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ABSTRACT: The South Asian monsoon is strongly influenced by synoptic-scale low pressure systems (LPSs), which de-
liver the majority of seasonal and extreme rainfall. Here, we provide a robust synthesis of future LPS characteristics by
analyzing 13 models from the Coupled Model Intercomparison Project phase 6 (CMIP6). We develop a novel, multicom-
ponent skill score (FLIP: frequency, location, intensity, and precipitation) to evaluate and weight model performance
against reanalysis benchmarks. Our weighted multimodel projections reveal a consistent narrative for future monsoons:
LPSs are projected to become more frequent and dynamically weaker in terms of low-level vorticity as global warming lev-
els increase. Per-LPS precipitation is projected to increase, with a super Clausius–Clapeyron scaling for the most intense
storms, despite a general weakening of their circulation. We attribute this apparent paradox to a projected increase in the
background meridional moisture gradient and a structural change whereby boundary layer winds weaken less than those in
the free troposphere, maintaining strong frictional moisture convergence. Furthermore, LPSs are projected to penetrate
deeper inland, with a significant increase in postlandfall duration between 1.58 and 28C of warming. To deconstruct inter-
model uncertainty, we employ a storyline approach based on unsupervised clustering of circulation and moisture anoma-
lies. This reveals four physically self-consistent yet distinct future pathways that explain model diversity in LPS frequency,
track, and precipitation changes. For example, a storyline with enhanced easterlies over Southeast Asia leads to a 36% in-
crease in LPS frequency by transporting more precursor disturbances into the Bay of Bengal. Averaging over these diverse
futures, the consistent outcome is a monsoon dominated by more numerous and wetter LPSs that track deeper into the
subcontinent, expanding the risk of extreme rainfall and flooding to western parts of India.

KEYWORDS: Monsoons; Storm tracks; Synoptic-scale processes; Storm environments

1. Introduction

a. Climate change and the South Asian monsoon

The South Asian monsoon is associated with significant
multidecadal variability, present in both long instrumental re-
cords (Sontakke et al. 2008) and multicentennial paleoclimate
reconstructions (Shi et al. 2018; Hunt and Harrison 2025).
This is thought mostly to arise from teleconnections with the
Atlantic multidecadal variability and Pacific decadal variabil-
ity (Jiang and Zhou 2019).

In the last century, anthropogenic climate change has started
to dominate this interdecadal variability. Global monsoon rain-
fall decreased from 1950 until about 1990, largely due to aerosols,
before rebounding after 1990 as the effect of warming from
increasing greenhouse gases began to dominate (Wang et al.
2021). Over South Asia, this inflection point occurred slightly
later, in about 2000 (Kitoh et al. 2013; Doblas-Reyes et al.
2021) Bollasina et al. (2011) showed that aerosol loading re-
duces monsoon rainfall over India through, in part, weaken-
ing the land–ocean temperature gradient.

Despite this, there is high confidence among model projec-
tions that continued global warming will lead to an increase in
both mean and extreme monsoon precipitation in the future
(Chen et al. 2020; Wang et al. 2020; Moon and Ha 2020;
Katzenberger et al. 2021; Wang et al. 2021), with increased
variability across a range of scales. This increase arises from
the Clausius–Clapeyron relationship, wherein an increase in
air temperature of 1 K increases its corresponding saturation
vapor pressure by 7%. Monsoon precipitation is not projected
to increase quite this rapidly (i.e., sub-CC), however, as the
underlying lower-tropospheric circulation, and hence the over-
turning circulation, is projected to weaken due to reduced me-
ridional temperature gradients (Held and Soden 2006; Kitoh
et al. 2013).

The projected precipitation trend has a zonal gradient, with
a greater increase over west India than east India, a pattern
that has already been identified in observations (Kumari et al.
2025).

b. Monsoon low pressure systems

As monsoon low pressure systems (LPSs) are responsible
for the majority of both mean and extreme monsoon precipi-
tation (Hunt and Fletcher 2019; Thomas et al. 2021; Suhas
et al. 2023), it is reasonable to assume that the projected
changes to monsoon precipitation will be mediated through
them.

