, the NESM3.0 integrated for 500 years with 
an initial condition of the 4000 years ocean simulation and 
preindustrial forcings based on CMIP6 protocol. Third, to 
obtain initial conditions at 1990 years, the model has inte-
grated for 140 years (1850–1990) with an initial condition 
of 500 years preindustrial simulation and historical CMIP6 
forcings. Fourth, the model integrated for 50 years with an 
initial condition of 1990 years from 140 years historical 
simulation and the fixed CMIP6 external forcings averaged 
over 1990 to 1999. Note that we used 1990’s fixed forcings 
to remove the impact of global warming. The last 20 years 
data of the 50 years simulations are used for analysis. The 
NESMs with the modified TDK and RAS schemes use the 
same parameter settings to facilitate comparison.

4  Effects of the modified parameterizations 
on mean fields and BSISO

4.1  Changes in the boreal summer mean climate

Figure 1 shows SST bias from the models with the modi-
fied parameterizations. The CTL shows a moderate warm 
bias over Indian and strong warming in the western Pacific 
and East Asia region. The meridional SST gradient decrease 
from the equatorial eastern Indian ocean to 10°N, while it 
tends to increase around 10°N to the Bay of Bengal. Com-
pared to the CTL, the SST biases in the models with the 
modified parameterizations produces slightly weak cold 
biases in most Indian and western Pacific regions except 
ENTR. The CPRCON and TRIG produce moderate colder 
SST near the eastern Indian Ocean and western Pacific. 
The SHLC shows weak cold biases in the Indian ocean 
and subtropical western Pacific. The ENTR show relatively 
weak warming in the western Pacific and western Indian 
ocean. Since the CTL produces strong warm biases in those 
regions, those colder SST biases simulated by the modified 
parameterizations can contribute to reduced SST biases. The 
M-TDK shows a similar cold SST pattern with those of the 
CPRCON and the TRIG slightly stronger magnitude.

The change of SST pattern may induce a change of pre-
cipitation (Fig. 2). The CTL shows strong wet biases in 
the eastern Indian Ocean and western Pacific but moder-
ate wet biases in the western Indian ocean. There are weak 
dry biases in the south of the Indian ocean and northwest-
ern Pacific. The CPRCON, SHLC, and the M-TDK reduce 
both wet anomalies in the Indian Ocean and western Pacific 
and dry anomalies in the south of the Indian ocean. The 
ENTR and TRIG slightly reduce wet anomalies in the east-
ern Indian Ocean and western Pacific. In all models, the 
changes of horizontal patterns in precipitation are consistent 
with those of the SST change.

The change of precipitation by the modified parameteri-
zations affects the circulation. Figure 3 shows zonal wind 
biases of the CTL and the modified models. The CTL simu-
lates westerly bias in the eastern Indian Ocean and western 
Pacific, while easterly biases in the East China Sea and south 
of the Arabian sea. The CPRCON, SHLC, ENTR, and TRIG 
shows weakened westerly biases in the Indian Ocean and 
western Pacific and reduce easterly biases in the East China 
Sea and south of the Arabian sea, which is favorable with 
a decrease of the zonal wind bias shown in the CTL. The 
zonal wind is strongly reduced in the CPRCON and TRIG 
but relatively weak in the SHLC and ENTR. It may be attrib-
uted to the change of zonal gradient of mean SST. The strong 
cooling (warming) in the western Pacific (western Indian 
ocean) leads to anomalous sinking (rising) motions, induc-
ing anomalous easterlies in the Indian ocean. The M-TDK 
produces weak westerly biases in the eastern Indian ocean.

