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Increased global subseasonal whiplash by future

BSISO behavior

Tat Fan Cheng"z's, Bin Wangz'4*, Fei Liu>®7, Guosen Chen?, Menggian Lu'?

Propagation patterns of 30- to 90-day boreal summer intraseasonal oscillation (BSISO) markedly affect subseasonal
prediction. We show that global warming significantly alters BSISO propagation by Coupled Model Intercomparison
Project Phase 6 projections. Under the Shared Socioeconomic Pathway 5-8.5 scenario, the eastward mode’s expan-
sion propagation speed shows a twofold increase from 5.1 + 1.9 to 10.3 + 2.0 meters per second by the late 21st
century, with a remarkable eastward extension by ~30° longitude compared to the present climate. The acceler-
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ated eastward mode frequency is expected to rise by 15%, intensifying subseasonal precipitation whiplash world-
wide and shortening disaster preparedness time. This acceleration results from an asymmetric pattern of boundary
layer moisture convergence anomalies, driven by weakened Rossby wave westerlies and enhanced Kelvin wave
response linked to warming-induced atmospheric stabilization and El Nifo-like ocean surface warming pattern.
Conversely, a projected weakening of easterly vertical shear over the northern Indian Ocean attenuates the Rossby

wave response and favors more eastward expansion events.

INTRODUCTION

Intraseasonal variability generally refers to fluctuations in weather
or climate patterns that occur over a timescale of 10 to 90 days (I).
The boreal summer intraseasonal oscillation (BSISO), defined as
the dominant mode of the summertime tropical intraseasonal vari-
ability, occurs primarily within the range of 30 to 90 days (2, 3). It
triggers alternating belts of enhanced and suppressed precipita-
tion that affect the Asian summer monsoon region (3, 4). BSISO is
distinct from and more complex than its boreal winter counter-
part—the equatorially trapped, eastward-moving Madden-Julian
Oscillation (M]JO) (5, 6). The uniqueness and complexity arise from
the coexistence of two distinct low-frequency modes: equatorial
eastward-propagating and off-equatorial northward-propagating
disturbances, along with their interactions (7-14).

Most traditional studies adopted the empirical orthogonal func-
tion (EOF) analysis to identify the canonical mode of BSISO as a
northeastward-propagating intraseasonal oscillation (ISO) in the
Asian summer monsoon region (3, 15). Recently, Chen and Wang
(16) used a nonlinear clustering approach to capture the diversity of
BSISO propagation modes, including the canonical northeastward
propagating mode, the northward dipole (ND) mode, and the east-
ward expansion (EE) mode. This approach offers several advantages
over linear EOF methods. First, it separates the ND and EE modes,
which account for approximately half of all BSISO events, from the
canonical mode. Second, it enables a direct comparison of the circula-
tion, moisture, and wave dynamics associated with each propagation
type, fostering a more nuanced understanding of the mechanisms
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driving BSISO’s diverse behaviors. Third, it opens the door for ex-
ploring the disparate response of different modes of BSISO to climate
change, which is crucial for future subseasonal climate prediction and
disaster risk reduction.

BSISO has immense impacts on Northern Hemisphere summer
monsoons and extreme weather events. It plays a pivotal role in trig-
gering abrupt onsets of the Asian summer monsoon (9, 17-19), mod-
ulating the active/break cycles of the Indian summer monsoon
(7, 8, 20, 21), influencing tropical cyclone genesis (22-24), and driv-
ing precipitation extremes (25, 26), and heatwaves (27). Despite its
importance, future changes in BSISO under anthropogenic warming
have received substantially less attention compared to the MJO. Fur-
thermore, previous climate projection studies have predominantly
concentrated on the canonical mode (28-30). Previous single-model
experiments showed an intensification of the canonical mode as the
climate warms (31, 32). A recent study, based on climate projec-
tions from 17 models participating in the sixth phase of the Cou-
pled Model Intercomparison Project (CMIP6), reported that the
rainfall associated with the canonical BSISO will be of a larger zonal
scale and propagate further northward under the high-end scenario
[Shared Socioeconomic Pathway (SSP) 5-8.5] (33). In the handful
of studies on BSISO in a warmer world, a consensus exists regard-
ing the intensification of intraseasonal summertime rainfall variance
over the Northern Hemisphere and the slowdown of northward prop-
agation (29, 32, 33).

Despite the considerable progress on understanding the future
behavior of the canonical mode, it remains to be seen how anthro-
pogenic climate change will shape the other types of BSISO unveiled
by nonlinear analysis. The framework of BSISO diversity (16) bridg-
es the gap in conventional analysis. It enriches our understanding of
the diversified BSISO propagation dynamics and the pertinent cir-
culation patterns and hazards linked to specific types. Unearthing
the differential climate sensitivity of each BSISO type will provide
valuable insights for evaluating subseasonal-to-seasonal (S2S) fore-
cast biases, optimizing future agricultural and water management,
and reducing the risk of intraseasonal compound events during the
hazard-prone summer monsoon season.

