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Equatorial convection controls boreal
summer intraseasonal oscillations in the
present and future climates
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The boreal summer intraseasonal oscillation (BSISO) is the major mode of tropical intraseasonal
variability during the Indian summermonsoon (ISM), it partly controls the dry andwet spells of the ISM
and thus is crucial for agricultural yield in the country.Understanding the future ofBSISO is essential as
it has been established recently that the large-scale BSISO environment enhances the probability of
extreme rainfall events enormously. In this study, the ability of Coupled Model Inter Comparison
Project Phase 6 (CMIP6) models to capture the northward propagation of boreal summer
intraseasonal oscillation (BSISO) is examined using a counting algorithm. A composite moisture
budget reveals the difference in moisture dynamics between the above-average-performing (AAPM)
and below-average-performing (BAPM) models. The AAPM composite has a stronger horizontal
moisture advection ahead of the convection centre than the BAPM composite. The weaker wind and
moisture perturbations in the BAPMmainly cause this difference in the horizontal moisture advection
between AAPM and BAPM. The BAPM composite shows a weaker equatorial convection signal
compared to the AAPM composite, resulting in weaker wind and moisture perturbations and a lesser
number of northward propagations. Finally, we understand the future of BSISO by examining the
projections of Shared Socioeconomic Pathways 370 (SSP370) from the available AAPMs. The
background moisture will be enhanced uniformly in the future, leading to no substantial change in
gradients. The equatorial convection amplifies and broadens in the future projections, leading to very
little change in the wind perturbations. This results in the enhancement of BSISO rainfall by 63% in the
Bay of Bengal and 42% in the Arabian Sea. However, the proportion of northward propagations
remains the same as moisture advection remains the same. The study implies that with a correct
representation of BSISO’s equatorial convection, the prediction of BSISO and extreme rainfall
associated with BSISOs becomes more reliable.

Indian summer monsoon rainfall (ISMR) is responsible for most of the
country’s agricultural yield1. The monsoon period (June-July-August-Sep-
tember, JJAS) is characterized by intense convection, leading to widespread
precipitation throughout the country. This precipitation is not continuous
in time and is characterized by a series of wet and dry periods called active
and break spells, respectively2–6. While the extended dry period leads to
drought, the extended wet period leads to flood7. These dry and wet periods
are modulated by the Boreal summer Intraseasonal Oscillation (BSISO),
which is the dominant mode of intraseasonal variability in the Indian
summer monsoon8–10. While a relationship between BSISO and wet/dry

spells exists for most of the regions of the country, it is more pronounced
over the core monsoon zone.

The BSISO’s wet spell is initiated in the equatorial Indian Ocean and
moves northward over to the Indian landmass and adjoining ocean basins,
bringing rainfall11,12. Many possible mechanisms for the northward propa-
gation have been put forward in the past13–19. The northward propagation of
BSISO is considered the unstablemode ofmonsoonflow, and this instability
is mainly controlled by the background zonal wind shear17,19–21. The back-
ground easterly zonal wind shear generates barotropic vorticity to the north
of the convection centre, and this vorticity then induces a boundary layer
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convergence, moving the convection northward17,22. An eigenvalue analysis
shows that the BSISO always propagates northward in the presence of
easterly wind shear17.

However, it has been suggested recently that even with a conducive
background shear, a weak BSISO convective signal at the equator dissipates
without significant northward propagation23,24. A few studies also suggested
the organization of BSISO convection22,25 is important for the northward
propagationofBSISO in theCMIP6models. Thus, this study aims to establish
the role of equatorial convection in the northward propagation of BSISO.

Nevertheless, establishing this is not straightforward, given that not all
the models of CMIP6 faithfully reproduce the BSISO’s northward
propagation22,25–27. From the inception, CMIP models had difficulty in
faithfully capturing the BSISO, with only 2 of the 17 evaluated models
showing some appreciable skill in BSISO’s simulation in CMIP2+ and
CMIP328.While observations suggest that, often, northward propagation of
BSISO is associated with eastward propagation into the West Pacific29, the
CMIP3 models produced northward propagations without eastward
propagation30. The situation improved with the CMIP5, with more models
simulating the northward propagation of BSISO. However, many models
underestimate the BSISO variance in the equatorial Indian Ocean31. This
underestimation of BSISO variance is still found in CMIP6 models, with
only 10 out of 19 evaluated models capturing the northward propagation22.
However, this inherent inability of somemodels allows us to pursue further
the hypothesis that equatorial BSISO convection also has an essential role in
the northward propagation of BSISO.

Finally, after establishing the role of equatorial convection innorthward
propagation, we also answer the question, “What would be the future of
BSISO in the Indian Ocean basin?”. Understanding the future of BSISO is
essential as it has been established recently that the large-scale BSISO
environment enormously enhances the probability of extreme rainfall
events32. The enhancement of rainfall caused by low-pressure systems (LPS)
during certain phases of BSISO has been reported33. Thus, answering the
above questionhelps better predict extreme rainfall events andmitigate their
impact.

Recently, it has been argued that BSISO andMadden-JulianOscillation
(MJO) manifest the same low-frequency variability in different background
moisture states34–36, and capturing moisture dynamics is crucial for MJO
prediction37. Hence, in this work, we examine the moisture dynamics in the
CMIP6 models. Using a counting algorithm to determine the number of

northward propagations in each of the selected CMIP6 models, we cate-
gorize the models into above-average-performing models (AAPM) and
below-average-performing models (BAPM) based on the percentage of
northward propagations from the equator in eachmodel (Section “Data and
Methods”). We perform a composite moisture budget to understand the
difference in northward propagations in AAPM and BAPM composites.
Finally, we use the SSP370 projections from the available AAPMs to illu-
minate the future of BSISO. We chose the SSP370 because we are a little
optimistic about the climate action being taken worldwide; since extreme
events are on the rise worldwide, we expect countries worldwide to act,
thereby cutting off carbon emissions. Additionally, SSP370 is a newly added
scenario in theCMIP6 thatwas added to bridge the gapbetweenRCP6.0 and
RCP8.5 in the CMIP5 and was studied relatively less compared to SSP585.