To examine the structures of BSISO propagation over 
the Indian ocean in the models, We showed the phase 2 to 
phase 4 in the composite life cycles of outgoing longwave 
radiation (OLR) and horizontal wind vectors at 850 hPa 
associated with the BSISO in Fig. 4. These phases are 
calculated by the first two major modes of BSISO dur-
ing May–October. We first calculated daily anomalies 
of OLR and zonal wind at 850 hPa (U850) (10°S–10°N, 
40°–160°E) and applied multivariate empirical orthogo-
nal function analysis (Lee et al. 2013). Eight phases are 
defined based on the first and second EOF mode which 
represents the canonical northward propagating mode. 
The observations show that, in phase 2, broad ISO posi-
tive convection anomalies in the Indian ocean and its peak 
is located at equatorial eastern Indian Ocean (EIO). The 
strong convective anomalies propagate northward from 
the EIO to the Bay of Bengal and also moves eastward 
to the Maritime continent and western Pacific at phase 
3. In phase 4, the convective anomalies in the EIO move 
northward but their magnitude is significantly weakened 
and weak negative convective anomalies occur in the equa-
torial EIO. The CTL may fail to simulate the northward 
propagation of the ISO because of its weak initial intensity 
and deficiency of processes associated with the northward 
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propagation of the ISO. The weak convective anomalies 
occur at the Bay of Bengal in phase 2. The convective 
anomalies in the eastern Indian ocean become strong and 
slightly move southward in phase 3. The convective anom-
alies eventually become weak and move to the south of the 
EIO in phase 4. Note that the CTL also does not reproduce 
eastward propagation from EIO to the western Pacific dur-
ing phases 2 and 4. The CPRCON shows relatively strong 
convective anomalies in equatorial EIO at phase 2 and it 
tends to move northward at phase 3 with strong magni-
tude and then it becomes weak at phase 4. Note that the 
CPRCON does not reproduce eastward propagation of ISO 
from EIO to the east of the Philippine sea. The SHLC 
produces moderate ISO convection at phase 2and it propa-
gate northward at phase 3. The convective anomalies are 

weakened in the Bay of Bengal and move eastward to the 
Philippine sea at phase 4, suggesting that the SHLC may 
improve both northward and eastward propagation. The 
ENTR simulates better northward propagation in the EIO 
with a reasonable horizontal pattern during phases 3 and 
4. Note that the ENTR also improves eastward propaga-
tion to the western Pacific but the signal in the Maritime 
continent is relatively weak. The TRIG produces strong 
northward propagation of convective anomalies but its 
magnitudes are much stronger than the observation. The 
M-TDK reproduces the observed northward (or eastward) 
propagation in the EIO and western Pacific with relatively 
strong anomalies. The corresponding wind anomalies are 
also similar to the observation. Note that convection of 
the models tends to react more strongly to given SST 

Fig. 2  The bias of boreal summer (June–August) mean-state precipitation (mm  day−1) from the models with the modified parameterizations. 
Stippling indicates the region with statistically significant change at a 95% confidence level based on the t test
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compared to the observation, inducing more strong ISO 
convection.

4.2  Changes in BSISO properties

Analysis of climate model experiments indicates that mean-
field changes due to the modified parameterizations system-
atically improve the BSISO northward propagation in the 
EIO, providing a good opportunity for better parameteriza-
tions to improve the propagation.

Figure  5 shows the latitude-time structure of the 
lead-lag correlation of BSISO precipitation in the EIO. 
We use the ISO convection center at the equatorial EIO 
(80°–100°E, 5°S–5°N) as a reference because strong 
BSISO northward propagation occurs there. In obser-
vations, the convection of the BSISO moves northward 

with a phase speed of 1.0 m  s−1 from equatorial EIO to 
the Bay of Bengal. The CTL fails to produce northward 
propagation of ISO convection. It seems to propagate 
southward with a slightly faster speed. The CPRCON and 
ENTR show improved northward propagation of ISO pre-
cipitation between 0°N–20°N with a relatively significant 
pattern correlation coefficient (> 0.7) when compared to 
the observation (Fig. 5a). The SHLC and TRIG produce 
dominant northward propagating ISO from equatorial EIO 
to the Bay of the Bengal with a moderate pattern cor-
relation coefficient. The M-TDK successfully reproduces 
ISO northward propagation with a similar magnitude but 
the phase speed of BSISO is about 1.2 m  s−1, which is 
faster than the observation. These results suggest that the 
modified parameterizations tend to improve the northward 
propagation of the ISO simulation significantly.