This study aims to advance the understanding of the future diver-
sity in BSISO propagation using the latest climate projections from
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mitigated and high-emission shared socioeconomic pathways (SSP2-
4.5 and SSP5-8.5) using up to 28 coupled general circulation models
from CMIP6 (34, 35). The intensity of ISOs, such as BSISO, is often
measured by the outgoing longwave radiation (OLR) (3, 15, 16, 36-
38). We explore all three BSISO types: the canonical mode and the
often-overlooked EE and ND modes based on unsupervised cluster-
ing of the OLR field (16). By distinguishing the best-performing models
from the poor ones based on their reproducibility of BSISO diversity,
the research aims to elucidate robust changes in future BSISO propa-
gation behavior, pertinent hydrological impacts, and the underlying
physical mechanisms in a warmer climate.

RESULTS

Performance of CMIP6 models on historical BSISO diversity
The performance of 28 CMIP6 models is assessed based on their abil-
ity to reproduce the three observed BSISO types. By detecting BSISO
events from CMIPG6 historical simulations and matching them to the
most similar type from observations (see Materials and Methods), we
identify 12 well-performing models that can adequately reproduce
the historical (1979-2014) BSISO propagation patterns and the per-
centage of the canonical type (fig. S1). The multimodel ensemble
mean (MME) of the 12 good models resembles the intensity and
propagation pattern of the EE mode to a considerable degree, albeit
with a slower phase speed and less expansion than observed (fig. S2).
In contrast, the MME of the six poor models produces no propaga-
tion pattern and a weak intensity of the EE mode. Likewise, it yields
a much weaker OLR variability compared to the other two BSISO
modes, while the good models simulate a comparable intensity and
extent of intraseasonal variability similar to that observed (fig. S3).

Observation

Good Models

On the BSISO diversity, both the good and the poor models sim-
ulated approximately the correct number of ND events (Fig. 1, A to
C). However, they both overestimated the number of EE BSISOs but
underestimated the number of canonical BSISOs compared to ob-
servations (Fig. 1, D to I). This shared bias suggests a systematic model
deficiency in capturing the dynamics of the canonical type, as is more
conspicuous in the poor models. Despite the incorrect ratio of the
canonical events to all events, the good models reasonably repro-
duce the convectively coupled Rossby-Kelvin (R-K) wave structure
in an apt magnitude for all three BSISO types. In contrast, the struc-
ture simulated by the poor performers is much less evident. For
these reasons, we base our subsequent analyses on the MME of the
12 good models (MME12).

EE BSISOs are expected to increase and accelerate
As the climate warms, the 12 well-performing CMIP6 models predict a
rising trend of EE events. Across the models, the number of EE events
is consistently projected to increase significantly by ~3.8 cases (15%)
on average (P < 0.1, Students t test) over the last 35 years of the 21st
century (2064-2099) compared to the historical period (1979-2014),
contributing to the expected rise in the total number of BSISO
events (Fig. 2). In contrast, the number of ND events is projected to
decline by ~4.0 cases significantly. The canonical mode, characterized
by northeastward-propagating ISOs, is projected to experience a slight
increase in eastward phase speed under the high-emission scenario,
but this acceleration is statistically insignificant (fig. S4, A to C). This
suggests that the eastward acceleration and expansion are the future
changes unique to the EE mode as described in the following paragraph.
Analyzing the Hovmoller diagrams of meridionally averaged in-
traseasonal precipitation and OLR fields between historical and future

Poor Models
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Fig. 1. CMIP6 model performance in BSISO diversity. Spatial maps showing the observed 30- to 90-day OLR (shading and contour, units: W m™2) and 850-hPa winds
(vector, units: m 5'1) associated with the ND BSISO events in pentad 2 over 1979-2014 based on (A) observations, (B) the good models, and (C) the poor models. (D to
1) As per (A) to (C), but for (D) to (F), the EE, and for (G) to (1), the canonical events in pentad 2 and EE events in pentad 0. For the shading, only the values with the same
sign agreed upon by at least 66% of the good models are shown; otherwise, they are shown without color.
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Fig. 2. The preferred BSISO types in future climate scenarios. (A) Boxplots showing changes in the number of events for the canonical, ND, and EE modes in the near-
(2028-2063) and far-future (2064-2099) under the SSP2-4.5 and SSP5-8.5 scenarios compared to the historical period (1979-2014) based on the 12 good models (MME12).
(B) Similar to (A) but for relative percentage changes (%). Bars of a boxplot from bottom to top refer to the minimum, the lower (25th) quartile, the median, the upper
(75th) quartile, and the maximum. Red dots denote the sample means. The yellow downward-pointing triangles in (A) and (B) indicate that the sample means signifi-
cantly differ from zero at the 0.1 level (Student’s t test). (C) A table tabulating the MME12 case number of the total and the three BSISO types in historical (1979-2014) and
the far-future (2064-2099) SSP5-8.5 scenario, and their difference. The asterisk denotes a statistically significant difference at the 0.1 level (Student’s t test).

climates uncovers at least four interesting findings. First, we found a
twofold increase in the overall expansion propagation speed of the
EE mode from 5.1 + 1.9 t0 10.3 + 2.0 m s (P < 0.01, Student’s
t test) under the high-end scenario by tracking the minimum OLR
and a recursive fitting approach with Sen’s slope (see Materials and
Methods) (Fig. 3, A and B). Second, the phase speed of the EE mode
is inhomogeneous. In the West Pacific (WP; east of 90°E), it gener-
ally travels three times faster than it does in the Indian Ocean (IO;
west of 90°E). The increase in the eastward propagation is expected
to be more pronounced in the WP than in the IO, although the ac-
celeration is insignificant due to a considerable model spread. Third,
we underscore that the EE mode not only propagates but also ex-
pands eastward, coining the term “expansion propagation speed.”
The expansion is evident in a significant shift in the longitudinal
position of the easternmost boundary of the EE mode on day 0,
shifting from ~120° to ~150°E (P < 0.01, Student’s ¢ test) (Fig. 3, A
and B). In this sense, the future EE primarily contributes to the pro-
jected twofold increase in the overall expansion propagation speed
of the EE mode over the Indo-Pacific basin. This expansion can
also be demonstrated by the differences in the OLR fields (Fig. 3C).
Fourth, while the good models simulated that the EE mode can only
propagate to the Maritime Continent in the historical climate, it will
be able to penetrate deeper into the WP monsoon trough in future
warmer climates.