Results
Difference in propagation characteristics between AAPM and
BAPM composites
Using a simple counting algorithm (Section “Data and Methods”), we
identify 12 models as AAPMs and the remaining 8 as BAPMs. Figure 1
shows the composite of propagation for the AAPMs and the BAPMs.
Despite a similar evolution trend between the AAPM and BAPM compo-
sites, the AAPM composite exhibits a strong equatorial rainfall structure on
day 0. Both composites capture the weakening of rainfall anomalies across
the South Bay of Bengal (SBoB)38. However, the rainfall anomaly
strengthens considerably at further lead times over the North Bay of Bengal
in theAAPMcomposite compared to the BAPMcomposite (day 12), which
gives confidence in the algorithm we used for categorisation. We find that
56% of events at the equator propagate northward in theAAPMcomposite,
whereas this proportion is only 35% for the BAPM composite. While the
number of northward propagations in the observations stands at 62%
(Table 2).

Moisture budget
Apositivemoisture tendencydevelops to the northof the convection centre,
which moistens the atmosphere to the north of the convection centre,
helping prime the atmosphere for deep convection and thus assisting
northward propagation23,35,39. Therefore, we conduct a vertically integrated
moisture budget to understand the difference between the propagations in
AAPMand BAPMcomposites. Figure 2 shows the result from themoisture

Fig. 1 | Spatial Evolution of ISO rainfall. Evolution composites of the ISO-filtered
rainfall anomaly (mm/day, shading) and the ISO-filtered wind anomaly (m/s, vec-
tors) for (a) AAPM and (b) BBPM. Shading is only done if the values are significant
at 95% using a two-tailed t-test. Wind vectors are plotted for all the values

irrespective of significance. Day 0 corresponds to the day ofmaximum convection as
described in Section “Data and Methods”. The days relative to day 0 are printed in
the bottom right of each plot, and reference vectors are printed on the right top of
each panel.
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budget. The budget is evaluated on day 0, corresponding to the day of
maximum ISO rainfall across the equator. It becomes apparent that the
moisture tendency to the north of the rainfall centre is stronger in the
AAPM composite than in BBPM. Also, the tendency is collocated with the
horizontal moisture advection (Fig. 2a, b). In contrast, the precipitation
roughly balances the vertical advection of the moisture (Fig. 2c). However,
evaporation is opposite in phase to the tendency and horizontal advection
(Fig. 2d). In conclusion, the moisture tendency is maintained by horizontal
advection, and the reduced tendency in the BAPMcomposite causesweaker
propagations in the composite.

To confirm the abovefindings, we project each term in the budget onto
the tendency (Eq. (7), Fig. 2e, f). The relative contribution of the horizontal
advection to the tendency remains the same, with the precipitation and
vertical advection balancing each other in both cases, which can be seen
much more clearly when we project all the terms onto the precipitation
(Supplementary Fig. 2). This means that the change in the relative con-
tribution from the other terms does not cause the observed reduction in the
tendency. Instead, the weaker tendency in the BBPM composite is due to
reduced horizontal advection.

Contribution to horizontal advection
Further, we break down the horizontal advection into zonal andmeridional
advection (Eq. (4), Fig. 3). In both AAPM and BAPM composites, zonal
advection positively contributes to the moistening to the north of the con-
vection centre with a predominant signature in the Arabian Sea (Fig. 3a). In
contrast, the meridional advection predominantly moistens the Bay of
Bengal (Fig. 3e). Both zonal and meridional advection show a considerable
reduction in BAPMmodels.

To further understand the processes responsible for the reduction of
the advection in the BAPM composite, we split the zonal and meridional
advection into respective components (Eqs. (5) and (6), Fig. 3). The sig-
nificant contribution to the zonal advection comes from the advection of
backgroundmoisture by zonalwindperturbation u0 ∂q∂x

� �
. At the same time,

the remaining two terms do not contribute much to the moistening. The
weakeru0 ∂q∂x term results inweaker zonal advection in the BAPMcomposite.

Most of the contribution to meridional advection comes from the
advection of anomalous moisture by the background meridional wind
v ∂q0

∂y

� �
. Unlike the zonal advection, the other two terms of the meridional

advection also contribute to moistening ahead of the convection centre.
Figure 3f, g, shows that v ∂q0

∂y and v
0 ∂q
∂y are weaker over the Bay in the BAPM

composite. We also compare the spatial pattern of various terms with the
ERA5 reanalysis (Supplementary Fig. 4). Interestingly, the spatial pattern of
all the terms remains similar to the AAPM composite, albeit with a larger
magnitude, which explains why a larger proportion (62%) of the events
propagate northward in observations (Table 2).

To understand theweakeru0 ∂q∂x and v
0 ∂q
∂y terms in theBAPMcomposite

we construct the vertically integrated background specific humidity and day
0wind perturbations at the 850 hPa level (Fig. 4). The backgroundmoisture
is not significantly different betweenAAPM and BAPM composite (Fig. 4a,
b), except for slightly larger moisture over North India (Fig. 4g). The
meridional (Fig. 4d–f) and zonal gradients (Fig. 4h–j) look similar between
AAPM and BAPM composites. Thus, the reduction in the above two terms
stems from the decrease in the wind perturbations, as seen from the vectors
in Fig. 4c. The stronger wind perturbations in AAPM cause a stronger
advection of background moisture. Next assessing the v ∂q0

∂y term, we note

that the gradient ∂q0

∂y

� �
is more significant in the AAPM composite along

with the stronger backgroundmeridional wind at the 700 hPa level than the
BAPM composite (Fig. 4g, k), leading to stronger moisture advection.