Fig. 3  The bias of boreal summer (June–August) zonal wind at 850 hPa (m  s−1) from the models with the modified parameterizations. Stippling 
indicates the region with statistically significant change at a 95% confidence level based on the t test
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4.3  Causes of the changes of ISO simulations 
with the modified parameterizations

We examine how mean state changes by the modified param-
eterizations affect the ISO northward propagation over the 
EIO. The modified parameterization tends to suppress deep 
convection, while enhances shallow or congestus clouds, 
which changes the JJA mean vertical zonal wind shear by 
modifying temperature and wind fields in the lower and 
higher troposphere (Fig. 6a). In the observation, dominant 
easterly vertical shear averaged over the EIO (80°E–100°E) 
was seen from the EIO and Bay of Bengal (10°S–30°N). The 
vertical shear has a peak around 10°N and then reduced with 
increasing latitude. The CTL simulates weak shear from 
south of EIO to the Bay of Bengal and its peak is much 
smaller than the observation (50%), which is far from the 

observations. When compared to the CTL, the models with 
the modified parameterizations simulate a realistic meridi-
onal structure of zonal shear with a slightly strong magni-
tude around 10°N by thermodynamic and dynamic effects of 
the modified parameterizations. The M-TDK and CPRCON 
show stronger zonal vertical shear than observation.

The enhanced zonal vertical shear can generate coupled 
baroclinic and barotropic modes, inducing a change of 
barotropic vorticity anomaly (Wang and Xie 1997; Xie and 
Wang 1996). Figure 6d show vorticity anomalies (925 hPa) 
regressed on the 20–70 day filtered precipitation averaged 
over the eastern Indian ocean (5°S–5°N, 80°–100°E). Obser-
vation shows significant positive vorticity anomalies from 
5°N to 15°N, where zonal vertical shear is about 25 m  s−1. 
Its peak is located around 10°N, which is consistent with 
the range of northward propagation of the ISO precipitation 

Fig. 4  The life cycle composite of OLR (shading) and 850-hPa wind 
(vector) anomaly. Wind vectors are shown in the region with statisti-
cally significant change at a 95% confidence level based on a t test. 
We showed the phase 2 to phase 4 (top to bottom) obtained from a 
observation, b–g the model with the modified parameterizations. 
These phases are calculated by the first two major modes of BSISO 

during May–October. We first calculated daily anomalies of OLR and 
zonal wind at 850 hPa (U850) (10°S–10°N, 40°–160°E) and applied 
multivariate empirical orthogonal function analysis (Lee et al. 2013). 
Eight phases are defined based on the first and second EOF mode 
which represents the canonical northward propagating mode
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center (e.g., Jiang et al. 2004). In the CTL, the positive vor-
ticity anomalies are weak between 5°N and 15°N, which 
may be consistent with corresponding weak vertical shear. 
The models with the modified parameterizations simulate 
strong positive vorticity anomalies from the EIO to 15°N, 
which are similar to the observed. These results suggest that 
the changes in vorticity anomalies may be attributed to the 
magnitude of vertical wind shear. The magnitude of vorti-
city in the M-TDK is almost the same as that of the obser-
vation. The magnitudes of cyclonic vorticity in the model 
are enhanced and the corresponding northward propagation 
signal of ISO convection is also improved, implying that 
the positive vorticity anomalies may be the primary factor 
for the generation of the next convection north of BSISO 
center in the EIO.

The change of vorticity anomalies may generate BLMC. 
Figure 6e represents BLMC anomalies (925 hPa) regressed 

on the 20–70 day filtered precipitation averaged over the 
eastern Indian Ocean (5°S–5°N, 80°–100°E). The observa-
tion shows the positive anomalies of the BLMC over 5°S 
to 15°N. The peak is located near the equator and extends 
northward, indicating that the next convection may be 
generated to the north of the ISO center. In the CTL, the 
positive BLMC anomalies occur only 5°S to 10°N and the 
magnitude is also weaker than the observation. The modi-
fied parameterizations tend to increase the BLMC anoma-
lies. The CPRCON simulates stronger BLMC than that 
of the CTL, showing broader positive anomalies than the 
CTL between 10°S and 15°N. The ENTR and SHLC also 
enhance the meridional structure of the BLMC anomalies 
with a stronger magnitude than the observation. The TRIG 
significantly intensifies the BLMC anomalies than the ENTR 
and SHLC. The M-TDK produces realistic BLMC anomalies 
with a relatively strong magnitude. These results, compared 

