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Exploring causes of distinct regional and
subseasonal Indian summer monsoon
precipitation responses to CO2 removal
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This study investigates the response of Indian summer monsoon (ISM) precipitation to CO2 removal,
with a specific focus on regional and subseasonal variations. Following CO2 removal, monsoon
circulationweakens throughout the summer owing to the reduced large-scalemeridional temperature
gradient around India. Weakened monsoon circulation decreases the local-scale thermodynamic
stability within India, following monsoon-onset periods. While the frequency of synoptic-scale ISM
low-pressure systems (LPSs) decreasesoverall, the lower thermodynamic stability causes theLPSs to
form and resultantly shift west and south from their typical paths, last longer and move more quickly
zonally during August and September. Changes in these rain-producing processes induce distinct
regional (Western Ghats, south-central-east India, and Tamil Nadu) and subseasonal precipitation
responses. Also, extreme precipitation exhibits similar patterns, but is more strongly affected by
changes in LPS. Our results suggest that reliable future projections of regional hydroclimate change
require a more accurate understanding of multi-scale precipitation processes.

Global warming induced by anthropogenic greenhouse gases has acceler-
ated and is projected to persist throughout the 21st century, contingent on
the continuation of greenhouse gas emissions1. Changes in precipitation
induced by global warming are among the most significant impacts of
climate change,withbothmeanandextremeprecipitationbeing expected to
increase2. Significant increases in mean and extreme precipitation have
already been observed during the historical period, which have been
attributed to anthropogenic radiative forcing3–5. These observed trends are
projected to persist throughout the 21st century under various greenhouse
gas emission scenarios6,7, which would likely lead to an increase in the
intensity and frequency of hydroclimatic disasters, such as flooding.

Given the ongoing high levels of global greenhouse gas emissions8,
there has been growing interest in the concept of carbon dioxide (CO2)
removal (CDR) as a means of achieving the global warming mitigation
targets established by the Paris Agreement in 20159. With CDR being dis-
cussed as a possible global warming mitigation strategy, a wide range of
questions regarding its consequences have been raised and addressedwithin
the climate research community. In particular, studies have focused on

whether and to what extent, the climate system exhibits hysteresis in
response to changes in radiative forcing associated with greenhouse gas
concentrations (e.g., Kim et al.10). The emergence of hysteresis has been
suggested in large-scale and low-frequency atmospheric and oceanic con-
ditions/variabilities such as the Atlantic Meridional Overturning Circula-
tion (AMOC), inter-tropical convergence zone, El Niño-Southern
Oscillation (ENSO), Southern Ocean, and Hadley cell11–18.

Beyond the hysteresis in large-scale phenomena, studies have also
explored how global-to-regional precipitation varies with CDR. A slow
recoveryof globalmeanprecipitationhasbeen reported in response toCDR,
which is primarily attributed to the accumulation of heat in the ocean19.
Nearly symmetric and asymmetric precipitation changes have been found
across global land andoceans, respectively, whencomparing theCO2 ramp-
up and ramp-down periods20. Furthermore, the occurrence of regional
mean and extreme precipitation hysteresis have been reported10,21.

In the context of monsoons, a negative overshoot (i.e., the reduction
surpasses its initial level) in Indian and North African summer monsoon
precipitation following CDR has been reported22, which was primarily
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attributed to southward shifts of the inter-tropical convergence zone due to
hysteresis in the AMOC and Southern Ocean14. In contrast, the amount of
annual maximum daily precipitation, a commonly used representative
index of extreme precipitation intensity, was found to exhibit no hysteresis
whencomparing theCO2 ramp-upand ramp-downperiods22.Other studies
have recently reported a significant reduction in Indian summer monsoon
(ISM) precipitation and delayed onset of the ISM with CDR23,24, based on
multiple climate model simulations from the Carbon Dioxide Removal
Model Intercomparison Project (CDRMIP)25. In addition, hysteresis in
summermonsoonprecipitationand the frequencyof extreme rainfall events
have been suggested across East Asia15,26, attributed to the emergence of El
Niño-like warm conditions in the tropical Pacific with CDR. Furthermore,
hysteresis in the global-to-regional monsoon area has been reported, along
with associated features, which have been attributed to hysteresis in large-
scale atmospheric and oceanic environmental conditions27.

Among the globalmonsoon regions, India is particularly important for
understanding hydroclimatic changes following CDR. It exerts a critical
influence on a wide range of socioeconomic impacts, including agriculture
andwater resources, affectingmore thanone-sixthof theworld’s population
under conditions of weak climate resilience. Previous studies on ISM pre-
cipitation within the context of CDR have commonly reported rapid
recovery accompaniedby adeclining tendency andnegative overshoot22,23,27,
inducing a delayed onset of the ISM during the CO2 ramp-down period24.
However, these analyseshave limitations inprovidingprojections at detailed
spatial and temporal scales.Whileprimarily focusingon the entirety of India
with seasonal mean changes, they overlooked regional and subseasonal
variations. Extending the exploration beyond region-wide and seasonal
mean changes is essential, as amore comprehensive analysis of regional and
subseasonal responses and associated monsoon features can provide valu-
able insights with significant implications for various socioeconomic sys-
tems across India, such as agriculture. Moreover, while the importance of
ISM low-pressure systems (LPSs) in the hydroclimate across India has been
well documented28–30, their changes during the historical period and future
projections are still underdebate31–38, and their changes underCDRhavenot
been investigated.