Chengetal, Sci. Adv. 11, eadv6355 (2025) 17 September 2025

The projected eastward acceleration of the BSISO is likely to re-
sult from a stronger boundary layer moisture convergence (BLMC)
east of the convective activity center (Fig. 4, A and B) (39, 40). The
enhanced BLMC spans over 120° to 150°E on day 0 in the presence
of the EE mode (see the blue shading in Fig. 4C), contributing to a
buildup of moisture or moist static energy (MSE) before the deep
convection (41, 42). The phase lead of the enhanced BLMC is driven
by a stronger equatorial Kelvin easterly wave response around the
dateline. A similar signal of a leading BLMC is seen in the canonical
mode (fig. $4, D to F). The good models project a negative BLMC
anomaly (i.e., a drying signal) west of BSISO around day 10, form-
ing an east-west asymmetry of the BLMC anomaly (Fig. 4C). The
significant lag of the drying signal behind BSISO propagation al-
ludes to the dominant role of the Kelvin wave response in accelerat-
ing the BSISO eastward propagation (43). After normalizing the BLMC
field by the BSISO intensity based on the OLR, we show that the
east-west asymmetry of the BLMC anomaly is still evident (fig. S5A),
suggesting that the changes in the BLMC can be considered essen-
tial for influencing the EE mode’s expansion propagation speed.
Furthermore, the EE mode is also expected to induce more exten-
sive wet and dry spells to continents and archipelagoes to its east
as it expands further, including Indochina, the Maritime Conti-
nent, and coastal areas of the South China Sea, as unfolded in the
half-cycle composites of the EE BSISO (Fig. 5). Spatially, the EE
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Fig. 3. Projected change in the phase speed of EE BSISO. Time-longitude Hovmoller diagram showing the meridional mean 30- to 90-day OLR (shading and contour,
units: W m~2) over the equatorial Indo-Pacific basin (5°S to 10°N) during (A) historical (1979-2014) and (B) SSP5-8.5 (2064-2099) runs, and (C) their difference based on the
good models. Shading indicates values with the same sign agreed upon by at least 66% of good models; others are uncolored. Red dots indicate the minimum OLR along
the propagation of the wet phase of BSISO, on which the BSISO phase speeds are optimally estimated over the entire Indo-Pacific Ocean (40° to 220°E) by a solid black line
using a recursive fitting approach with Sen'’s slope, with the uncertainty denoting 1 SD of the phase speed estimated from each good model. In addition, estimates of the
propagation speed of BSISO west and east of 90°E are indicated by solid green lines. A magenta line denotes day 0. A yellow star and a dotted magenta line indicate the
longitudinal location of the easternmost boundary of BSISO on day 0 to measure the expansion. Statistically significant differences between the future and historical
phase speed and between the future and historical expansion are denoted with asterisks (*10%; **5%; ***1%, Student’s t test).
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Fig. 4. Projected change in the BLMC of EE BSISO. Time-longitude Hovmoller diagram showing the meridional mean 30- to 90-day 850- to 1000-hPa integrated mois-
ture convergence (shading, units: mm day™"), OLR (contour, units: W m~2), and 850-hPa winds (vectors, units: m s™') over the equatorial Indo-Pacific basin (5°S to 10°N)
during (A) historical (1979-2014) and (B) SSP5-8.5 (2064-2099) runs, and (C) their difference based on the good models. Shading indicates values with the same sign
agreed upon by at least 66% of good models; others are uncolored. Red vectors represent values with the same sign agreed upon by at least 66% of good models, while
black vectors indicate disagreement. A magenta line denotes day 0.
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Fig. 5. Projected change in the convectively coupled wave structure of EE BSISO.

Composites depicting a half-cycle of the 30- to 90-day precipitation (shading, units:

mm day™"), OLR (contour, units: W m~2), and 850-hPa winds (vectors, units: m s~') associated with EE events from (A to F) pentad —2 (P—2) to pentad 3 (P3) in historical
(1979-2014) simulation, (G to L) the SSP5-8.5 (2064-2099) scenario, and (M to R) their difference based on the good models. Shading indicates values with the same sign

agreed upon by at least 66% of good models; others are uncolored. Red vectors repres

ent values agreed upon by at least 66% of good models, while black vectors indicate

disagreement. In PO, the equatorial (5°S to 10°N) regions where the Rossby westerlies and Kelvin easterlies are averaged are outlined in blue, with the former one extending 40°

in longitudes to the west of the BSISO’s centroid and the latter one extending 120°i

mode is featured by an R-K wave packet coupled by deep convec-
tive heating (10, 39, 44, 45). A useful parameter for measuring the
asymmetry of the wave structure is the R-K ratio (39, 40, 46, 47),
which is defined here as the ratio of the meridional mean (5°S to
10°N) Rossby wave westerly averaging over 40° west of the BSISO’s
convective core to the Kelvin wave easterly averaging over 120° east
of the core.