Fig. 5  Propagation of ISO precipitation as depicted by the lead-lag 
correlation of 20–70  day filtered precipitation averaged over 80°–
100°E from a observation and b–g the model simulations with the 

modified parameterizations during boreal summer (May–October). 
The ISO precipitation averaged over 80°–100°E and 5°S–5°N was 
used as a reference for calculating the correlation
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Fig. 6  Meridional structure of 
June–August a mean-state zonal 
shear (U200–U850), b mean 
specific humidity at b 1000 hPa, 
and c 850 hPa averaged over 
80°–100°E from observation 
(black line) and the models 
(colored line). Meridional varia-
tion of the regressed ISO, d rel-
ative vorticity  (s−1) at 925 hPa, 
e BL moisture convergence 
 (day−1) at 925 hPa, f convec-
tive instability (K), g SST (°C) 
averaged over 80°–100°E from 
observation (black line) and 
the model simulations (colored 
line). The 20–70 day filtered 
precipitation anomaly averaged 
over 5°S–5°N and 80°–100°E 
was used as a reference for 
calculating regression
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to the change of vorticity anomalies (Fig. 6d), indicate that 
the vorticity anomalies may play a major role in generating 
BLMC in the EIO. In summary, the model with the modified 
parameterizations simulates the BLMC to the north of the 
ISO convention center, which is consistent with its success 
to simulate the ISO northward propagation.

The enhanced BLMC anomalies may generate a deepen 
moist lower troposphere in advance of the deep convective 
phase of the MJO (e.g., Bladé and Hartmann 1993; John-
son et al. 1999; Kemball-Cook and Weare 2001; Tian et al. 
2006). In the tropical lower troposphere, the equivalent 
potential temperature (EPT) change reflects moisture vari-
ation because the temperature anomaly is small. To show 
the moistening and destabilization processes efficiently, 
we examine the EPT anomalies which also show the moist 
static energy anomalies of the MJO. Figure 7 shows vertical 
profiles of the EPT anomalies regressed on the 20–70 day 
filtered precipitation averaged over the eastern Indian ocean 
(5°S–5°N, 80°–100°E). The observed shows a peak of the 
EPT near 500 hPa around the equator since the ISO major 
precipitation center occurs there. The EPT anomalies extend 
to the north (~ 20°N) in the lower troposphere and bound-
ary layer, suggesting that the lower troposphere is mois-
tened ahead of the MJO center. The CTL did not capture 
the northward extension of the EPT. It shows a southward 

extension in the lower troposphere, which is consistent with 
the southward propagation of the ISO convection (Fig. 5b). 
The CPRCON simulates the northward extension of the EPT 
in the lower troposphere. However, it simulates positive 
EPT in the middle and upper troposphere over 20°–30°N, 
which are not observed. In the SHLC, the southward exten-
sion of the ISO is reduced and the northward extension is 
simulated but it occurs mainly in the boundary layer. The 
ENTR shows a dominant northward extension of the EPT 
but the positive EPT extends up to 15°N. In the TRIG, the 
EPT extends at the north of the BSISO center in the lower 
troposphere but the magnitude of the EPT is stronger than 
the observations and other models. The M-TDK reproduces 
the observed vertical structure of the EPT anomalies with 
a higher pattern correlation of 0.88 and a lower normal-
ized root-mean-square error of 0.58 when compared to the 
observation. These results suggest that the modified param-
eterizations may contribute to the northward propagation of 
the ISO convection by enhancing the moist boundary layer 
or lower troposphere.

The increased EPT may induce positive convective 
instability anomalies to the north of the ISO center (Hsu 
and Li 2012). Figure 6f shows the meridional structure of 
the convective instability index (EPT at 850 hPa–EPT at 
300 hPa, Yang and Wang 2019) anomalies, which represents 

Fig. 7  Equatorial meridional asymmetry in the equivalent potential 
temperature (EPT, K) averaged between 80°E and 100°E in a the 
observation and b–g the model simulations. The structures in each 

panel are depicted by the regressed 20–70 day filtered EPT onto the 
20–70 days filtered precipitation averaged over the BSISO precipita-
tion center (5°S–5°N, 80°–100°E)
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destabilization before the ISO deep convection. In obser-
vation, convective instability is negative near the equator, 
where ISO deep convection occurs. It becomes positive at 
the north (5°N–20°N) of the BSISO center, indicating that 
the next convection may be generated at the north of the 
existing BSSO deep convection. The CTL simulates nega-
tive convective instability between 20°S and 15°N, suggest-
ing that the CTL fails to indicate the next convection at the 
north of ISO main deep convection. The ENTR and SHLC 
produce positive convective instability over 5°N–20°N and 
the magnitude is comparable with the observation. In the 
TRIG and CPRCON, positive convective instability extends 
to 30°N. Note that all models with the modified parame-
terizations simulate strong negative convective instability 
around the equator, indicating that the models tend to over-
produce the strength of deep convection there. The M-TDK 
reproduces the observed meridional structure of convective 
instability, indicating that the M-TDK may generate the 
next convection at the north of the BSISO center. Note that 
the M-TDK underproduces the convective instability over 
5S°–5°N and overproduces it over 10°–30°N, which is con-
sistent with the meridional distribution of the BLMC (see 
Fig. 6e).