To address these gaps in knowledge, our study assesses the responses of
ISM precipitation to CDR, taking into account its spatial distribution and
characteristics over a range of timescales from subseasonal to sub-daily.We
utilized the Community Earth System Model version 1.2.2 (CESM1)39 and
conducted idealized CO2 pathway simulations, encompassing atmospheric
CO2 concentration ramp-up, ramp-down and restoration (Methods).
CESM1 realistically captures the observed overall subseasonal ISM char-
acteristics (Supplementary Fig. 1). Our study diverges significantly from
previous studies as we explore the role of synoptic-scale weather systems –
ISM LPSs. This unique approach aims to provide an in-depth under-
standing of the spatially and temporally detailed hysteretic responses in ISM
precipitation.

Results
ISM precipitation responses to CDR
Figure 1a presents the timeseries of atmospheric CO2 concentration,
annual-mean surface air temperature for the global, Northern Hemisphere
(NH), and Southern Hemisphere (SH) averages, and ISM precipitation
(averages from June to October) in the CESM1 simulations. The global
mean temperature shows a slight delay but exhibits an overall linear
response to CO2 forcings, increasing during the CO2 ramp-up period and
decreasingunderCO2 ramp-downwith adelay.This delayed recoveryof the
global mean temperature is due to slower cooling in the SH than in the NH.
In contrast, the ISM precipitation displays robust hysteretic behavior,
characterized by a negative overshoot during the CO2 ramp-down period.
We identify specific 50-year periods that demonstrate maximal precipita-
tion hysteresis during theCO2 ramp-downperiod (years 2231–2280), along
with corresponding CO2 ramp-up periods that present the same global
warming levels (2035–2084), denoted by shading in Fig. 1a. The differences
between these periods (2231–2280 subtracted from 2035–2084) will be

denoted as RD-RU henceforth. This approach has the advantage of inves-
tigating the climate differences between the CO2 ramp-up and ramp-down
periods under the same thermal conditions on Earth. This is suitable for
understanding the impacts of CDR that are not caused by the difference in
the global mean surface temperature.

Figure 1b illustrates the spatial patternof ISMprecipitation and the 850
hPa horizontal wind, averages from June to October in the RD-RU. Pro-
nounced decreases in precipitation and weakening of ISM circulation (cli-
matology is presented in Supplementary Fig. 1) are shownover India, which
is consistent with previous studies22,23,27. However, it should be noted that
precipitation responses are not spatially homogeneous across India, exhi-
biting the strongest decreases within the Western Ghats (left box) and
south-central-east India (right upper box), while changes are insignificant in
Tamil Nadu (the southernmost state of India; right lower box). We define
the left box in Fig. 1b as ‘Western Ghats’ since precipitation in that area is
concentrated along the Western Ghats. The right box in Fig. 1b is labeled
‘south-central-east India’ as it includes the northeastern part of south India,
central and east India. The corresponding results during individual months
(Fig. 1c–g) show interesting subseasonal variability, with more pronounced
ISMprecipitation reduction and easterly wind anomalies (i.e., weakening of
monsoon westerlies) in June and July compared to those in later months.
The spatial heterogeneity of precipitation responses is more pronounced in
individual monthly responses, despite the general weakening of the ISM
circulation across all months. Notably, in August, the Western Ghats show
insignificant precipitation responses,while significant increases appear in its
southern areas (Fig. 1e). Tamil Nadu exhibits increases or insignificant
responses in precipitation from July to October (Fig. 1d–g). The spatio-
temporal heterogeneity of the ISM precipitation responses in RD-RU sug-
gests that the precipitation change may not simply be explained by the
weakening of monsoon circulation. Rather, it is likely that precipitation in
individual regions is influenced by diverse physicalmechanisms, such as the
orographic effect with ISM circulation for precipitation in the Western
Ghats40, local instability to regional precipitation41,42, and the ISM synoptic
weather system (LPSs), especially across central to northern India28,29.
Notable responses are also shown in south of easternHimalayas in July and
August, which are anticipated to be associated with westerly/southwesterly
wind anomalies in the areas (Fig. 1d, e). Furthermore, extreme precipitation
(see Methods for definition) exhibits similar patterns with some noticeable
differences (SupplementaryFig. 2), demonstrating thenecessity of exploring
region-specific physicalmechanisms at large to synoptic scales. Throughout
a series of subsequent analyses, we focus on the regions of the (i) Western
Ghats, (ii) south-central-east India, and (iii) Tamil Nadu, which exhibit
greater climatological precipitation amounts (Supplementary Fig. 1) and
distinct responses in RD-RU (Fig. 1b–g). Also, responses of precipitation in
each area are expected to be primarily influenced by different physical
mechanisms, as mentioned above. Our investigation excludes the north-
ernmost part of India (north of the left box in Fig. 1b, c) and northeast India
to focus on regions with the strongest precipitation changes and to avoid
areas bordering Bangladesh.

For further analysis of theprecipitation responses in individual regions,
Fig. 2 shows the daily seasonal cycle of precipitation amounts over the
WesternGhats (Fig. 2a), south-central-east India (Fig. 2b), and Tamil Nadu
(Fig. 2c) during the selected 50-year periods under the CO2 ramp-up and
ramp-down phases. Consistent with Fig. 1, the Western Ghats and south-
central-east India exhibit reductions in summer monsoon precipitation,
particularly during June, July and mid-September to October (Fig. 2a, b).
This leads to a delayed summer monsoon onset and earlier withdrawal
during the CO2 ramp-down period, resulting in a shortened duration of the
summermonsoonbyapproximately 2weeks comparedwith theCO2 ramp-
up period (Supplementary Fig. 3). Notably, daily precipitation differences
between the two periods exhibit significant decreases with greater percen-
tage values during the ISM onset periods (June, followed by July) than
during its withdrawal periods (mid-September to October) (see the bottom
panel of Fig. 2a, b). It should be emphasized that daily precipitation amounts
are similar between theCO2 ramp-up and ramp-downperiods fromAugust
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to mid-September and late August tomid-September in theWestern Ghats
and south-central-east India, respectively. Tamil Nadu displays distinct
precipitation responses compared to the other regions, with a weak but
significant decrease from June tomid-July, followed by a significant increase
from mid-July to August in RD-RU (Fig. 2c).