Under the high-end scenario, the convective heating of EE BSISO
will couple with a significantly weaker Rossby westerly response but
a stronger Kelvin easterly response in pentad 0, causing the R-K ratio
to drop by 0.39 from 2.19 to 1.80 (Fig. 5, C, I, and O). This enhanced
asymmetry of coupled wave structure, as indicated by a declined
R-K ratio, will be instrumental for the eastward propagation of the
major convective center. Despite the model bias in underesti-
mating the observed intensity of Kelvin waves, analyzing the wave

Chengetal., Sci. Adv. 11, eadv6355 (2025) 17 September 2025

n longitudes to the east. The estimated R-K ratio is shown in the top right corner.

number-frequency spectrum of the daily raw OLR data substantiates
a marked increase in summertime equatorial Kelvin waves under a
future warmer climate (fig. S6). This is consistent with the projected
enhancement of Kelvin wave response to the EE mode. Notably,
the summertime equatorial intraseasonal variability will shift sig-
nificantly to a space-time region of a higher frequency and lower
zonal wave number (fig. S7). In other words, future BSISO is an-
ticipated to exhibit a shortened periodicity with an expanded zonal
scale, concordant with the theoretical outcome that the propaga-
tion speed of the ISO increases with its zonal scale (37, 43, 48-50).

Intensification of the ND and canonical modes

While the frequency of the ND and canonical modes will decline
significantly or remain essentially unchanged (Fig. 2A), both will
undergo intensification with anthropogenic warming, as evidenced
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by the stronger pluvial and drought spells that they bring. The ca-
nonical BSISO is projected to significantly intensify as it propagates
northward under the high-end scenario, leading to more extreme
downpours and dry spells in inland South Asia (Fig. 6, A to C), while
the intensification of the ND is anticipated to be relatively modest
(Fig. 6, D to F). While the propagation speed of both the canonical and
ND BSISOs will largely remain unchanged (Fig. 6, A, B, D, and E).
The northward propagation results from a lagged, stronger BLMC
anomaly in the subtropical region, which intensifies the deep con-
vective system and draws it further north. Such a phase lead of the
BLMC anomaly, mimicking that in the EE mode, is found to be
independent of the BSISO intensity (fig. S5, B and C). The signifi-
cant increase in lower-tropospheric (1000 to 850 hPa) mean-state
MSE in the South Asian region is conducive to convective instabil-
ity and instrumental in the intensification of the two northward-
propagating modes (fig. S8). Notably, the scale of the canonical
BSISO will expand zonally (and further to the east) in tandem with
much pronounced precipitation anomalies (fig. S9), thereby rais-
ing the risks of flash drought and floods in the Maritime Conti-
nent and the entire monsoon Asia. The future intensification of the
three BSISO types will primarily account for the expected increase
in the Asian summer monsoon precipitation variability on the in-
traseasonal (30- to 90-day) timescale (Fig. 7A), particularly in the
Indian Peninsula, the surrounding coasts of the South China Sea,
and the equatorial Pacific Ocean (4, 51).

Extreme subseasonal whiplashes associated with future
BSISO events

Because of the coupled off-equatorial ISOs (10) and teleconnec-
tion (52), BSISO profoundly shapes the tropical and subtropical
weather patterns and extremes in the Indo-Pacific-Asia sector
during the extended boreal summer (May to October) (3, 4, 7-
9,12, 15, 20, 53). Subseasonal precipitation whiplash involves rap-
id swings between pluvial and drought spells on the 30- to 90-day
timescale (47, 54-59) (see Materials and Methods). The combined
effect of the two extremes on society, economy, agriculture, and
ecology can be far greater than the individual ones (60, 61). EE
BSISO is projected to accompany the most remarkable surge in
S2S precipitation whiplash events compared to the other two types
(Fig. 8, A and B). The surge is most evident in the tropics and the
Northern Hemisphere, particularly in central and northern Africa,
Southeast and East Asia, the equatorial Pacific Ocean, and the Arctic
Circle (including Greenland, Canada, and northern Russia). Con-
sidering that the future number of BSISO events, especially the EE
cases, is expected to increase significantly as the climate warms, it
is necessary to examine the change in precipitation whiplash fre-
quency per BSISO event. The results show that the frequency of
global precipitation whiplashes will, on average, increase signifi-
cantly for each BSISO event of all types (fig. S10). Together, the
heightened risks of subseasonal precipitation whiplash can be ex-
plained by the projected increase in the occurrence of future EE
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Fig. 6. Projected change in the phase speed of ND and canonical BSISO in the 10. As per Fig. 4, but for the latitude-time Hovm®ller diagram in the eastern 10 longi-
tudes (70° to 90°E) associated with (A to C) the canonical and (D to F) ND events. Shading indicates values with the same sign agreed upon by at least 66% of good mod-
els; others are uncolored. Red vectors represent values agreed upon by at least 66% of good models, while black vectors indicate disagreement. The two lines in magenta

denote the latitudinal range of 6° to 24°N, where the main changes are found.
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Fig. 7. Projected change in the summer intraseasonal precipitation variability and mean-state vertical zonal wind shear. Spatial maps showing the difference be-
tween historical (1979-2014) and SSP5-8.5 (2064-2099) runs in (A) 30- to 90-day precipitation variability (standard deviation) and (B) the mean-state vertical zonal wind
shear (UVWS; units: m s™"), computed from the difference between 200-hPa and 850-hPa zonal winds, during the extended boreal summer season (May to October) based
on the good models. Only the values with the same sign agreed upon by at least 66% of the good models are shown; otherwise, they are shown without color. The con-
spicuous change in uVWS over the northern IO (5°S to 20°N, 50° to 130°E) is outlined in green, with the area-weighted mean (*10%; **5%; ***1%, Student’s t test) shown

in the top right.