Earlier studies that have used LPS tracks to create storm-
centered composite fields have given us a complete picture of
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the mean LPS structure and thermodynamics (Godbole 1977;
Stano et al. 2002; Hurley and Boos 2015; Hunt et al. 2016a,b).
A warm core aloft is supported by latent heating from both
synoptic-scale and convective-scale moist updrafts. This sup-
ports a broad, deep, and dense cloud structure as well as wide-
spread heavy precipitation with a maximum usually to the
southwest of the center.

Between 30% and 60% of LPSs spin up from precursor
vortices that can be tracked as far back as Southeast Asia, the
South China Sea, or the west Pacific (Saha et al. 1981; Chen
and Weng 1999; Meera et al. 2019). Regional climate models
fed with climatological (i.e., nonvarying) boundary conditions
substantially underestimate LPS frequency, implying the im-
portance of initial disturbances (or “seeds”) originating from
outside the Bay of Bengal (Levine and Martin 2018). The re-
maining LPSs arise from dynamic instability at the western
end of the monsoon trough and as such are frequently trig-
gered by the boreal summer intraseasonal oscillation (BSISO)
(Hunt and Turner 2022). Srujan et al. (2021) showed that
Coupled Model Intercomparison Project phase 5 (CMIP5)
models simulated this partition reasonably well, with 30% of
systems they tracked having genesis outside of the Indian
basins.

The question of how LPSs intensify within the monsoon en-
vironment has been long debated. Earlier studies proposed
barotropic and moist baroclinic modes (e.g., Goswami et al.
1980; Moorthi and Arakawa 1985; Rajamani and Sikdar 1989).
However, recent studies based on idealized model experiments
have made a compelling case in support of growth through
moist barotropic instability, i.e., a coupling of convection to
the large-scale background meridional gradient in zonal wind
(Diaz and Boos 2019, 2021; Suhas and Boos 2023). In paral-
lel, Adames and Ming (2018) and Adames (2021) developed
the “moisture vortex” instability theory, where vortex growth
is supported directly by convection. Recent attempts to unify
these theories have shown that both are important for LPS
growth, with moisture-vortex instability needed to explain precip-
itation phasing and growth from MSE gradients and barotropic
instability to explain peak LPS intensity (Luo et al. 2023; Hunt
and Turner 2024).

In contrast, relatively little research has focused on pro-
cesses governing LPS decay, despite this being an important
control on the time that LPSs spend over land, and therefore
how much precipitation they contribute to the monsoon.
Those studies that have explored LPS decay and inland pene-
tration stress the importance of land surface conditions, either
directly through soil moisture (Kishtawal et al. 2013; Hunt
and Turner 2017; Deoras et al. 2025) or indirectly through sur-
face fluxes (Chang et al. 2009).

c. LPSs and climate change

Observational studies on long-term trends of monsoon
LPS frequency have typically derived from the track cata-
logue compiled manually by Sikka (2006) or the catalogue of
depressions}the stronger variety of LPSs}tracked manually
and maintained pseudo-operationally by the India Meteoro-
logical Department. Such studies have typically reported negative

trends in depressions but an increase in nondepression LPSs, usu-
ally referred to as “lows” (Prajeesh et al. 2013; Dash et al. 2004;
Vishnu et al. 2016). Studies that have used LPS tracks derived ob-
jectively from reanalyses have found no significant trend in either
depressions (Cohen and Boos 2014) or lows (Vishnu et al. 2020)
over the last 50 years. Vishnu et al. (2020) noted strong modu-
lation in frequency by ENSO, as had been reported previously
(Krishnamurthy and Ajayamohan 2010), suggesting that there
may be significant interdecadal variability as well. You and
Ting (2021) used a similar approach and while they did not re-
port a trend in frequency, they found a significant trend in track
density, with LPSs in recent years more likely to be found fur-
ther south than previously, over central India, and have deeper
inland penetration.