Changes in the daily precipitation intensity distribution (Fig. 2d–f)
reveal coherent patterns. In the Western Ghats, a significant decrease is
found in the frequency of light to heavy rainfall events in June and July, as
well as from mid-September to October, with June exhibiting the most
pronounced decrease compared to the other months (Fig. 2d). In contrast,
the frequency of precipitation events exceeding 10mm day−1 significantly
increases fromAugust to early September, along with a significant decrease
in those weaker than ~5mm day−1 and an increase in dry days (the lowest
bin, represents no rainfall or rainfall events smaller than 1.0mm day−1;
separately shown in Supplementary Fig. 4), respectively. This change in the
daily precipitation intensity distribution suggests an increase in rainfall
variability during theCO2 ramp-downperiodwhen comparedwith theCO2

ramp-up period, although themeanprecipitation is similar between the two
periods (Fig. 2a). South-central-east India likewise displays overall

significant decreases in the occurrence of precipitation events, particularly
those with intensities greater than ~7mm day−1 from June to early August,
and those weaker than ~20mm day−1 from late September to October
(Fig. 2e). In contrast, from mid-August to mid-September, the region
exhibits no prominent changes in daily precipitation intensity distribution.
In both the Western Ghats and south-central-east India, all individual
months show a significant increase in frequency of dry days (clearly shown
in Supplementary Fig. 4), indicating a general weakening of the ISM. Tamil
Nadu exhibits a significant shift in precipitation events from intensities
greater than ~5mm day−1 to weaker levels during June, while opposite
changes are shown from mid-July to August (Fig. 2f), leading to weak, but
significant precipitation decreases and increases in RD-RU, respectively
(Fig. 2c).

Physicalmechanisms for regional characteristicsofhysteresis in
ISM precipitation
From here, we explore the physical mechanisms underlying the distinct
hysteresis in regional and subseasonal ISM precipitation under CDR.
We investigate region-specific physical mechanisms across large to

Fig. 1 | ISM precipitation responses to CDR. a Timeseries of forced atmospheric
CO2 concentration (black), simulated global (solid), NH (dashed), and SH (dotted)
averaged annual mean surface air temperature (red), and ISM precipitation (blue;
June to October averages; lands in 70–87.5°E, 8.5–26°N) in CESM1 28 ensemble
simulation averages. Vertical gray dashed lines separate the CO2 ramp-up, ramp-
down and stabilization periods. The shading highlights the 50-year periods:
(i) characterized by the largest hysteresis (negative overshoot) in ISM precipitation
duringCO2 ramp-downperiod (years 2231–2280) and (ii) corresponding equivalent
global warming levels appeared during CO2 ramp-up phase (years 2035–2084).
b Spatial pattern of the RD-RU precipitation (shading) and 850 hPa horizontal wind
(vectors) averaged from June to October in CESM1 28 ensemble simulation
averages. c–g Same as (b), but for (c) June, (d) July, (e) August, (f) September and

(g) October, including precipitation responses within ocean. b–g Black hatchings
indicate regions with statistically significant precipitation differences at the 5% level
based on a two-sided Student’s t-test; vectors are shown in black where the zonal or
meridional winds exhibit significant differences at the 5% level based on a two-sided
Student’s t-test, while colored gray when neither shows significant differences.
b, c Blue boxes delineate Western Ghats (left box; since precipitation in that area is
concentrated along the Western Ghats; lands within 70–76.875°E, 8.5–23.5°N),
south-central-east India (right upper box; lands within 76.875–87.5°E, 13–26°N),
and Tamil Nadu (right lower box; the southernmost state of India; lands within
76.875–80°E, 8.5–13°N) (only the lands within the boundaries are assigned to the
individual regions).
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synoptic scales. Specifically, we examine the role of large-scale ther-
modynamic drivers of ISM circulation, local thermodynamic stability,
and ISM LPSs.

Monsoon circulation weakening induced by large-scale ther-
modynamic environmental changes
First, we investigate the role of the large-scale meridional temperature
gradient in the middle to upper troposphere around India, which has been
suggested to be the main large-scale thermodynamic driver of the ISM43

(Methods). CESM1 is shown to well capture the observed relationship
between the meridional temperature gradient and ISM precipitation
(Supplementary Fig. 5). The zonal mean vertical profile of the RD-RU air
temperature around India exhibits a reduced meridional temperature gra-
dient surrounding the regions (Fig. 3a). Under the same global warming
levels, the northern areas (5–35°N) display colder conditions than the
southern areas (15°S to 5°N). The stronger recovery with a cooling trend in
the NH can be attributed to the strong recovery over land under lower
atmospheric CO2 concentrations (Fig. 1a) and sustained weakening of the
AMOC13 during the selected 50-year period within the CO2 ramp-down

phase compared to theCO2 ramp-upphase. In addition, delayed recovery in
the ocean (predominantly covering the SH), along with pronounced slow
recovery in the Southern Ocean14 could potentially contribute to the wea-
kened meridional temperature gradient by damping the cooling trends
(Fig. 3a).