We examined the eddy potential available energy (EAPE) 
as shown in Fig. 8. The EAPE is useful to show the energy 

source of the ISO perturbation. The EAPE is positive when 
the heating is added in the warm air or cooling occurs in the 
colder region. Figure 8 shows the EAPE anomalies regressed 
on ISO convection over EIO. The observation represents 
a peak of EAPE anomalies over the BSISO center in the 
middle troposphere (400–500 hPa). In the north of the ISO 
center in the lower troposphere, positive EAPE anomalies 
were observed. The zonal asymmetry in the EAPE anoma-
lies concerning the ISO precipitation center or northward 
extension of the lower tropospheric EAPE anomalies is 
consistent with those of the EPT. These results indicate 
that northward propagation of the ISO precipitation may be 
generated by the positive or higher EAPE anomalies at the 
north of the BSISO center because the positive EAPE can be 
converted to eddy kinetic energy. As shown in Fig. 8b, the 
CTL fails to capture the northward extension of the EAPE 
in the lower troposphere. The CPRCON, ENTR, and TRIG 
simulate positive EAPE anomalies in the north of ISO center 
up to 25°N, which is more extended northward compared to 
observation. The SHLC simulates weak positive EAPE in 
the boundary layer. The M-TDK reproduces the observed 
vertical structure of the EAPE anomalies with a stronger 
magnitude, suggesting that the modified parameterizations 
may produce positive EAPE anomalies, which may contrib-
ute to northward propagation.

Fig. 8  Equatorial meridional asymmetry in the BSISO eddy available 
potential energy (EAPE) generation rate  (K2  day−1) averaged between 
80°E and 100°E in a the observation and b–g the model simulations. 

The structures in each panel are depicted by the regressed 20–70 day 
filtered EAPE onto the 20–70  days filtered precipitation averaged 
over the BSISO precipitation center (5°S–5°N, 80°–100°E)
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Other possible mechanisms have been examined to test 
whether they may be critical for BSISO northward propaga-
tion by modified parameterizations or not. We have tested 
the role of BL moisture advection by the winds (Jiang et al. 
2004; DeMott et al. 2013). The meridionally increased mean 
specific humidity may be favorable with an occurrence of the 
next convection at the north of the BSISO center. Figure 6b 
shows the meridional structure of mean specific humidity at 
1000 hPa from models and observations. The observation 
shows low specific humidity anomalies between 20°S and 
the equator, and it gradually increases at the north of the 
BSISO precipitation center. It has a peak near 20°N and then 
decreases around 25°N, suggesting that next convection may 
occur at the north of the ISO center by abundant moisture 
anomalies. The CTL produces weaker mean moisture than 
observation from 20°S to 20°N. The SHLC and CPRCON 
simulate increased moisture but still less than the observa-
tion. The TRIG and ENTR produce more increased moisture 
at the north of the BSISO center, which is comparable with 
the observation. The M-TDK shows a realistic meridional 
structure of moisture over 20°S to 30°N, suggesting that 
the modified parameterizations can increase the mean mois-
ture profile. Figure 6c shows the meridional structure of the 
moisture at 850 hPa. The observation shows an increased 
meridional gradient than that at 1000 hPa (Fig. 6b) over 
5°N–25°N. In the CTL, the meridional gradient is much 
flattened compared to the observation and corresponding 
moisture gradient at 1000 hPa. The SHLC and CPRCON 
improve meridional profiles of mean moisture. The TRIG 
and ENTR enhance not only the mean moisture amount but 
also the meridional gradient of the moisture, closer to the 
observed. The M-TDK can capture the observed meridional 
gradient of the moisture. Comparison between Fig. 6b, c, 
the modified parameterizations may contribute to enhance 
upward transport of the moisture from the surface to the 
lower troposphere at the north of the ISO convection.