Previous studies have also explored LPS-related trends in
climate models, typically using one or several CMIP-class
GCMs (Rastogi et al. 2018; Sandeep et al. 2018; Dong et al.
2020; Thomas et al. 2022b; Vishnu et al. 2023). These studies
all agree that future global warming will lead to an increase in
per-LPS precipitation and a reduction in LPS activity (i.e.,
more lows at the expense of fewer depressions, or fewer sys-
tems overall). These are attributed to Clausius–Clapeyron
scaling and a weakening of the overall monsoon circulation,
respectively. Additionally, Rastogi et al. (2018) and Thomas
et al. (2022b) reported a projected increase in associated ex-
treme precipitation. In a pseudo–global warming experiment,
Sørland et al. (2016) found a super-CC response of 13% K21

for LPS precipitation, as well as a significant increase in LPS in-
tensity. Such experiments, however, only reflect local changes
in thermodynamics and do not necessarily capture the broader
circulation changes (e.g., weakening monsoon).

These changes occur alongside projected shifts in LPS track
density. While studies agree that this likely means a significant
decline in track density over the Bay of Bengal, they disagree
on exactly what happens elsewhere. Sandeep et al. (2018) re-
ported that LPSs would shift slightly poleward, Dong et al.
(2020) reported an increase in track density over central In-
dia, whereas Vishnu et al. (2023) found that LPSs would shift
both to the north and south (i.e., widening their region of im-
pact). That the studies agree on trends in precipitation and in-
tensity but disagree on track density points to the complicated
relationship between large-scale circulation, LPS genesis, and
LPS propagation.

GCMs are not without their biases, either. These include
the representation of monsoon circulation being too weak,
with a resulting dry bias over central India (Sperber et al.
2013), LPS track density being too far north (Dong et al.
2020; Thomas et al. 2022a), and intraseasonal variability being
too weak (Abatan et al. 2021; Konda and Vissa 2022), which
could have a profound impact on the representation of LPS
variability (Hunt and Turner 2022).

Clearly, then, a more robust approach is required to better
quantify future changes to LPS statistics. Such an approach
must account both for model bias and intermodel diversity.
Therefore, in this paper, we propose the following:

1) Develop a score for individual CMIP6 models measuring
their ability to simulate LPSs across a range of metrics.
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2) Use this score as a weight for multimodel means, better
quantifying future changes in LPS statistics as functions of
global warming level.

3) Understand these changes through composites of LPS
structure and storyline-based approaches.

We discuss the data and methods used in sections 2 and 3,
respectively. Our results section is split into four parts: model
evaluation (section 4a, overall trends in LPS characteristics
(section 4b), then explaining these trends through compos-
ite analysis of LPS structure (section 4c), and storylines
(section 4d). We then discuss the implications and shortcom-
ings of our results in section 5 before concluding in section 6.

2. Data

a. ERA5

To assess CMIP6 model skill in the historical period,
we use two reanalysis benchmarks. The first of these is the
ECMWF ERA5 reanalysis (Hersbach et al. 2020). Data are
available globally, at hourly resolution from 1940 onward, on
a 0.258 grid. Data are available over 37 pressure levels from
1000 to 0.01 hPa, as well as at or near the surface. Data are
assimilated into the forecasting system from a large variety of
sources, including satellites, automatic weather stations, and
radiosondes. Data were downloaded using the dedicated appli-
cation programming interface (API) from the online source
(https://cds.climate.copernicus.eu/cdsapp#!/dataset/reanalysis-
era5-pressure-levels). We use 850-hPa vorticity to track LPSs
and measure their intensity, as well as surface precipitation
data to compute LPS rainfall. In studies comparing the qual-
ity of rainfall datasets over India and during the summer
monsoon, ERA5 has been found to be highly skillful (e.g.,
Mahto and Mishra 2019; Bhattacharyya et al. 2022; Paul and
Alemohammad 2025).

b. MERRA-2

The second reanalysis benchmark is the Modern-Era Ret-
rospective Analysis for Research and Applications, version 2
(MERRA-2; Gelaro et al. 2017). MERRA-2 is a global atmo-
spheric reanalysis dataset produced by NASA. It spans from
1980 to the present at a resolution of 0.6258 3 0.58. It has 42
pressure levels ranging from 1000 to 0.1 hPa at an hourly out-
put frequency. Like ERA5, data are assimilated frequently
and from a wide range of sources. Data were downloaded
from the NASA website (https://disc.gsfc.nasa.gov/datasets?
project=MERRA-2). Vorticity is computed from u and y

winds at the 850-hPa level.