Hence, the difference in the horizontal advection between AAPM and
BAPM composites can be mainly attributed to the perturbations u0, v0 and
∂q0

∂y . The ISO circulation anomalies resemble a modified Gill response, with
stronger convective heating to the north of the equator, resulting in a
stronger Rossby vortex lobe to the north of the equator40. This response is
stronger in theAAPMcomposites becauseof strongerequatorial convection
to the north of the equator in the AAPMcomposite (Supplementary Fig. 9).
Thus, the wind perturbations u0; v0ð Þ associated with the Rossby vortex are
stronger in the AAPM composites. On the other hand, the ∂q0

∂y

� �
is more

significant since the AAPM composite’s larger rainfall necessitates a larger
moisture perturbation (Fig. 4g, k).

We also examine the same in the observations and ERA5 data. The
Rossby vortex lobes and the associated wind perturbations in the observa-
tions are even stronger than the AAPM composite (Supplementary Fig. 3)
because of stronger ISO convection in the observations. As already dis-
cussed, this leads to stronger advectionanda largerproportionofnorthward

Fig. 2 |Moisture budget (shading,W/m2) of Eq. (1), forAAPMandBAPM.Panels
a–d represent tendency, horizontal advection, columnar processes (Eq. (2)), and
evaporation, respectively. Stippling in panels a–d represent values significant at 95%
using a two-tailed t-test. Contours in panels b–d show the moisture tendency

overlaid on each term. Solid contours represent positive tendency, and the dashed
contours negative tendency. The projection of each budget term onto the tendency
term is shown in e for AAPM and f in BAPM. Refer to Supplementary Fig. 13 for the
scaled version of the figure.
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propagations in the observations. Thus, in conclusion, the difference in the
propagation characteristics between AAPM and BAPM composites is
mainly controlled by the strength of the equatorial convection in respective
models.

Future of the BSISO
Next, we try to answer the question, “What changes would we likely be
seeing in the structure and intensity of the BSISO?” in the warming climate

scenario. We use SSP370 projections to answer the question.
SSP370 scenario corresponds to a 7W/m2 anthropogenic warming by the
year 2100 and implies high challenges tomitigationandadaptation41.Only 6
out of 12 above-average-performingmodels have the daily data available for
all the variables in the SSP370 scenario (indicated by asterisks in Table 2).
Hence, we use these 6 models in this study.We focus on the last 20 years of
theprojections from2080 to2099 tounderstand the futureof theBSISO.We
observe that out of 212 events across the 6 models, 117 events propagate

Fig. 3 | Spatial pattern of zonal and meridional advection and respective com-
ponents. Breakdown of zonal (a–d) and meridional advection (e–h) into the
respective components (Eqs. (5) and (6)) forAAPMandBAPM. Stippling represents
values significant at 95% using a two-tailed t-test. Contours show the horizontal

advection term (L.H.S of Eq. (4)) from−30 to 30W/m2 in steps of 10. solid contours
show a positive tendency and dashed contours show a negative horizontal advection.
Refer to Supplementary Fig. 14 for scaled version of the figure.
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northward, meaning that 55% of the events propagate northward in the
future, similar to the percentage of northward propagation in the AAPM
composite (56%).

We examine the changes in the spatio-temporal characteristics of the
northward propagation in future projections by examining the space-time
spectrum between the AAPM and the SSP370 projections. Only those

models fromAAPM-historical runs having daily data in SSP370 projections
will be used for comparison. The bandwidth of frequencies and meridional
wave number corresponding to the maximum power remains the same for
AAPM-Historical (Fig. 5a) and for AAPM-SSP370 projections (Fig. 5b).
However, the power/variance of the precipitation increases, suggesting an
increase in the amplitude of BSISO rainfall, while the spatio-temporal

Fig. 4 | Comparison of background and ISO state variables between the AAPM
and BAPM composites. Background (JJAS mean) vertically integrated moisture
(shading, kg/m2) ofAAPM (a) BAPM(b) and the difference between the two (c). The
stippling in (c) shows the values significant at 95% using a two-tailed Student’s t test.
Meridional structure of the vertically integrated moisture in AAPM (d) BAPM (e)
and the difference between the two (f) averaged over the longitudes 80°E− 95°E; the

Y-axis represents the latitude. The zonal structure of the vertically integrated
moisture for AAPM (h) BAPM (i) and the difference between the two (j) averaged
over the latitudes 10°N− 20°N; the X-axis represents the longitude. g and k represent
the day 0 vertical structure of ISO-filtered specific humidity anomalies (kg/kg) and
JJAS mean meridional winds for AAPM and BAPM, respectively.

Fig. 5 | Regional space-time spectra for historical and Future projections. Space-
time spectrum performed on daily precipitation anomalies for AAPM-Historical (a)
and AAPM-SSP370 (b) over the region 10°S − 30°N and 80°E − 95°E. The X-axis

represents frequency in day−1, and the Y-axis represents meridional wave number.
The vertical dashed lines in each plot show the frequency corresponding to time
periods of 25 days and 80 days.
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characteristics remain similar in the future. To confirm this finding, we also
examine the propagation composite for SSP370 projections (Fig. 6a), which
makes it evident that, indeed, the amplitude of BSISO rainfall increases (Fig.
6b). The increase in rainfall is highest over the northeast Arabian Sea, the
Bay of Bengal and the Western Pacific (Fig. 6b). In conclusion, the BSISO
propagation characteristics do not change in future projections. However,
the ISO rainfall increases by almost 1 mm/day.

To understand why the spatiotemporal characteristics do not
change in the SSP370 projections, we examine the backgroundmoisture
and its gradients in the future projections with respect to the AAPM
composite (Fig. 7). The background moisture increases uniformly
throughout (Fig. 7c), except near and to the south of the equator (Fig. 7f),
as evident from the difference with respect to AAPMcomposites. Hence,
the meridional and zonal gradients remain the same in the future, and

Fig. 6 | Spatial evolution of ISO rainfall in future projections and the difference
between future and historical. Propagation composite of AAPM-SSP370 projec-
tions for the time 2080–2099 (a), and the difference between AAPM-SSP370 and
AAPM-Historical (b). Shading represents the ISO-filtered rainfall anomalies (mm/
day) and vectors ISO-filtered winds at 850 hpa level (m/s). Only those values which

are significant at 95% (using a two-tailed t-test) are shaded in (a)). The days relative
to day 0 are printed in the bottom right of each plot, and reference vectors are printed
on the top right of each panel. Note the difference in the reference vector between the
left and right panels. Refer to Supplementary Fig. 15 for the scaled version of (b).