We also examined the air-sea interaction mechanism, 
which may contribute to ISO northward propagation. Fig-
ure 6g shows the meridional structure of the SST anoma-
lies regressed on the ISO convection over the EIO. The 
observation shows strong cold SST anomalies around 
equatorial EIO, where the ISO precipitation center occurs. 
The warm SST anomalies at the north of the BSISO center 
(8°N–25°N) are observed, suggesting that the next convec-
tion may be generated at the north of the ISO center. Note 
that the cold anomalies near the equator are attributed to a 
reduced downward solar radiation by deep cloud amount. 
In the CTL, SST anomalies are very weak around the 
equator, suggesting that the CTL has difficulties captur-
ing ISO deep convection center there. The SST anomalies 
fluctuate with a very small magnitude from 5°N to 15°N 
and then become positive, indicating that the CTL partly 
fails to simulate warmer SST anomalies at the north of 

the ISO center. The ENTR and SHLC capture warm SST 
anomalies between 5° and 25°N but fail to simulate cold 
SST anomalies, implying that the ENTR and SHLC still 
cannot capture ISO deep convection with a planetary scale 
shown as in Fig. 4. The CPRCON and TRIG simulate both 
cold anomalies near the equator and warm anomalies in 
the north of EIO realistically. The M-TDK also captures 
the meridional structure of SST anomalies with a stronger 
magnitude from the equatorial EIO to the Bay of Bengal. 
These results suggest that the meridional structure of SST 
anomalies associated with ISO deep convection center may 
partly contribute to the improved northward movement of 
ISO convection.

We added the modified parameterizations in the RAS 
scheme to test whether the modified parameterizations 
improve the northward propagation of the ISO in another 
convective scheme (Fig. 9). The RAS fails to capture north-
ward propagation of the ISO; it shows standing ISO fea-
tures. The M-RAS (The RAS scheme with the modified 
parameterizations) realistically produces the ISO north-
ward propagation when compared to that of the RAS. The 
M-RAS well represents the meridional structure of mean 
vertical shear in the EIO and SST anomalies with respect 
to the ISO center, which is similar to those of the M-TDK. 
These results suggested that the modified parameterizations 
may work in other convective parameterizations. Note that 
the M-RAS climatology is slightly worse than that of the 
RAS; The SST is slightly colder than the M-RAS since the 
M-RAS produces less downward shortwave radiation by 
more cloudiness.

We examined other climate model simulations, Global 
Coupled model version 2 (GC2, Williams et al. 2015) and 
version 3 (GC3, Walters et al. 2011) whether our hypothesis, 
suppressing convection based on boundary layer properties, 
could be applied to other climate models. One of the major 
differences between GC2 and GC3 is that GC3 includes a 
modified convective trigger based on boundary layer prop-
erties and entrainment rate based on convective activities 
(Williams et al. 2015; Walters et al. 2011). We compared 
the BSISO simulation of GC2 with that of GC3. Figure 10 
shows the latitude-time structure of the lead-lag correla-
tion of BSISO precipitation in the EIO from the GC2 and 
GC3. We use the ISO convection center at the equatorial 
EIO (80°–100°E, 5°S–5°N) as a reference because strong 
BSISO northward propagation occurs there. In observations, 
the convection of the BSISO moves northward with a phase 
speed of 1.0 m  s−1 from equatorial EIO to the Bay of Bengal. 
The GC2 produces northward propagation of ISO convec-
tion but its magnitude is weak. The GC3 shows improved 
northward propagation of ISO precipitation between 0°N 
and 25°N with a relatively significant pattern correlation 
coefficient (> 0.75) when compared to the GC2. These 
results suggest that the GC3 with a convective trigger based 
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on boundary layer properties tends to improve the northward 
propagation of the ISO simulation significantly.