events (Fig. 2) plus the intensification of the intraseasonal precipi-
tation variability (Fig. 7A).

We note an asymmetry in changes in the occurrence of BSISO-
associated wet-to-dry and dry-to-wet events. With the EE mode at
work, wet-to-dry events are evidently more favored over their
counterparts under a warmer climate in eastern China, central and
northern Africa, and tropical Pacific (Fig. 8A), while the western
North Pacific and eastern equatorial Pacific and the coastal areas
will be preferred centers of increased dry-to-wet extremes (Fig. 8B).
The heightened risks of precipitation whiplash in tropical and sub-
tropical regions align well with the greater intraseasonal OLR vari-
ance caused by equatorial waves excited by future EE BSISO (see
the contours in Fig. 8, A and B). Its impacts on the Arctic Circle can
be linked to the monsoon-Arctic teleconnection sprung from vari-
ations in heat sources in the Indian and East Asian monsoon re-
gions on a monthly and seasonal timescale, which can trigger
changes in Arctic sea ice (62). Despite the ND events being pro-
jected to decrease in future occurrence significantly (Fig. 2A), they
are still expected to trigger slightly greater risks of precipitation
whiplash than before as the climate warms (Fig. 8, C and D). Future
canonical BSISOs, characterized by their intensified northeastward
propagation (Fig. 6C), are anticipated to trigger an elongated belt
of heightened risks for dry-to-wet events across the Indian Peninsula,
Indochina, southern China, the Philippines, and the western North
Pacific (Fig. 8F).

Prevailing and accelerated EE mode explained by
mean-state changes

The changing BSISO diversity prompts the question of why anthropo-
genic warming favors an accelerated EE mode over a northward or
canonical mode. The past 20 years of research have gradually im-
proved the theoretical understanding of BSISO in terms of its
northward propagation mechanism. A relatively mature and compelling
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theory, as supported by the wealth of idealized numerical experiments
(4, 10, 63-68), suggests a vital role of easterly vertical wind shear in
coupling the barotropic and baroclinic modes together, which excites
barotropic vorticity to the north of the convective center that further
results in BLMC for the northward mode of BSISO.

In harmony with the conclusion drawn from the foregoing ideal-
ized numerical experiments, the well-performing CMIP6 models
project a clear decline in easterly vertical shear over the northern 10
(Fig. 7B), which explains the increased prevalence of the EE mode as
the climate warms. The weakening of easterly vertical shear implies
a slowdown of the transverse overturning circulation in the Indian
monsoon domain in the future. Examining changes in both upper-
and lower-level zonal winds unravels that the slowdown of the trans-
verse overturning circulation stems primarily from a significantly
stronger upper-level westerly wind anomaly (fig. S11), in tandem with
an appreciable contribution from the weakening lower-level south-
west monsoons (fig. $12). The enhanced summertime precipitation in
South Asia and its adjacent seas (fig. S13) will generate stronger con-
densational heating that warms up the mid-troposphere, lowering the
meridional air temperature gradient (fig. S14) and eventually weaken-
ing the easterly vertical shear based on the thermal wind relation (69).

The EE mode is further favored as the equatorial Kelvin wave
component of BSISO intensifies and the western North Pacific warm
pool expands due to global warming. Owing to top-heavy heating
induced by greenhouse gas forcing (70, 71), the dry static stability
is projected to increase by ~1 K (100 hPa) ™" over the summertime
thermal equator (5°S to 10°N) (fig. S15). According to wave dynam-
ics, increased atmospheric stability accelerates moist gravity waves
(69), including moist equatorial Kelvin waves, in response to the trop-
ical convective activity center (72). Such greenhouse gas—enhanced
atmospheric stabilization coincides nicely with the projected en-
hancement of equatorial Kelvin waves (fig. S6, B and C) and easter-
lies in response to the accelerated EE BSISO (Fig. 4C). On the other
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Fig. 8. Projected change in frequency of occurrence of wet-to-dry and dry-to-wet extremes linked to each BSISO type. Global maps of changes in the frequency of
occurrence of extreme (A) wet-to-dry and (B) dry-to-wet events (shading) associated with the EE mode between the SSP5-8.5 (2064-2099) and historical (1979-2014) runs
based on the good models. Contours are the corresponding OLR variance (units: 107> W2 m™), with solid contours denoting positive values and dashed contours denot-

ing negative values. (C to F) As per (A) and (B), but for canonical and ND modes.

hand, El Nino-like warming is expected to favor the EE mode. The
summertime tropical sea surface temperature (SST) is projected to
warm by 2.8°C under the high-end scenario, with even faster warm-
ing in the eastern equatorial Pacific by as much as 4°C (fig. S15).
This El Nifio-like warming provides a zonally asymmetric source
of the lower-tropospheric MSE anomaly (fig. S8), expanding the
western Pacific warm pool and destabilizing the lower to mid-
troposphere. This favors the BLMC to the east of BSISO and, there-
by, its future eastward acceleration.