Fig. 7 | Comparison of background and ISO state variables between the future
projections and historical. Background (JJAS mean) vertically integrated moisture
(shading, kg/m2) and day 0 ISO wind anomaly at 850 hpa level (vectors, m/s) for
AAPM-SSP370 (a) AAPM-Historical (b) and the difference between the two (c)
(only values significant at 95% are shaded). Meridional structure of vertically

integrated moisture in AAPM-SSP370 (d) AAPM-Historical (e) and the difference
between the two (f) averaged over the longitudes 80°E− 95°E; the Y-axis represents
latitude. Zonal structure of vertically integrated moisture for AAPM-SSP370 (g)
AAPM-Historical (h) and difference (i) averaged over the latitudes 10°N− 20°N; the
X-axis represents the longitude.
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the equatorial convection on day 0 gets amplified and broadens relative
to the historical run (Fig. 6). However, the static stability of the atmo-
sphere is projected to increase in the future due to differential warming
of the lower and upper troposphere42, which will lead to a very small
change in the circulation response to the convective heating through the
Weak Temperature Gradient (WTG) approximation43,44 (Fig. 7c). Thus,
the moisture advection and its components remain mostly the same
(Supplementary Fig. 6), leading to almost the same proportion of
northward propagations and similar spatiotemporal characteristics in
SSP370 projections. The ISO rainfall increases in future projections due
to enhanced background moisture. On the day of maximum rainfall
between 10°N− 20°N, we find that the ISO rainfall increases by 42%over
the Arabian Sea (65°E− 75°E) and 63% over the Bay of Bengal (80°E−
95°E) compared to the historical runs. We also examined the propaga-
tion composites every 20 years (Supplementary Fig. 10) to find the
rainfall increase consistently from 2020 to 2099.

Figure 8 shows a schematic which summarizes the difference in pro-
pagation characteristics between the present and the future. With the
increase in the moisture due to the warming of tropical Indian and Pacific
oceans in the future, the excited Kelvin waves enhance the boundary layer
convergence feedback45, leading to the amplification of BSISO precipitation
and broadening of the region of convection in the zonal direction relative to
the historical run46,47. However, these changes of broadening, along with the
increased stability, oppose the effect of amplified convection, leading to a
very subtle change in the wind perturbations. Thus, the moisture advection
does not change substantially, leading to the same spatiotemporal char-
acteristics of northward propagation. Nevertheless, the enhancement of
background moisture enhances the BSISO rainfall as it moves northward
from the equator.

Discussion
In this study, we perform a moisture budget to understand why some
CMIP6 models (BAPMs) do not robustly capture the northward propa-
gating BSISO. The weaker horizontal advection is found to be responsible
for this characteristic behaviour of BAPMs. This weaker horizontal advec-
tion ismainly causedbyweakerwindperturbations andmeridional gradient
of moisture perturbation, which is a response of the atmosphere to equa-
torial convective heating. The BAPMs simulate weaker rainfall anomalies at
the equator (Fig. 1b), leading to weaker wind and moisture perturbations,
leading to weaker moisture advection and, thus, weaker northward pro-
pagation. In contrast, AAPMs, which simulate stronger equatorial con-
vection, simulate robust northward propagation. Furthermore, the AAPM
group also simulate a stronger eastward propagation of the ISO rainfall
along the equator than the BAPM group.

Previous studies22,25 use the pattern correlation coefficient to distin-
guish a model’s ability to capture northward propagations, leading to a
disparity between the models that would capture robust northward pro-
pagation and our AAPMs. However, the studies suggest that a model’s
ability to simulate the vortex tilting distinguishes if amodel could simulate
the robust northward propagation or otherwise. In fact, even our AAPMs
simulate a strong vortex tilting compared to the BAPMs (Supplementary
Fig. 8).We find that the background zonal wind shear is not very different
in the North Indian Ocean basin between AAPMs and BAPMs. Rather,
the tilting is mainly controlled by the meridional gradient of vertical
velocity ð∂ω0

∂y Þ. This gradient is mainly controlled by equatorial convective
heating necessitated by theWTG balance, which is the dominant balance
in the tropics48–51. The correlations between equatorial rainfall and ∂w0

∂y
stand at 0.65 and 0.51 in the AAPMs and BAPMs, respectively (Supple-
mentary Fig. 8c).

Fig. 8 | Schematic summarizing processes responsible for changes in BSISO
rainfall evolution between the present (upper panel) and the future (lower panel).
The multi-coloured shading represents the background moisture, and the red-
coloured oval shape represents the convective centre. The shading intensity is
representative of the strength. In the future climate, the background moisture will

enhance uniformly throughout; thus, the background gradients remain the same.
The day 0 equatorial convection is stronger and broader, leading to similar wind
perturbations and, thus, similar moistening by the advection. Thus, the character-
istics of northward propagation do not change. However, increased background
moisture enhances the convection over the Bay of Bengal andArabian Sea on day 12.
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Finally, we use SSP370 projections to understand the fate of northward
propagations in the future warming scenario. The proportion of northward
propagations does not change substantially in the SSP370 projections due to
the similar horizontal advection in the projections.However, themagnitude
of BSISO rainfall increases by 42% in the Arabian Sea and 63% in the Bay of
Bengal. The study implies that the large-scale BSISO environment becomes
more conducive to bearing deeper convection, which could enhance the
amplitude of extreme rainfall events associatedwith the BSISO in the future.

However, our study cannot address questions like “what magnitude of
equatorial convection is required for the northward propagation in a fixed
background zonal shear and moisture gradients?” and “what is the relative
importance of the background zonal wind shear and themoisture gradients
in the northward propagation?” A sensitivity study with a shallow water
model with specified heating is warranted to answer these questions.