Figure 11 shows the composite life cycles of outgoing 
longwave radiation (OLR) and winds at 850 hPa (U850) 

from the GC2 and GC3 (phase 2–5) were analyzed to show 
processes for the evolution and propagation of the BSISO 
in the models. Eight phases based on the BSISO index are 
used in the figure using multivariate empirical orthogonal 

Fig. 9  a, b Propagation of ISO precipitation as depicted by the lead-
lag correlation of 20–70 day filtered precipitation averaged over 80°–
100°E from a RAS and b M-RAS during boreal summer (May–Octo-
ber). The ISO precipitation averaged over 80°–100°E and 5°S–5°N 
was used as a reference for calculating the correlation. c Meridional 
structure of June–August mean-state zonal shear (U200–U850, m 

 s−1), and d Meridional variation of the regressed ISO SST anomalies 
(°C) averaged over 80°–100°E from observation (black line) and the 
model simulations (colored line). The 20–70 day filtered precipitation 
anomaly averaged over 5°S–5°N and 80°–100°E was used as a refer-
ence for calculating regression

Fig. 10  Propagation of ISO 
precipitation as depicted by 
the lead-lag correlation of 
20–70 day filtered precipitation 
averaged over 80°–100°E from 
a GC2 and b GC3 during boreal 
summer (May–October). The 
ISO precipitation averaged over 
80°–100°E and 5°S–5°N was 
used as a reference for calculat-
ing the correlation
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function analysis from daily anomalies of OLR and U850 
data during May–October (Lee et al. 2013). The GC2 cap-
tures northward propagation of the ISO but the intensity is 
weaker than observation and the horizontal pattern of the 
OLR is not organized compared to observation. The weak 
convective anomalies occur at the eastern Indian ocean in 
phase 2. The convective anomalies in the eastern Indian 
ocean become strong and slightly move both southward 
and northward in phase 3. The convective anomalies move 
northward in phase 4 and eventually become weak and move 
to the south of the EIO (phase 5). The GC3 captures the 

observed northward propagation in the EIO with relatively 
strong anomalies. The corresponding wind anomalies are 
also comparable to the observation.

We examine how mean state changes by the modified 
parameterizations affect the ISO northward propagation over 
the EIO. The modified parameterization tends to suppress 
deep convection, while enhances shallow or congest clouds, 
which changes the MJJASO mean vertical zonal wind shear 
by modifying temperature and wind fields in the lower and 
higher troposphere (Fig. 12a). In the observation, dominant 
easterly vertical shear averaged over the EIO (80°E–100°E) 
was seen from the EIO and Bay of Bengal (10°S–30°N). The 
vertical shear has a peak around 10°N and then reduced with 
increasing latitude. The GC2 simulates weak shear from 
south of EIO to the Bay of Bengal and its peak is smaller 
than the observation (10–40%). On the other hand, the GC3 
simulates a realistic meridional structure of zonal between 
7°N and 20°N compared to the observation.

Figure 12b show vorticity anomalies (925 hPa) regressed 
on the 20–70 day filtered precipitation averaged over the 
western Pacific (5°S–5°N, 80°–100°E). Observation shows 
significant positive vorticity anomalies from 5°N to 15°N, 
where zonal vertical shear is about 25 m  s−1. Its peak is 
located around 10°N, which is consistent with the range 
of northward propagation of the ISO precipitation center 
(e.g., Jiang et al. 2004). In the GC2, the positive vorticity 
anomalies are weak between 5°N and 11°N, which may 
be consistent with corresponding weak vertical shear. The 
GC3 simulates strong positive vorticity anomalies from 
the EIO to 15°N, which are similar to the observed. These 
results suggest that the changes in vorticity anomalies may 
be attributed to the magnitude of vertical wind shear. The 
magnitude of vorticity in the GC3 is almost the same as that 
of the observation.

We also examined the air-sea interaction mechanism, 
which may contribute to ISO northward propagation from 
the GC2 and GC3. Figures 12c show the meridional struc-
ture of the SST anomalies regressed on the ISO convec-
tion over the EIO. The observation shows strong cold SST 
anomalies around equatorial EIO, where the ISO precipita-
tion center occurs. The warm SST anomalies at the north of 
the ISO center (8°N–25°N) are observed, suggesting that 
the next convection may be generated at the north of the 
ISO center. Note that the cold anomalies near the equator 
are attributed to a reduced downward solar radiation by 
deep cloud amount. In the GC2, SST anomalies are very 
weak around the equator, suggesting that the GC2 has dif-
ficulties capturing ISO deep convection center there. The 
SST anomalies fluctuate with a small magnitude from 8°N 
to 20°N, indicating that the GC2 partly fails to simulate 
warmer SST anomalies at the north of the ISO center. The 
GC3 also captures the meridional structure of SST anoma-
lies with a stronger magnitude from the equatorial EIO to 