DISCUSSION

Investigating climate projections from the 12 top-notch CMIP6
models unravels a significant transition in the future BSISO propa-
gation diversity. In this framework of diversity, we differentiate the
EE and ND modes from the traditionally analyzed canonical type.
We uncover a doubling in the overall expansion propagation speed
of the EE mode by the late 21st century in the high-emission sce-
nario compared to the historical run. The acceleration is facilitated
by an east-west asymmetry of the BLMC anomaly around the con-
vective activity center. Meanwhile, the frequency of the accelerated
EE mode is on the rise. It will significantly increase by ~15% (3.8
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cases) in occurrence over the 35-year period of 2064-2099, contrib-
uting to an overall increase in the number of future BSISO events.
The projected weakening of mean-state easterly vertical shear over
the northern IO will suppress the Rossby wave westerly response.
Meanwhile, the equatorial Kelvin wave component will be enhanced
due to greenhouse gas-induced atmospheric stabilization, and the
Indo-Pacific warm pool is projected to expand eastward due to
El Nino-like warming. These factors will together drive a rapidly
developing BLMC to the east, thereby inducing and accelerating
the future EE mode. This also explains the projected decline in the
frequency of the ND mode in a warmer world, which may hold non-
negligible implications for the future Indian summer monsoon onset
and tropical cyclone genesis (4, 19). We note that the canonical and
ND modes will intensify under anthropogenic warming, resulting
in more devastating pluvial and drought spells affecting inland
South Asia. This conclusion harmonizes with both the observations
(73) and other climate projection studies (29, 32, 33). An increase in
the mean-state lower-tropospheric MSE in the South Asian region
under a warmer climate likely supports the impending intensifica-
tion of the northward-propagating modes.

While no single theory can yet fully elucidate all aspects of BSISO,
at least two factors are responsible for the magnitude of its EE speed
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(38, 43, 47). One is the east-west asymmetry of anomalous BLMC
and moisture (or the MSE) tendency, and the other is the increased
dry static stability that can accelerate equatorial Kelvin waves. The
first factor is consistent with our analysis of intraseasonal (30- to 90-
day) moisture tendency, where it shows an east-west asymmetry of
anomalous lower-tropospheric moisture tendency on day —10 dur-
ing the episode of the EE BSISO (fig. S16, A and B). Because of its
longer lead phase to the anomalous OLR than that of the BLMC, the
asymmetric pattern of moisture tendency is expected to enhance the
east-west asymmetry of the BLMC anomaly under anthropogenic
warming (Fig. 4C and fig. S16C), facilitating the acceleration of the
EE mode (39, 43, 49). The projected El Nifo-like warming provides
a zonally asymmetric source of the lower-tropospheric MSE ten-
dency, expanding the warm pool eastward and thereby favoring the
eastward acceleration of the EE mode (43, 47). It should be noted
that the local moisture or MSE tendency is not an independent
quantity, for it depends on both the mean state and the convective
intensity of the system itself. The second factor is the increased dry
static stability of the atmosphere, echoing the trio-interaction theo-
ry (39) by which the skewness of the coupled R-K wave packet can
distinguish between fast and slow MJOs (37, 43, 46). The R-K ratio
has been suggested as a useful indicator for elucidating the propa-
gation speed of the MJO to a considerable extent, based on recent
observations (43) and numerical analyses (46-48). The R-K ratio
should thus likewise apply to the EE mode. To show this, we create a
scatter plot that depicts the relationship between the eastward phase
speed of the EE BSISO and its R-K ratio based on all 28 CMIP6
models (fig. S17A). The linearity becomes most apparent in the fu-
ture warming scenario, as evidenced by a Kendall rank correlation
coefficient of —0.33 (fig. S17B), lending support to the notion that
the R-K ratio can be a useful proxy for the BSISO phase speed and
its eastward acceleration. As a side note, the outliers in the scatter
plot are generally the poor models that fail to simulate the BSISO
diversity (fig. S1B).

A realistic simulation of BSISO diversity hinges on how well the
model reproduces the summer mean states (10, 16, 28, 29, 65). The
northward propagation of BSISO is primarily controlled by two im-
portant internal atmospheric dynamics via the mean-state vertical
wind shear and the lower-tropospheric specific humidity (10, 64). Re-
cent numerical modeling further reinforced that the mean-state verti-
cal wind shear is the most critical factor in the northward propagation
component of ISOs compared with boundary layer moisture advec-
tion and air-sea interactions (65). A strong easterly vertical shear is
characterized by strong easterly winds aloft and westerly winds below
and can facilitate lateral overturning circulations, thereby enhancing
Indian monsoon activity. We show that the northward-propagating
modes (i.e., the canonical and ND BSISOs) generally occur when the
easterly vertical shear is strong; in contrast, the EE mode takes place
when the easterly vertical shear is relatively weak (fig. S18, A to C).
The good models reasonably capture such a relationship while the
poor ones fail to do so (fig. S18, D, H, and L). This suggests that good
models can reproduce the role of easterly vertical shear in enhancing
Rossby wave emanation and, thereby, off-equatorial ISOs (10, 63).
Likewise, the poor models fail to simulate a stronger mean-state mois-
ture field in the northern IO associated with the ND mode compared
to the EE mode (fig. S19), hinting at incorrect representations of air-
sea interaction and boundary-layer dynamics in the poor models.