Data and methods
Data
We use CMIP6 historical data from 20models (Table 1) to analyse BSISO’s
northward propagation. We use the daily data of precipitation flux (pr),
eastward wind (ua), northward wind (va), the Lagrangian tendency of
pressure (wap), specific humidity (hus), and surface evaporation flux (hfls)
(only taken from the available models). Most models have historical data
from either 1850 or 1950 until 2014.Only the r1i1p1f1 variant is used in this
study. Since Tropical Rainfall Measuring Mission’s (TRMM) precipitation
data52, with which we intend to compare the CMIP6 data, is only available
from 1998, we restrict ourselves to the time between 1998 and 2014 for the
analysis presented. We also used ERA5 reanalysis data53 for winds and
specific humidity to compare background states and characteristics of
northward propagation. Data from all themodels is re-gridded to a uniform
2.5° × 2.5° grid from its nominal resolution using area-conservingmapping.

Counting the northward propagations
In past works, authors used pattern correlation coefficients (PCC) on a
Hovmöller plot to understand the model’s ability to capture the north-
ward propagation or respective BSISO characteristics22,25,27. However, the

PCCon theHovmöller plots does not help understand the strength of ISO
convection in the models. Moreover, they depend on the region we select
to cluster events (Supplementary Fig. 1). Thus, in this work, we use a
simple counting algorithm to count the northward propagation instead
of PCC.

We first calculate daily anomalies from all the variables, followed by
applying the Butterworth bandpass filter to extract the BSISO signal (ISO
filtered from now on). Only 25–80 days (see Supplementary Fig. 7) periods
are retained in the construction of filtered data. In our analysis, we only
concentrate on themonsoon-time JJAS. The following algorithmcounts the
number of northward propagations from the equator in each model.

Algorithm 1. Counting the number of northward propagations
Step1: If the area averaged ISO-filtered rainfall over the region 5°S −

5°N, 80°E − 95°E is greater than the JJAS standard deviation of the ISO-
filtered rainfall over the same region, the peak corresponding to that positive
phase is taken as day 0.

Step 2: From day+5 to+20, we keep track of the ISO-filtered rainfall
over the box 10°N− 20°N, 80°E− 95°E to the north of the initially chosen
region. If, within this time, the ISO-filtered rainfall over this region crosses
the JJAS standard deviation of ISO rainfall, then the event is counted as a
northward propagating event.

Step 3: Repeat steps 1 and 2 for all the models in consideration.
Using the above algorithm, we find that the mean percentage of

northward propagations for the model ensemble is 47% (Table 2).
Hence, we label the models capturing over 47% of propagations as
above-average-performing (AAPM) and under 47% of propagations as
below-average-performing (BBPM) models. Thus, our analysis has 12
AAPMs and 8 BAPMs (Table 2).We then construct the composites of all
the relevant variables in AAPMs and BBPMs to conduct the moisture
budget. An example of how the above algorithm categorizes the events
can be understood by examining Supplementary Fig. 12 (also refer to
Supplementary Fig. 11 to understand the sensitivity of study to the size of
model ensemble).

Table 1 | CMIP6 models used in the study, Modelling Centre along with their nominal grid Resloutions

S.No Model Centre Resolution (lat × lon)

1 ACCESS-CM2 CSIRO (Australia) 192 × 145

2 ACCESS-ESM1 CSIRO (Australia) 192 × 144

3 BCC-CSM2-MR Beijing Climate Centre (China) 320 × 160

4 BCC-ESM1 Beijing Climate Centre (China) 128 × 64

5 AWI-ESM-1-1-LR Alfred-Wegner-Institut (Germany) 192 × 62

6 CESM2 National Centre for Atmospheric Research (USA) 288 × 192

7 CESM2-WACCM National Centre for Atmospheric Research (USA) 288 × 192

8 CMCC-CM2-SR5 Euro Mediterranean Centre on Climate Change (Italy) 288 × 192

9 EC-EARTH3 EC-Earth Consortium (Europe) 512 × 256

10 GFDL-ESM4 NOAA GFDL (USA) 180 × 288

11 GFDL-CM4 NOAA GFDL (USA) 144 × 90

12 IIT-ESM Indian Institute of Tropical Meteorology (India) 192 × 94

13 IPSL-CM6A-LR Insitut Pierre-Simon Laplace (France) 144 × 143

14 MIROC6 JAMSTEC-NIES-AORI, U (Japan) 256 × 128

15 MPI-ESM-1-2-LR Max Plank Institute of Meteorology (Germany) 192 × 96

16 MPI-ESM-HAM Max Plank Institute of Meteorology (Germany) 192 × 96

17 MRIESM-2-0 Meteorological Research Institute (Japan) 320 × 160

18 NESM3 Nanjing University of Information Science and Tech (China) 192 × 96

19 NORESM2-LM Norwegian Climate Centre 144 × 96

20 SAM0-UNICON Seoul National University (South Korea) 288 × 192
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Moisture budget and decomposition of horizontal advection
The vertically integratedmoisture budget equation scaled by the latent heat
of vaporization is given by:

∂hLvq0i
∂t|fflfflffl{zfflfflffl}

Tendency

¼ �hV � ∇Lvqi0|fflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflffl}
Horizontal Advection

� ω
∂Lvq
∂p

� �0

|fflfflfflfflfflfflffl{zfflfflfflfflfflfflffl}
Vertical Advection

� LvP
0|{z}

Precipitation

þ LvE
0|{z}

Evaporation
ð1Þ

Where the prime terms represent the daily anomalies, Lv is the latent
heat of vaporization, taken as a constant at 2.5 × 106J/kg in this study.
q is the specific humidity, V represents the horizontal velocity vector
(u, v), which represents zonal velocity and meridional velocity
respectively. ω is the pressure vertical velocity (Pa/s). P and E
represent the precipitation flux and evaporation flux at the surface,
respectively (kg/m2). Finally, 〈〉 represents the vertical integral of any
operated quantity

R 100
1000ðÞdp=g. All the terms in Eq. (1) are ISO-filtered

after they are constructed. The precipitation and vertical advection
roughly balance each other, which can be seen by projecting each term
onto precipitation in Eq. (1) (Supplementary Fig. 2), allowing us to
define a term called columnar processes (C0)54,55 clubbing them

together as:

C0 ¼ � ω
∂Lvq
∂p

� �0
� LvP

0 ð2Þ

This allows us to rewrite our equation as:

∂hLvq0i
∂t

¼ �hV � ∇Lvqi0 þ C0 þ LvE
0 ð3Þ

The moisture budget in this study is based on Eq. (3). The horizontal
advection, which is the primary contributor to the moistening of the
atmosphere ahead of the convection centre (Section “Results”), can be
further split into zonal and meridional advection as:

V � ∇Lvq ¼ u
∂Lvq
∂x

� �
|fflfflfflfflfflffl{zfflfflfflfflfflffl}
Zonal Advection

þ v
∂Lvq
∂y

� �
|fflfflfflfflfflffl{zfflfflfflfflfflffl}

Meridional Advection

ð4Þ

To understand the processes responsible for the difference in propagations
between AAPM and BAPM composites, we further break down the ISO-
filtered zonal advection and meridional advection as:

u
∂Lvq
∂x

¼ u0
∂Lvq
∂x

þ u
∂Lvq

0

∂x
þ u0

∂Lvq
0

∂x
ð5Þ

v
∂Lvq
∂y

¼ v0
∂Lvq
∂y

þ v
∂Lvq

0

∂y
þ v0

∂Lvq
0

∂y
ð6Þ

Where the “–” terms represent the background state calculated as 80-day
runningmean, and the “0” terms represent thedeviationof anyvariable from
the runningmean (Note that “0” terms in Eqs. (5) and (6) differ fromEq. (1)
that in Eq. (1) the terms with “0” were used to represent daily anomalies).

Projection
To understand the relative contributions of each term to the moisture
tendency and the precipitation, we use the projections of all the terms in the
budget (Eq. (4)). This projectionof any termXonto themoisture tendency is
obtained as54–57:

Proj X;
∂q
∂t

� �
¼

RR
AX � ∂q∂t dARR
A
∂q
∂t �

∂q
∂t dA

ð7Þ

Where ∬dA represents the area-weighted integral. The projection onto
precipitation can be obtained, replacing the moisture tendency term in Eq.
(7) with precipitation (P).

Data availability
TheCMIP6 data used in this work is freely available from any ESGF node.
We downloaded the data mostly from the link https://esgf-node.llnl.gov/
search/cmip6/. The ERA5 data can be downloaded by https://climate.
copernicus.eu/climate-reanalysis, and TRMM data can be downloaded
from https://disc.gsfc.nasa.gov/datasets/TRMM_3B42_Daily_7/
summary.

Code availability
All the codes used in this studywere written inNCARCommand Language
(NCL). Though they are written specifically for this study, they will be
provided to anyone at the request of the author through an e-mail.
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Table 2 | Count of number of northward propagations in each
model, AAPMmodels arewritten in bold, BBPM in normal font
and TRMM (observations) in italic

S.No Model No of events
at the
equator

No of events crossing standard
deviation over the northern box
within 5–20 days of the event at
the equator (%)

1 ACCESS-CM2 37 10 (27%)

2 ACCESS-
ESM1

32 9 (28%)

3 AWI-ESM-1-
1-LR

39 21 (54%)

4 BCC-
CSM2-MR

32 11 (34%)

5 BCC-ESM1 25 9 (36%)

6 CESM2 33 19 (58%)

7 CESM2-
WACCM

30 14 (46%)

8 CMCC-
CM2-SR5*

29 14 (48%)

9 EC-EARTH3* 32 17 (53%)

10 GFDL-ESM4 28 17 (61%)

11 GFDL-CM4 34 18 (53%)

12 IIT-ESM 30 12 (40%)

13 IPSL-CM6A-LR 29 8 (28%)

14 MIROC6* 33 17 (52%)

15 MPI-ESM-1-
2-LR*

37 19 (51%)

16 MPI-
ESM-HAM

40 19 (48%)

17 MRIESM-2-0* 25 15 (60%)

18 NESM3 32 14 (44%)

19 NORESM2-
LM*

41 26 (63%)

20 SAM0-
UNICON

30 23 (77%)

21 TRMM 37 23 (62%)

*Shows the AAPMmodels, which have daily data of the required variables available in the SSP370
projection at the time of download.

https://doi.org/10.1038/s41612-025-00959-4 Article

npj Climate and Atmospheric Science |            (2025) 8:82 9

https://esgf-node.llnl.gov/search/cmip6/
https://esgf-node.llnl.gov/search/cmip6/
https://climate.copernicus.eu/climate-reanalysis
https://climate.copernicus.eu/climate-reanalysis
https://disc.gsfc.nasa.gov/datasets/TRMM_3B42_Daily_7/summary
https://disc.gsfc.nasa.gov/datasets/TRMM_3B42_Daily_7/summary
www.nature.com/npjclimatsci


References
1. Gadgil, S. & Gadgil, S. The Indian monsoon, GDP and agriculture.

Econ. Political Weekly 47, 4887–4895 (2006).
2. Goswami, B. N., Venugopal, V., Sengupta, D., Madhusoodanan, M. &

Xavier, P. K. Increasing trend of extreme rain events over India in a
warming environment. Science 314, 1442–1445 (2006).

3. Gadgil, S. & Joseph, P. On breaks of the Indian monsoon. J. Earth
Syst. Sci. 112, 529–558 (2003).

4. Rajeevan, M., Rohini, P., Niranjan Kumar, K., Srinivasan, J. &
Unnikrishnan, C. A study of vertical cloud structure of the Indian
summer monsoon using CloudSat data. Clim. Dyn. 40, 637–650
(2013).

5. Das, S. K. et al. CloudSat–CALIPSO characterizations of cloud during
the active and the break periods of Indian summer monsoon. J.
Atmos. Sol. Terrestrial Phys. 97, 106–114 (2013).

6. Rao, T. N., Saikranthi, K., Radhakrishna, B. & Rao, S. V. B. Differences
in the climatological characteristics of precipitation between active
and break spells of the Indian summer monsoon. J. Clim. 29,
7797–7814 (2016).