Figure 3b shows that the meridional temperature gradient is positive
from early June to mid-October during both the CO2 ramp-up and ramp-
down periods. However, the meridional temperature gradient decreases in
the ramp-down period compared to the ramp-up period, shortening the
length of the periodwith a positive temperature gradient. This change in the
meridional temperature gradient is consistent with the reduction in mon-
soon duration in India (Supplementary Fig. 3). The diminished meridional
temperature gradients (i.e., a negative large-scale thermodynamic indicator
of the ISM)couldweaken ISMcirculation22,23,27,43, possibly be associatedwith
precipitation decreases across India. This is particularly evident in the
Western Ghats, where the orographic effect, in conjunction with the ISM
circulation, is a crucial rain-producing process40. Even though large-scale
thermodynamic conditions contribute to the weakening of the ISM, these
responses are observed throughout summer (Fig. 3b), suggesting that

Fig. 2 | Hysteresis in regional and subseasonal ISM precipitation. a–c (above)
Seasonal cycle of daily (June 1st to October 31st) precipitation climatology in
aWestern Ghats (lands within 70–76.875°E, 8.5–23.5°N), b south-central-east India
(lands within 76.875–87.5°E, 13–26°N), and c Tamil Nadu (lands within
76.875–80°E, 8.5–13°N) during 50-year periods: (i) from years 2035 to 2084 (blue;
equivalent global warming levels appeared during CO2 ramp-up phase with years
2231–2280) and (ii) from years 2231 to 2280 (red; displaying the largest hysteresis
(negative overshoot) in ISM precipitation during CO2 ramp-down phase) from
CESM1 28 ensemble simulation averages and ranges of plus-to-minus inter-

ensemble standard deviations (shadings). (below) Percent anomalies of RD-RU
precipitation, relative to the precipitation amount in CO2 ramp-up period (years
2035–2084), calculated as RD�RU precipitation

Precipitation during CO2 ramp�up period × 100%. Black dots indicate
the differences are statistically significant at 5% level based on a two-sided Student’s
t-test. Probabilistic differences of daily (from June 1st to October 31st) precipitation
occurrence over dWestern Ghats, e south-central-east India, and f Tamil Nadu in
RD-RU with respect to precipitation intensities (y-axis; log-scale). Black dots indi-
cate the differences are statistically significant at 5% level based on a two-sided
Student’s t-test.
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additional factors contribute to the distinct regional and subseasonal var-
iations in the hysteresis of ISM precipitation.

Local thermodynamic stability changes
Second, we explore the influence of changes in local thermodynamic sta-
bility on the ISM precipitation hysteresis by employing deep convective
inhibition (DCIN44–46; Methods), which is a measure of environmental
thermodynamic stability for deep convection.Notably, the spatial pattern of
DCIN differences in RD-RU (Fig. 4a–e) shows the strongest increase in
June. In contrast, DCIN decreases appear over southern-to-central India,
with meridional expansion or contraction varying month. The largest
expansion toward higher latitudes appears in August and September. The
DCIN patterns can primarily be attributed to changes in surface moist
enthalpy (Supplementary Fig. 6). The DCIN decrease (i.e., lower stability)
can counteract the effect of weakenedmonsoon circulation on precipitation
across India. The combined influences of these factors lead to distinct
regional and subseasonal precipitation responses in theRD-RUacross India
(Fig. 1c–g).

We analyze zonal mean responses of climate variables over India to
understand the physical mechanisms driving the meridional expansion or
contraction of DCIN increases in each month. A significant weakening of
the monsoon precipitation occurs in June (Fig. 4f), which induces an
increase in surface-reaching shortwave radiation47,48 (Fig. 4g) and sub-
sequent surface warming across India (Fig. 4h). Subsequently, the reduction
in precipitation extends to higher latitudes (Fig. 4f), as the maximum cli-
matological precipitation amounts appear at 17–19°N in July and August
(Fig. 4k). In contrast, southern-to-central India exhibits specific humidity
increases near the surface after late June (Fig. 4i) with enhanced surface
latent heat flux (Fig. 4j), which is likely due to the surface warming and
associated increase in potential evaporation. The surface warming and
associated increase in specific humidity lead to the reduction in DCIN (Fig.
4b–e). The consistent latitudinal variations in surface specific humidity and
DCIN reduction (compare Fig. 4a–e and i) also highlight the crucial role of
surface humidification in driving theDCIN reduction. Even though surface
exhibits distinct subseasonal responses within India (Fig. 4f–j), the mer-
idional temperature gradient consistently decreases in the RD-RU during
the summer (Fig. 3b), representing an independence between the responses

in the context of subseasonal variations. Over the land, India experiences
notable dry subsurface soil conditions in the RD-RU, especially during June
and July, which become less severe in the subsequent months (Supple-
mentary Fig. 7a–e). Nevertheless, substantial soil moisture exists in the
subsurface duringCO2 ramp-downperiod (contours in Supplementary Fig.
7a–e). India shows an increase in surface evaporation from July to October,
especially across southern-to-central India (Supplementary Fig. 7g–j),
which is consistent with the rise in surface latent heat flux (Fig. 4j).
Therefore, the changes in surface latent heatflux appear to bemore strongly
influenced by surface warming and associated increase in potential eva-
poration, rather than by drier land conditions.

ISM LPS changes
Lastly, we examine the response of ISM LPSs (Methods) in RD-RU, and its
influence on the hysteresis of regional and subseasonal ISM precipitation.
CESM1 realistically captures the genesis and track density of ISMLPSs (Fig.
5a–j) compared to those in the European Centre for Medium-Range
Weather Forecasts reanalysis version 5 (ERA5)49 data (Supplementary Fig.
8), although some biases are apparent (the potential role of the biases is
discussed in the Summary and Conclusions section). We define LPS pre-
cipitation as the precipitation occurring around the center of the LPSs28,30,35

(Methods; Supplementary Fig. 9 shows similar vortex-centered composite
precipitation and atmospheric conditions maps between ERA5 and
CESM1). Again, CESM1 realistically represents the contribution of LPSs to
total and extreme precipitation (Fig. 5k–t) when compared to ERA5
(Supplementary Fig. 10), reinforcing the reliability of the results of the
CESM1 simulations.