As mentioned earlier, the EE mode generally exhibits a slower EE
propagation speed over the IO (west of 90°E) than over the WP
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(Fig. 3A), similar to the MJO (74, 75). One plausible reason lies in
the warm pool dynamics by which the vast western Pacific warm
pool with high SSTs (>28°C) and latent heat fluxes supports the
rapid development of local convection, alongside the stronger back-
ground trade winds in the WP that favor tight coupling between the
Kelvin wave response and the major convective center, thus promot-
ing the BLMC and speeding up BSISO in the WP (40, 43). A more
in-depth understanding of the difference in the phase speed be-
tween the IO BSISO and the WP BSISO will be instrumental in en-
abling the models to reproduce the real-world BSISO propagation
characteristics realistically.

There exists a marked discrepancy between the observations
(La Nina-like) and model simulations (El Nifio-like) in the tropi-
cal Pacific zonal SST gradient trends (76). Whether the observed
La Nina-like change is indeed a forced response or part of the in-
ternal variability remains a moot point (77). Regardless, process-
based validation of the fundamental atmosphere-ocean dynamics,
such as the fast and slow responses to increasing CO, concentra-
tions, is necessary to reconcile the discrepancy and shed clearer light
on future changes in BSISO diversity.

The projected shift in BSISO diversity imposes a rising challenge
in forecasting, adapting to, and mitigating future summertime in-
traseasonal hazards. With the upward trend of the EE mode under
the business-as-usual climate scenario, we show a twofold increase
in the speed of the eastward-expansion type of BSISO, connoting a
doubly shortened time available for responding to BSISO-associated
extreme subseasonal precipitation whiplash events (Fig. 8, A and B).
Most of the preferred teleconnection centers in the extratropical re-
gions, such as the Arctic Circle, are induced by upper-level, great
circle-like Rossby wave trains excited by the BSISO-associated con-
vective activity in the tropics (52, 62). Another important teleconnec-
tion center for subseasonal precipitation whiplash is in central and
northern Africa, home to the world’s largest source of mineral dust
aerosols. Natural dust emissions are heavily influenced by meteoro-
logical conditions through dry and wet deposition (78). The surge in
subseasonal precipitation whiplash events projected from changes in
BSISO will thus likely affect future Saharan dust emissions, which may;,
in turn, affect tropical cyclone genesis over the Atlantic Ocean (79).

The asymmetric consequences of wet-to-dry and dry-to-wet ex-
tremes are also worth noting. For instance, summertime dry-to-wet
extremes can be linked to droughts, heatwaves, or even wildfires,
which can cause loss of vegetation and soil hydrophobicity, substan-
tially heightening the risks of flooding, land erosion, and landslides
when subsequent rainstorms strike (61). The risk of global rice yield
loss is 43% higher because of a dry-to-wet extreme than its counter-
part (80). The imminent surge in dry-to-wet extremes in Asia and
Africa, particularly those associated with the eastward and northward
BSISO modes, can greatly disrupt global rice production (Fig. 8, B
and D). Grasping and predicting the ripple effects of global com-
pound events triggered by changes in various types of BSISO is in-
strumental for managing intraseasonal hazard risk and safeguarding
global food production, water security, socioeconomic development,
and ecosystem services.

MATERIALS AND METHODS

Observations, reanalysis, and CMIP6 projections

The satellite-based National Oceanic and Atmospheric Administra-
tion (NOAA)-interpolated OLR dataset (81) is adopted as a benchmark
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for evaluating the MME12 CMIP6 model performance in simulat-
ing the BSISO diversity. The hourly, 1°-by-1° pressure-level and sur-
face environmental fields are retrieved from the fifth-generation
European Centre for Medium-Range Weather Forecast reanalysis
(ERAS5) (82) for diagnosis. Given that most CMIP6 models use a
365-day calendar, leap days are omitted from all observational and
reanalysis datasets for consistency. We evaluated the performance of
up to 28 CMIP6 models (table S1). Experiments considered here are
historical (with all natural and anthropogenic forcings), a mitigated
climate scenario that produces a radiative forcing at 4.5 W m ™2 in
2100 (SSP2-4.5), and a high-emission scenario that produces a ra-
diative forcing at 8.5 W m ™% in 2100 (SSP5-8.5) (35).

Detection of BSISO events and propagation diversity
Following the clustering approach developed by Chen and Wang
(16), we first obtained the intraseasonal signals from the OLR field
by removing the first three annual-cycle harmonics and then filter-
ing the 30- to 90-day signals using the Lanczos bandpass filter
(83), which was proven superior over the other filters (84). The
choice of the frequency range is to capture the most prominent
peak in the power spectra of the EOFs of large-scale circulations
and convection on the intraseasonal timescale (15, 85, 86). A BSI-
SO event was identified if the regional mean intraseasonal OLR
anomaly over the eastern equatorial Indian Ocean (EIO; 5°S to
10°N, 80° to 100°E) was below —1 SD during the extended boreal
summer season (May to October). The event day 0 was defined as
the point when the intraseasonal OLR anomaly reached its mini-
mum. Using the satellite observations (i.e., the NOAA-interpolated
OLR), we identified 94 BSISO events originating from the EIO from
1979 to 2014.