7. Kulkarni, A., Kripalani, R., Sabade, S. & Rajeevan, M. Role of intra-
seasonal oscillations in modulating Indian summer monsoon rainfall.
Clim. Dyn. 36, 1005–1021 (2011).

8. Krishnamurti, T. N. & Subrahmanyam, D. The 30–50 day mode at 850
mb during MONEX. J. Atmos. Sci. 39, 2088–2095 (1982).

9. Rajeevan, M., Gadgil, S. & Bhate, J. Active and break spells of the
Indian summer monsoon. J. Earth Syst. Sci. 119, 229–247 (2010).

10. Hoyos,C. D. &Webster, P. J. The role of intraseasonal variability in the
nature of Asianmonsoonprecipitation. J. Clim. 20, 4402–4424 (2007).

11. Yasunari, T. Cloudiness fluctuations associated with the Northern
Hemisphere summermonsoon. J.Meteorological Soc. Jpn. Ser. II 57,
227–242 (1979).

12. Sikka, D. & Gadgil, S. On the maximum cloud zone and the ITCZ over
Indian longitudes during the southwest monsoon.Monthly Weather
Rev. 108, 1840–1853 (1980).

13. Webster, P. J. Mechanisms of monsoon low-frequency variability:
Surface hydrological effects. J. Atmos. Sci. 40, 2110–2124 (1983).

14. Gadgil, S. & Srinivasan, J. Low frequency variation of tropical
convergence zones.Meteorol. Atmos. Phys. 44, 119–132 (1990).

15. Wang, B. & Xie, X. A model for the boreal summer intraseasonal
oscillation. J. Atmos. Sci. 54, 72–86 (1997).

16. Kemball-Cook, S. & Wang, B. Equatorial waves and air–sea
interaction in the boreal summer intraseasonal oscillation. J. Clim. 14,
2923–2942 (2001).

17. Jiang, X., Li, T. & Wang, B. Structures and mechanisms of the
northward propagating boreal summer intraseasonal oscillation. J.
Clim. 17, 1022–1039 (2004).

18. Drbohlav, H. K. L. & Wang, B. Mechanism of the northward-
propagating intraseasonal oscillation: Insights from a zonally
symmetric model. J. Clim. 18, 952–972 (2005).

19. Bellon, G. & Sobel, A.H. Instability of the axisymmetric monsoon flow
and intraseasonal oscillation. J. Geophys. Res. Atmos. 113, D07108
(2008).

20. Bellon, G. & Sobel, A. Poleward-propagating intraseasonal monsoon
disturbances in an intermediate-complexity axisymmetric model. J.
Atmos. Sci. 65, 470–489 (2008).

21. Dixit, V. & Srinivasan, J. The role of vertical shear of the meridional
winds in the northward propagation of ITCZ. Geophys. Res. Lett. 38,
L08812 (2011).

22. Li, B., Zhou, L., Qin, J. & Murtugudde, R. The role of vorticity tilting in
northward-propagatingmonsoon intraseasonal oscillation.Geophys.
Res. Lett. 48, e2021GL093304 (2021).

23. Kottapalli, A. & Vinayachandran, P. On the weakening of northward
propagationof intraseasonal oscillationsduringpositive IndianOcean
Dipole events. Clim. Dyn. 59, 915–938 (2022).

24. Valentín, J. M. P. et al. On Synergy between Convective Equatorial
Signals andMonsoon Intraseasonal Oscillations in the Bay of Bengal.
Monthly Weather Rev. 151, 363–381 (2023).

25. Li, B., Zhou, L., Qin, J. & Meng, Z. Key process diagnostics for
monsoon intraseasonal oscillation over the Indian Ocean in coupled
CMIP6 models. Clim. Dyn. 59, 2853–2870 (2022).

26. Abatan, A. A., Collins, M., Babel, M. S., Khadka, D. & De Silva, Y. K.
Assessment of the ability of CMIP6 GCMS to simulate the boreal
summer intraseasonal oscillation over Southeast Asia. Front. Clim. 3,
716129 (2021).

27. Konda, G. & Vissa, N. K. Robustness of BSISO and air-sea
interactions in the CMIP (Phase-6) models over the North Indian
Ocean. Dyn. Atmos. Oceans 99, 101316 (2022).

28. Sperber, K. R. & Annamalai, H. Coupled model simulations of boreal
summer intraseasonal (30–50 day) variability, Part 1: Systematic
errors and caution on use of metrics. Clim. Dyn. 31, 345–372 (2008).

29. Lawrence, D. M. & Webster, P. J. The boreal summer intraseasonal
oscillation: Relationship between northward and eastwardmovement
of convection. J. Atmos. Sci. 59, 1593–1606 (2002).

30. Lin, J. L. et al. Subseasonal variability associated with asian summer
monsoon simulated by 14 ipcc ar4 coupled gcms. J. Clim. 21,
4541–4567 (2008).

31. Sabeerali, C. et al. Simulation of boreal summer intraseasonal
oscillations in the latest CMIP5 coupled GCMs. J. Geophys. Res.
Atmos. 118, 4401–4420 (2013).

32. Strnad, F. M., Schlör, J., Geen, R., Boers, N. & Goswami, B.
Propagation pathways of Indo-Pacific rainfall extremes are
modulated by Pacific sea surface temperatures. Nat. Commun. 14,
5708 (2023).

33. Hunt, K. M. & Turner, A. G. Non-linear intensification of monsoon low-
pressure systems by the BSISO.Weather Clim. Dyn. 3, 1341–1358
(2022).

34. Adames, Á. F., Wallace, J. M. & Monteiro, J. M. Seasonality of the
structure and propagation characteristics of the MJO. J. Atmos. Sci.
73, 3511–3526 (2016).

35. Jiang, X., Adames, Á. F., Zhao, M., Waliser, D. &Maloney, E. A unified
moisture mode framework for seasonality of the Madden–Julian
oscillation. J. Clim. 31, 4215–4224 (2018).