Owing to the pronounced weakening of the summer monsoon cir-
culation across India in the RD-RU, there is a significant reduction in the
genesis frequency of ISM LPSs throughout the ISM period, particularly
around the northern/northwestern Bay of Bengal, where ISM LPSs pri-
marily originate35 (Fig. 6a–e; see climatology in Fig. 5a–e). The decrease in
the genesis frequency of LPS across India and its surrounding regions (area-
sum values are indicated in individual figures) is notably small during
August, followed by September (Fig. 6c, d), possibly because the local sta-
bility decreases (Fig. 4c, d) and corresponding LPS genesis increases over the
regions, including southern-to-central India.

Fig. 3 | Hysteresis in large-scale thermodynamic conditions. a Zonal mean
(40–100°E averages) vertical profile of air temperature responses in RD-RU during
June to October averages from CESM1 28 ensemble simulation averages. Black
stippling indicates regions with significant temperature changes in RD-RU at the 5%
level based on a two-sided Student’s t-test. b Seasonal cycle (from January 1st to
December 31st) of daily middle to upper troposphere (600 to 200 hPa averages)
meridional temperature gradient around India (40–100°E, northern (5–35°N)

minus southern (15°S to 5°N) regions, illustrated as gray boxes in (a), respectively)
during 50-year periods: (i) from years 2035 to 2084 (blue; equivalent global warming
levels appeared during CO2 ramp-up phase with years 2231–2280) and (ii) from
years 2231 to 2280 (red; displaying the largest hysteresis (negative overshoot) in ISM
precipitation during CO2 ramp-down phase) from CESM1 28 ensemble simulation
averages and ranges of plus-to-minus inter-ensemble standard deviations
(shadings).
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The trackdensity of LPSs in theRD-RUexhibits a strongdecline in and
around the northwestern Bay of Bengal (Fig. 6f–j). However, in August and
September, there are notable increases in LPS track density across western
and southern-to-central India and the northeastern and central-to-eastern
Arabian Sea (Fig. 6h, i). These increases are found to be associated with the
increases in LPS genesis density around southern India (Supplementary Fig.
11). In addition, the tracks of LPSs that originated from theBayofBengal are
shifted southwestward (e.g., Supplementary Fig. 11g). Together with the
decreased DCIN in India, this southwestward shift in the LPS tracks aligns
with the previously suggested LPS propagation mechanisms30,38, where
diabaticheating shifts theLPSwestward/southwestward throughnon-linear
self-advection processes. Furthermore, the average lifetime of LPSs exhibits
increases in August during RD-RU (Supplementary Fig. 12a), possibly
because of the decrease in DCIN within India. Moreover, with operation of
the physical processes under the decreased DCIN, LPSs exhibit a tendency
to propagate zonally faster in RD-RU during both August and September
(Supplementary Fig. 12b). In addition, the changes in the LPS track density
may bolster the increase in surface humidity within southern-to-central
India, as LPSs typically accompany high levels of atmospheric humidity
(Supplementary Fig. 13), establishing a positive feedback loop between
them. These responses contribute to the increased track density within

southern-to-central India and the northeastern and central-to-eastern
Arabian Sea during August and September (Fig. 6h, i). The resulting
alterations in the track density of the LPSs contribute to the distinct hys-
teresis in regional and subseasonal ISM precipitation.

Responses of LPS precipitation and non-LPS precipitation exhibit
distinct spatial distributions (Fig. 7). The changes in precipitation associated
with the LPSs (Fig. 7a–e) closely resemble the LPS track density changes
(Fig. 6f–j). South-central-east India exhibits significant decreases in LPS
precipitation in all individual months. In contrast, LPS precipitation
increases are shown in the Western Ghats in August, and in the south-
ernmost India inAugust andSeptember.Conversely, non-LPSprecipitation
demonstrates two notable features: strong reduction in the Western Ghats
in all individual months, and weak increases or insignificant changes in
Tamil Nadu from July to October (Fig. 7f–j). Non-LPS precipitation gen-
erally exhibits decreases in south-central-east India, although the responses
are much smaller than the LPS-induced changes (Fig. 7).

The results depicted in Fig. 7 suggest that the decrease in precipitation
appearing in theWestern Ghats (Fig. 1c–g) can be mainly attributed to the
reduction in non-LPS precipitation associated with the weakening of ISM
circulation. Changes in LPS-associated precipitation further reduce pre-
cipitation in June, July, and October, but they offset the precipitation

Fig. 4 | Responses in local thermodynamic stability. Spatial patterns of the RD-RU
DCIN in a June, b July, c August, d September and e October. Black hatchings
indicate regions with significant DCIN differences at the 5% level based on a two-
sided Student’s t-test. In (a), the blue boxes delineate the boundaries for Western
Ghats (left box), south-central-east India (right upper box), and Tamil Nadu (right
lower box) (only the lands within the boundaries are assigned to the individual
regions). f–j Zonal (70–87.5°E) averaged daily (from May 1st to October 31st)

f precipitation, g net (downward minus upward; positive signs indicate from
atmosphere to surface) shortwave radiationflux at surface,h surface air temperature,
i surface specific humidity, and j latent heat flux (positive signs indicate from surface
to atmosphere) responses in RD-RU fromCESM1 28 ensemble simulation averages.
Black dots indicate regionswith significant differences at the 5% level based on a two-
sided Student’s t-test. k Climatology of zonal (70–87.5°E) averaged daily (fromMay
1st to October 31st) precipitation in CESM1 present-day simulation (Methods).
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decreases in August. In September, LPS precipitation decreases and
increases across the northern and southern Western Ghats, respectively,
corresponding to a shift in LPS tracks during this period (Fig. 6i). These
results are reasonable, as changes in LPSsmay influence precipitation in the
Western Ghats by affecting the orographic effect through wind
anomalies50,51. The decrease in precipitation shown in south-central-east
India during all individualmonths (Fig. 1c–g) is predominantly attributable
to reduced LPS precipitation (Fig. 7).