To classify the BSISO types, we concatenated a set of sequential
maps of the intraseasonal OLR anomaly for each event in a domain
of 15°S to 25°N, 60° to 170°E from pentad —1 to pentad 3, among
which pentad 0 denotes the pentad (5-day) mean centering at the
event day 0. The pentad mean maps were smoothed by a five-point
zonal moving mean to reduce small-scale noise. We then used the
unsupervised K-means clustering (87) with the squared Euclidean
distance metric to the smoothed maps to obtain three clusters of the
BSISO propagation patterns. The K-means clustering was iterated
for a maximum of 100,000 times to achieve convergence, and the
clustering was repeated 500 times with random initializations to ob-
tain the optimal clustering with the minimum total sum of distances.
The composites of the events unfold the three BSISO types, which
serve as benchmarks for classifying the BSISO propagation patterns
in CMIP6 simulations. Since a five-point zonal moving mean was
applied to the intraseasonal OLR field before clustering, the same
smoothing method is consistently applied to the subsequent analy-
sis of BSISO.

Matching CMIP6 BSISO events to the three observed types

Since the K-means method is purely data-driven (88), our prelim-
inary analysis shows that directly clustering the simulated OLR
field from the CMIP6 models yields a different set of patterns
due to inherent model biases, making direct comparisons impos-
sible. We compare the concatenated pentad maps (from pentad
—1 to pentad 3) of each simulated BSISO event with the three
benchmark patterns, identifying the type that is most similar
based on the lowest squared Euclidean distance (i.e., the same dis-
tance metric used in the K-means clustering). This simple, objective
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matching approach ensures a consistent clustering of the three
observed BSISO types.

After the matching, we evaluate the CMIP6 model performance
in reproducing the historical BSISO diversity using two metrics. The
first metric is the root mean square error, which measures the dis-
tance between the concatenated pentad maps (from pentad —1 to
pentad 3) of the combined three clusters from model simulations
and the three benchmark patterns based on each grid point, as
shown in the Taylor diagram (fig. S1A). The second metric is the
deviation from the observed percentage of the number of canoni-
cal BSISOs to the total number of BSISO events. This is because
most CMIP6 models struggle to simulate enough canonical BSISOs
while overstimulating EE BSISOs (Fig. 1). To determine the best-
performing models, we evaluate these two metrics simultaneously
by first normalizing them based on their minimum and maximum
values and then calculating the Euclidean norm of the two nor-
malized metrics. We selected the 12 best-performing models as
good models based on a threshold of 0.45 for the Euclidean norm,
together with six poor models based on a threshold of 0.9 for bias
evaluation (fig. S1B). On the basis of sensitivity tests, we ascertained
that the results are insensitive to the threshold for selecting the good
models. The MME of the good models is used to analyze the pro-
jected changes in the BSISO diversity.

Recursive fitting approach with Sen’s slope

The BSISO eastward (northward) propagation speed was measured
based on the lag-longitude (lag-latitude) precipitation diagram us-
ing the following procedures. First, we identify the largest deep
convection with the meridionally (zonally) averaged OLR anomaly
lower than —3 W m™2. To avoid fitting a regression line onto a sta-
tionary small convective cell, the horizontal excursion of the object
should be at least 50° in the lag-longitude diagram (or 10° in the
lag-latitude diagram). Second, we identify the points with the mini-
mum OLR anomaly along the time axis at each horizontal point of
the object over 30° to 210°E in the lag-longitude diagram (or 0° to
20°N in the lag-latitude diagram). The regression slope is estimated
using Sen’s slope (89), which is resistant to the influence of outliers.
To ensure the robustness and optimality of the fitting, we recur-
sively perform the regression by narrowing the horizontal bound-
ary of the object until the R-squared value exceeds 0.6. The use of
Sen’s slope estimator and the recursive fitting approach substan-
tially reduced uncertainty in the estimation of the BSISO phase speed
across the models.

BSISO-related precipitation whiplash

Precipitation whiplash refers to a sudden transition between wet and
dry extremes (47, 54-59). Here, we identify a wet-to-dry event when
the 30- to 90-day precipitation exceeds the 90th percentile of its his-
torical distribution (1979-2014) for 5 consecutive days, followed by
a dry event below the 10th percentile value for 15 consecutive days,
and vice versa for a dry-to-wet event. These wet-to-dry and dry-to-
wet extremes are collectively regarded as precipitation whiplash. A
subseasonal precipitation whiplash event is considered BSISO-
related if it takes place from day —10 to day 30 of a BSISO event.

Statistical analysis

A two-tailed one-sample Student’s ¢ test is applied to test the statisti-
cal significance of the future changes in the number of future BSISO
events of each type (Fig. 2) and differences in phase speed between
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two scenarios (Figs. 3 and 6) based on the good models (a sample
size of 12), with a null hypothesis that the anomalies come from a

t distribution with a zero mean and unknown variance. The non-

parametric Sen’s slope estimator (89) and the Mann-Kendall test

(90, 91) are used to assess the significance of a linear regression coef-
ficient (Figs. 3 and 6 and fig. S18).

Supplementary Materials
This PDF file includes:
Figs.S1to S19
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