36. Wang, S. & Sobel, A. H. A unified moisture mode theory for the
Madden–Julian oscillation and the boreal summer intraseasonal
oscillation. J. Clim. 35, 1267–1291 (2022).

37. Shin, N. Y., Kim, D., Kang, D., Kim, H. & Kug, J. S. Deep learning
revealsmoisture as theprimary predictability source ofMJO.npj Clim.
Atmos. Sci. 7, 11 (2024).

38. Kottapalli, A., Vinayachandran, P. A possible feedback between
dynamics and thermodynamics through the background moisture in
dictating the ISO rainfall over the Bay of Bengal. Clim. Dyn. 62,
123–140 (2024).

39. Chen, G. & Wang, B. Diversity of the boreal summer intraseasonal
oscillation. J. Geophys. Res. Atmos. 126, e2020JD034137 (2021).

40. Gill, A. E. Some simple solutions for heat-induced tropical circulation.
Q. J. R. Meteorological Soc. 106, 447–462 (1980).

41. O’Neill, B. C. et al. The roads ahead: Narratives for shared
socioeconomic pathways describing world futures in the 21st
century. Glob. Environ. change 42, 169–180 (2017).

42. Maloney, E. D., Adames, Á. F. & Bui, H. X. Madden–Julian oscillation
changes under anthropogenic warming. Nat. Clim. Change 9, 26–33
(2019).

43. Bui, H. X. & Maloney, E. D. Changes in Madden-Julian Oscillation
precipitation andwind variance under global warming.Geophys. Res.
Lett. 45, 7148–7155 (2018).

44. Bui,H. X. &Maloney, E.D.Mechanisms for globalwarming impactson
Madden–Julian oscillation precipitation amplitude. J. Clim. 32,
6961–6975 (2019).

https://doi.org/10.1038/s41612-025-00959-4 Article

npj Climate and Atmospheric Science |            (2025) 8:82 10

www.nature.com/npjclimatsci


45. Chen, G. & Wang, B. Dynamic moisture mode versus moisture mode
in MJO dynamics: Importance of the wave feedback and boundary
layer convergence feedback. Clim. Dyn. 52, 5127–5143 (2019).

46. Wang,B., Chen,G. & Liu, F. Diversity of theMadden-Julian oscillation.
Sci. Adv. 5, eaax0220 (2019).

47. Chen, G. & Wang, B. Circulation factors determining the propagation
speed of theMadden–Julian oscillation. J. Clim. 33, 3367–3380 (2020).

48. Charney, J. G. A note on large-scale motions in the tropics. J. Atmos.
Sci. 20, 607–609 (1963).

49. Sobel, A. H. & Bretherton, C. S. Modeling tropical precipitation in a
single column. J. Clim. 13, 4378–4392 (2000).

50. Sobel, A. H., Nilsson, J. & Polvani, L. M. The weak temperature
gradient approximation and balanced tropical moisture waves. J.
Atmos. Sci. 58, 3650–3665 (2001).

51. Adames, Á. F. The basic equations under weak temperature gradient
balance: Formulation, scaling, and types of convectively coupled
motions. J. Atmos. Sci. 79, 2087–2108 (2022).

52. Huffman, G. J. et al. The trmm multisatellite precipitation analysis
(tmpa): Quasi-global, multiyear, combined-sensor precipitation
estimates at fine scales. J. Hydrometeorol. 8, 38–55 (2007).

53. Hersbach, H. et al. The era5 global reanalysis.Q. J. R. Meteorological
Soc. 146, 1999–2049 (2020).

54. Adames, Á. F. & Ming, Y. Interactions between water vapor and
potential vorticity in synoptic-scale monsoonal disturbances:
Moisture vortex instability. J. Atmos. Sci. 75, 2083–2106 (2018).

55. Clark, S. K., Ming, Y. & Adames, Á. F. Monsoon low pressure
system–like variability in an idealized moist model. J. Clim. 33,
2051–2074 (2020).

56. Andersen, J. A. & Kuang, Z. Moist static energy budget of MJO-like
disturbances in the atmosphere of a zonally symmetric aquaplanet. J.
Clim. 25, 2782–2804 (2012).

57. Lutsko, N. J. The response of an idealized atmosphere to localized
tropical heating: Superrotation and the breakdown of linear theory. J.
Atmos. Sci. 75, 3–20 (2018).

Acknowledgements
The authors acknowledge theWorld Climate Research Program’s group
for providing CMIP6 data. We also acknowledge the European Centre
for Medium-Range Forecast (ECMWF) for providing ERA5 data and
NASA’s Tropical Rainfall Measuring Mission for the TRMM data. P.N.V.
acknowledges partial financial support from the Department of Science
and Technology, the government of India under FIST and BRICS

PARADIGM projects. A.K. acknowledges his colleague Rajat Masiwal
for the useful discussions which helped enhance themanuscript. A.K. is
also thankful to his colleague Shrutee Jalan for her help in downloading
the CMIP6 data.

Author contributions
A.K. and P.N.V. conceptualized the problem, A.K. collected the data and
conducted the analysis. A.K. and P.N.V. interpreted the results. A.K.
prepared the manuscript, and P.N.V. helped revise it.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41612-025-00959-4.

Correspondence and requests for materials should be addressed to
Aditya Kottapalli.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in anymedium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in the
article’sCreativeCommons licence and your intended use is not permitted
by statutory regulation or exceeds the permitted use, you will need to
obtain permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2025

https://doi.org/10.1038/s41612-025-00959-4 Article

npj Climate and Atmospheric Science |            (2025) 8:82 11

https://doi.org/10.1038/s41612-025-00959-4
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
www.nature.com/npjclimatsci

	Equatorial convection controls boreal summer intraseasonal oscillations in the present and future climates
	Results
	Difference in propagation characteristics between AAPM and BAPM composites
	Moisture budget
	Contribution to horizontal advection
	Future of the BSISO

	Discussion
	Data and methods
	Data
	Counting the northward propagations
	Moisture budget and decomposition of horizontal advection

	Projection
	Data availability
	Code availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