In Tamil Nadu, the decrease in precipitation during June is due to the
weakening of the ISM, while the insignificant or weak increase in pre-
cipitation from July to October is a result of the DCIN decrease-induced
non-LPS precipitation increases (Fig. 7f–j, in comparison with Fig. 1c–g).
Additionally, during August and September, the southernmost India
exhibits a weak increase in LPS-associated precipitation (Fig. 7c, d), aligned
with LPS track density changes (Fig. 6h, i).

We extend our examination to the hysteresis of extreme precipitation
(see Methods for definitions) originating from LPS or non-LPS events
across India (Fig. 8). The hysteresis of LPS significantly contributes to the
hysteresis of the total extremeprecipitation amounts inRD-RU, notably to a
greater extent than non-LPS associated changes (Fig. 8). The hysteresis of
LPS-associated extreme precipitation (Fig. 8a–e) generally exhibits spatial
structures consistent with the total precipitation responses (Fig. 7a–e),
which are also aligned with the hysteresis of LPS trajectories (Fig. 6f–j).
Specifically, strong decreases are shown in south-central-east India during
all individual months and in the central-to-northern/northern parts of the
Western Ghats, except for August. Notable increases in extreme

precipitation induced by LPS events appear in the Western Ghats during
August (Fig. 8c), consistent with the patterns shown in the total precipita-
tion changes (Fig. 7c). Furthermore, extreme precipitation amounts unre-
lated to LPSs exhibit a decrease in the Western Ghats, particularly
pronounced in June, and are attributed to ISM circulationweakening, while
intensities are reduced in subsequent months (Fig. 8f–j). In addition,
increases in LPS and non-LPS extreme precipitation are shown in south of
central/easternHimalayas in July andAugust (Fig. 8b, c, g, h). The increases
in non-LPS extreme precipitation are aligned with total precipitation
responses (Figs. 1d, e and 7g, h), which can be attributed to westerly/
southwesterly 850 hPa wind anomalies in the areas from enhanced mer-
idional temperature gradient with most pronounced warming within the
India in July andAugust (Supplementary Fig. 14, Fig. 4h). The LPS-induced
extremeprecipitation increases are alignedwith enhancedLPS track density
over the regions (Fig. 6g, h), canbe attributed to thewesterlywind anomalies
(Supplementary Fig. 14a, b), along with decayed positive DCIN in August
(Fig. 4c).

Discussion
The objective of this study is to examine the regional and subseasonal
characteristics of the ISM precipitation changes under an idealized CDR
scenario. Our approach differs from that of prior studies22–24,27 as we spe-
cifically focus on regional features and analyze subseasonal/high-frequency
precipitation variability. We explain the spatiotemporally heterogeneous
hysteresis in the ISM precipitation response with changes in three main
factors: ISM circulation, local thermodynamic stability and ISM LPS.

Fig. 5 | Evaluation of the representation of LPSs and LPS-induced precipitation
across India in CESM1. Spatial patterns of the climatology for ISM LPS (a–e)
genesis, (f–j) track density (i.e., frequency), ISM LPS contribution to (k–o) total
precipitation, and (p–t) extreme precipitation amount from CESM1 28 ensemble
simulations (from the initial 10-year, 2001–2010) for individual months (June, July,
August, September, and October from left to right columns). a–j To enhance visi-
bility, results are presented with 2.5° × 2.5° resolution, and the sum of values within

the region of 60–95°E, 5–30°N is presented in the upper-right corner of each figure.
k–t A rain event is considered LPS-driven, when it occurs within an 8° radius of an
LPS center28,30,35. Here, extreme precipitation is defined as the 99th percentile
6-hourly precipitation amount for individual months and respective grids, from
CESM1 28 ensemble simulations (280 years from initial 10 years of the 28
ensembles).
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The ISM seasonal mean precipitation exhibits a negative over-
shoot during the CO2 ramp-down period, as previously suggested22,23,27,
but features spatially and temporally inhomogeneous responses.
Generally, the precipitation reductions in RD-RU are more pro-
nounced in June and July than in August–October. In RD-RU, the
Western Ghats and south-central-east India commonly exhibit

precipitation decreases during June, July and mid-September to
October, leading to a shortened ISM duration of approximately
2 weeks. In contrast, the difference in the RD-RU precipitation is small
between August and mid-September. Tamil Nadu exhibits distinct
precipitation responses, characterized by decreases from June to mid-
July and increases from mid-July to August.

Fig. 6 | Hysteresis in ISM LPSs. Spatial patterns of the RD-RU a–e genesis fre-
quency, f–j track density of ISMLPSs in a, f June,b, g July, c,hAugust, d, i September
and e, j October from CESM1 28 ensemble simulation averages. The sum of values
within the region of 60–95°E, 5–30°N is presented in the upper-right corner of each
figure. Black dots indicate regions with statistically significant differences at the 5%

level based on a two-sided Student’s t-test. To enhance visibility, results are pre-
sented with 2.5° × 2.5° resolution. In a, the blue boxes delineate the boundaries for
Western Ghats (left box), south-central-east India (right upper box), and Tamil
Nadu (right lower box) (only the lands within the boundaries are assigned to the
individual regions).