Fig. 11  The life cycle composite of OLR (shading, W  m−2) and 850-
hPa wind (vector, m  s−1) anomaly. Wind vectors are shown in the 
region with statistically significant change at a 95% confidence level 
based on a t test. We showed the phase 2 to phase 5 (top to bottom) 
obtained from a GC2 and b GC3. These phases are calculated by the 
first two major modes of BSISO during May–October. We first cal-
culated daily anomalies of OLR and zonal wind at 850 hPa (U850) 
(10°S–10°N, 40°–160°E) and applied multivariate empirical orthogo-
nal function analysis (Lee et al. 2013). Eight phases are defined based 
on the first and second EOF mode which represents the canonical 
northward propagating mode
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the Bay of Bengal. These results suggest that the meridional 
structure of SST anomalies associated with ISO deep con-
vection center may partly contribute to the improved north-
ward movement of ISO convection.

5  Conclusion and discussion

We explore the impact of the modified parameterizations on 
BSISO northward propagation in the Indian Pacific and how 
the modified parameterizations affect BSISO simulations 
using possible mechanisms including vertical zonal wind 
shear, meridional gradients of the mean specific humidity, 
and air-sea interaction by examining the NESM3.0 numeri-
cal simulations. The modified parameterizations improve the 
ISO northward systematically from the equatorial eastern 
Indian Ocean to the Bay of the Bengal.

Analysis of the northward propagating BSISO structure 
from climate model experiments shows that the modified 
parameterizations improve BSISO simulations by enhancing 
vertical zonal wind shear over the EIO. All modified param-
eterizations produce increased positive vorticity anomalies 
by enhanced zonal vertical shear compared to the model 
without the modified parameterizations. The positive vor-
ticity generates increased BLMC, inducing EPT, or moist 
static energy in the lower troposphere. The enhanced EPT in 
the lower troposphere increases convective instability to the 
north of the ISO convection center, generating ISO north-
ward propagation.

Other proposed mechanisms have been tested to explain 
the improved northward propagation of ISO. Only the modi-
fied parameterizations including ENTR and TRIG tends to 
increase the meridional gradients of the mean moisture 
over 5°N–25°N, which is consistent with the strengthened 

northward propagation of ISO convection, whereas the 
SHLC and CPRCON did not. For the air-sea interaction 
processes, the modified parameterizations including TRIG 
and CPRCON improve the meridional structure of SST 
anomalies over the EIO. The M-TDK shows that all three 
processes work reasonably well, which is consistent with 
better BSISO simulation (e.g. Figure 4g). Note that the 
TRIG also enhances three processes related to the north-
ward propagation of the BSISO, suggesting that the proper 
suppression of convection may be a key for improving the 
BSISO simulations. The SHLC improved the BSISO simula-
tions by enhancing “vorticity anomalies by increased zonal 
shear” and “air-sea interaction”, which is consistent with the 
mechanism or processes suggested by previous studies (Liu 
et al. 2018; Abhik et al. 2013).

To check whether our hypothesis could be applied to dif-
ferent climate models, we compared the earlier version of 
the GC model (GC2) with the later version of the GC model 
(GC3). One of the major differences between GC2 and GC3 
is that GC3 includes a modified convective trigger based 
on boundary layer properties and entrainment rate based 
on convective activities. The GC3 with a convective trigger 
based on boundary layer properties tends to improve the 
northward propagation of the ISO simulation significantly 
compared to those of the GC2. The modified parameteriza-
tion in the GC3 improves the meridional structure of zonal 
shear, positive vorticity, and SST anomalies from the EIO to 
the Bay of Bengal. These results indicate that our hypothesis 
may work well in other climate models for the improved 
northward movement of ISO convection. It is noted that gen-
erally speaking, the ISO simulation is sensitive to convective 
parameterizations (including shallow convective schemes) 
as well as other physical processes and this topic will be 
discussed in further study.

Fig. 12  Meridional structure of May–October a mean-state zonal 
shear (U200–U850), Meridional variation of the regressed ISO 
b relative vorticity  (s−1) at 925  hPa, and c SST (°C) averaged over 
80°–100°E from observation (black line), the GC2 (blue line) and the 

GC3 (red line) model simulations. The 20–70 day filtered precipita-
tion anomaly averaged over 5°S–5°N and 80°–100°E was used as a 
reference for calculating regression
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