Fig. 7 |Hysteresis of LPS andnon-LPSoriginated precipitation. Spatial patterns of
the RD-RU a–e LPS-induced, f–j non-LPS-induced total precipitation amounts
during a, f June,b, g July, c,hAugust,d, i September and e, jOctober fromCESM128
ensemble simulation averages. Black hatchings indicate regions with statistically

significant differences at the 5% level based on a two-sided Student’s t-test. In a, the
blue boxes delineate the boundaries forWestern Ghats (left box), south-central-east
India (right upper box), and Tamil Nadu (right lower box) (only the lands within the
boundaries are assigned to the individual regions).
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We show that the spatially and temporally complex precipitation
responses in the RD-RU originated from three major sources: (i) ISM
circulation, (ii) local thermodynamic stability, and (iii) ISM LPSs. ISM
circulation is weakened, which could be related to a reduced meridional
temperature gradient around India. Following this initial weakening,
local thermodynamic stability decreases, particularly in August and
September, driven by surface warming and increased surface specific
humidity. LPS genesis becomes less frequent across India and its sur-
rounding regions, but increases notably in the southern-to-central Bay
of Bengal, southern India, and northeastern Arabian Sea during August,
and over southern India and the central-to-eastern Arabian Sea during
September. As a result, LPS track density increases in western and
southern-to-central India during the August and September, due to
increased LPS genesis, which can be attributed to decreased thermo-
dynamic stability (reductions in DCIN). Our results indicate that the
reduced precipitation in theWesternGhats is primarily due toweakened
ISM circulation, with additional reduction from the reduced LPS track
density in its central-to-northern areas. The decrease in local thermo-
dynamic stability counteracts the weakening of themonsoon circulation
in its southernmost regions, resulting in aweak decrease or even increase
in precipitation from July to October. In addition, in August and to a
lesser extent in September, LPS propagates more frequently down to the
Western Ghats in the RD-RU, leading to insignificant/increased pre-
cipitation. In contrast, precipitation decreases over south-central-east
India, which is mostly associated with a decrease in LPS track density.
Insignificant or increased precipitation over Tamil Nadu in RD-RU can
be understood as a result of the competition between ISM circulation
weakening and local stability decreasing with an additional increase in
precipitation from LPS-precipitation. Supplementary Fig. 15 sum-
marizes the sources of hysteresis in the total precipitation contributions
from LPS- or non-LPS-induced changes, with the suggested distinct
spatial patterns that vary across individual months.

A similar spatial pattern is shown in the hysteresis of extreme pre-
cipitation, which are more strongly influenced by changes in ISM LPSs.
These findings indicate the importance of comprehending the responses of
synoptic weather systems, such as ISM LPSs, to CDR, as they can have a
critical impact on the hysteresis of the hydroclimate over India, particularly
affecting extreme rainfall events.

Limitations possibly remain in our analysis, originating from the
imperfect representation of ISM LPSs in the CESM1 simulations. This
includes a low bias in the frequency of LPS genesis in June and a slightly
southward arrangement of LPSs compared to ERA5 (in comparison to Fig.
5a–j and Supplementary Fig. 8), alignedwith a prior study52. However, these
biases are not expected to qualitatively affect our conclusions because LPSs
do not play a decisive role in shaping the spatial patterns of precipitation
responses in June. In addition, the broad area of LPS changes in August and
September, and the inherently wide diameter of LPSs, typically around
1000 km, further support the insensitivity of our results. Additionally, the
relatively coarser horizontal resolution (~1°) employed in our model
simulations is not anticipated to be problematic, as we adopted an appro-
priatemethodology forLPSdetection,whichhasbeensuggested togenerally
not rely on horizontal resolution of the datasets36.

Our results reveal distinct hysteresis characteristics in regional and
subseasonal ISMprecipitation, arising fromcounteracting effects that follow
the initial weakening stage of monsoon circulation in the CESM1 multi-
ensemble simulations. These model simulation datasets provide a valuable
opportunity for this study, as they allow for the analysis of the influence of
6-hourly and synoptic weather systems, which have a crucial influence on
regional and subseasonal ISM precipitation changes in response to CDR.
Furthermore, the utilization of a multi-ensemble analysis approach is par-
ticularly valuable for this study because it enables us to discern clear signals
that extend beyond the significant impacts of internal variability in the
analysis of weather systems in a specific region. Nevertheless, caveats may
arise from reliance on a single climate model. To address this concern, we
conducted a parallel analysis using CMIP6 CDRMIP multi-model
simulations25,53, each with one ensemble, and obtained similar results
(Supplementary Fig. 16), demonstrating the robustness of our findings.
Nevertheless, the CMIP6 CDRMIP multi-model simulation averages
exhibited relatively uneven results (Supplementary Fig. 16c–e), highlighting
the advantages of using multi-ensemble simulations in the analysis.

Conducting additional multi-ensemble simulations that incorporate a
diverse array of climatemodels is crucial for amore specific evaluation of the
changes and associated uncertainties in hydroclimates at regional and
shorter-term scales. This approach can enhance our understanding of the
impact of synoptic-scale weather system responses to various CO2 path-
ways, including CDR, and the achievement of net-zero CO2 emissions54.

Fig. 8 | Hysteresis of LPS and non-LPS originated extreme precipitation. Spatial
patterns of the RD-RU a–e LPS, f–j non-LPS induced total extreme precipitation
amounts during a, e June, b, g July, c, hAugust, d, i September and e, jOctober from
CESM1 28 ensemble simulation averages. Black hatchings indicate regions with

statistically significant differences at the 5% level based on a two-sided Student’s t-
test. In a, the blue boxes delineate the boundaries forWesternGhats (left box), south-
central-east India (right upper box), and Tamil Nadu (right lower box) (only the
lands within the boundaries are assigned to the individual regions).
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When conducting analyses in this context, it is essential to consider various
emission trajectories55. Furthermore, there is a need to understand climate
responses in an equilibrium climate state that extends beyond transientCO2

pathways56,57. This broader perspective is crucial for gaining insight into the
long-term implications and dynamics of climate change.

Methods
Model simulation experimental design
We employed idealized CO2 pathway simulations conducted using the
Community Earth SystemModel version 1.2.2 (CESM1)39, which have been
widely utilized in recent studies to investigate climate responses to CDR
across various aspects, including the AMOC, ENSO and monsoons13,17,22,27.
The atmospheric component (Community Atmospheric Model version 5,
CAM5)58, employed a horizontal resolution of ~0.94° latitude ×1.25°
longitude with 30 vertical levels. It was coupled with the Parallel Ocean
Program version 2 (POP2)59, Community Land Model version 4
(CLM4)60,61, andCommunity IceCode version 4 (CICE4)62. The landmodel
incorporates the carbon-nitrogen cycle.

A fixed CO2 concentration (367 ppm) simulation of CESM1 was
conducted for 900 years (present-day simulation). Subsequently, 28
ensemble simulations were performed with varied initial conditions, fea-
turing a 1% annual increase in the CO2 concentration over 140 years (years
2001–2140), reaching a quadrupled level (1468 ppm). This was followed by
a symmetrical CO2 concentration decrease (minus 1% per year) over the
subsequent 140 years (years 2141–2280), returning the CO2 concentration
to the initial level of 367 ppm. The subsequent years were simulated using a
constant CO2 concentration of 367 ppm. Detailed analyses were conducted
for specific 50-year periods, emphasizing maximal hysteresis in ISM pre-
cipitation during the CO2 ramp-down period (years 2231–2280), with a
comparative assessment of another 50-year period during theCO2 ramp-up
phase (years 2035–2084), featuring the same global warming levels. The
discrepancies between the two periods are denoted as RD-RU
(2231–2280 subtracted by 2035–2084).

Extreme precipitation
For CESM1, the threshold of extreme precipitation was defined as the 99th
percentile of the 6-hourly precipitation in each individual month and grid
location from the present-day simulation.

Large-scale thermodynamic indicator of Indian summer mon-
soon precipitation
A large-scale thermodynamic index43 for the Indian summer monsoon
(ISM) precipitation was employed. This index relies on a large-scale mer-
idional temperature gradient around India, specifically the difference in
middle to upper tropospheric (averaged from 600 to 200 hPa) temperatures
between the northern (40–100°E, 5–35°N) and southern (40–100°E, 15°S to
5°N) regions. This gradient serves as a significant indicator of the onset,
withdrawal and rainfall amounts of the ISM by establishing an off-
equatorial large-scale deep heat source43.

Local thermodynamic stability
Throughout summer, intense rainfall events across India are strongly linked
to local deep convective inhibition41,42 (DCIN)44–46, often represented by a
vertical gradient ofmoist enthalpy (h). In this study,DCINwas quantified as
the disparity between the saturationmoist enthalpy (h�) at 700 hPa and the
surface h, expressed as follows:

h ¼ CpT þ Lvq;

DCIN ¼ h�700hPa � hsurface;

where Cp is the specific heat capacity of dry air at constant pressure, T is
the temperature, Lv is the latent heat of vaporization, and q is the specific
humidity. For an undiluted parcel launched near the surface, the

resulting DCIN thermodynamically measures the degree to which the
rising parcel is less buoyant than the surrounding environment in the
lower troposphere.

ISM low-pressure system tracking algorithm and precipitation
We employed a validated tracking algorithm35 developed for ISM low-
pressure systems (LPSs), which is grounded on the TempestExtremes
framework63,64. This approach involves searching forminima in the 850 hPa
horizontal wind streamfunction field, necessitating an increase of 12.5 × 105

m2 s−1 from the central minimum within a 10° radius to identify vortices.
Candidates are linked based on various criteria, including (1) a maximum
distance of 3.0° between in-sequence candidates, (2) aminimum length of 5
time points in 6-hourly data (i.e., ensure track lasts longer than 1 day), (3) a
maximum time interval of in-sequence candidates as 12 h, (4) surface
geopotential less than 8000m2 s−2 for at least four 6-hourly time steps along
the track, and (5) 850 hPa relative humidity higher than 85% for at least four
6-hourly time steps along the track35.

The estimated LPSs are linked to precipitation events when rainfall
occurs within an 8° radius of an LPS center within a 6-h timeframe, as in
previous studies28,30,35.

Data availability
CESM1 simulation datasets supporting the results will be provided upon a
reasonable request. Global Precipitation Climatology Project version 2.3
can be accessed at https://www.ncei.noaa.gov/data/global-precipitation-
climatology-project-gpcp-monthly/access/. ERA5 datasets can be accessed
at https://doi.org/10.24381/cds.bd0915c6, https://doi.org/10.24381/cds.
adbb2d47 and https://doi.org/10.24381/cds.6860a573. Global Precipita-
tion Climatology Centre version 2022 can be accessed at https://opendata.
dwd.de/climate_environment/GPCC/html/fulldata-monthly_v2022_doi_
download.html. All of the CMIP6 model simulation datasets used in this
study can be accessed at https://esgf-node.llnl.gov/search/cmip6/.

Code availability
The code used in this study will be provided upon a reasonable request.
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