c. CMIP6

In this study, we use CMIP6 (Eyring et al. 2016) climate
models whose pressure-level output is freely available at
6-hourly frequency (required to track LPSs) on the Centre
for Environmental Data Analysis (CEDA) archive. A list of
these models is given in Table 1. We use output from the pre-
industrial control runs (several centuries using preindustrial
radiative forcing), the historical runs (typically 1850–2015; us-
ing observed greenhouse gases and aerosols), and the shared

socioeconomic pathway (SSP) runs (typically 2015–2100 with
a range of projected greenhouse gas and aerosol emissions).
Not all SSPs are available in all models, but we use all that are
available for any given model, namely, SSP119, SSP126,
SSP245, SSP370, and SSP585. For more information on these
configurations, the reader is referred to O’Neill et al. (2016).
For model evaluation, we only require data to be available for
the historical experiment, giving a total of 31 models. How-
ever, for the future climate change analysis, we also require
6-hourly data for both the historical experiment and at least
one future scenario. This leaves us with a total of 13 models,
marked with an asterisk in Table 1. For each model, we use
only the first ensemble member (typically r1i1p1f1).

For tracking LPSs, we use 6-hourly vorticity data, which we
compute from the u and y wind components. For per-LPS
precipitation, we use accumulated 6-hourly precipitation data
where available, sometimes constructed from two 3-hourly
precipitation accumulations. If these data are unavailable, we
do not track LPSs in that model-scenario.

d. Large ensembles

We also make use of two large ensembles, MIROC6 LE and
MPI-ESM1-2-LR LE. These are single-model “superensembles”
in which dozens of integrations are run with the same forcings
but different initial conditions. Because the only difference be-
tween members is the initialization, the spread across the ensem-
ble samples the model’s internal climate variability. We use these
to quantify the role of internal variability in driving changes to
LPS statistics as compared to intermodel and interscenario vari-
ability. Although dozens of ensemble members are produced,
only a handful were available to us with the required 6-hourly
resolution. As such, we present the framework regardless, noting
that our results are subject to a small sample size. There are three
members available for each model scenario.

3. Methods

a. LPS tracking

To track LPSs in reanalysis and climate model data, we use
a modification of the vorticity-based algorithm described in
Hunt and Fletcher (2019).

1) We compute 850-hPa relative vorticity at 6-hourly inter-
vals using u and y wind data for June–September. For
ERA5, relative vorticity is already available on pressure
levels, so this step is not required.

2) We apply a T63 spectral truncation to the vorticity data to
filter out short-wavelength noise.

3) We identify regions of positive relative vorticity within this
field and determine the centroid location for each one.
The centroid is defined as the “center of mass,” i.e., the
vorticity-weighted average location of points in the region.

4) We link these centroids in time to form candidate LPS
tracks. These are subject to constraints in distance: The al-
gorithm searches for the next centroid starting at the loca-
tion predicted by the mean LPS propagation vector for its
previous position (typically northwestward). If no points
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are found within 250 km of this location, the track is
terminated.

5) We impose some additional constraints on candidate tracks
to filter out heat lows and quasi-stationary troughs:
• All tracks must have a duration of at least 48 h.
• All tracks must have at least one point in a bounding
box for the South Asian monsoon (708–958, 58–328N).

• At least one point in the track must exceed an 850-hPa
vorticity of 1 3 1025 s21.

• The average precipitation within 400 km of the LPS
track must exceed 1 mm day21.

• The distance between the track genesis and termination
points must exceed 100 km.

• Track genesis must be south of 258N.

Each of these criteria are easily surpassed by all real LPSs
(Hunt and Turner 2024). Versions of this algorithm have been
used for monsoon LPSs by a number of authors (e.g., Martin
et al. 2020; Dong et al. 2020; Roy and Rao 2022).

b. FLIP score

To evaluate the ability of CMIP6 models to simulate LPSs,
we develop a multicomponent score, termed the frequency,
location, intensity, and precipitation (FLIP) score. The FLIP
score quantifies model performance across four key LPS char-
acteristics and is computed over the historical period, relative
to ERA5. The components are computed thus

1) Frequency. The total number of LPSs in each year is
counted, giving a distribution for seasonal frequencies.
This distribution is then compared with ERA5 using the
Kolmogorov–Smirnov (K–S) statistic. The score (1 – KS2)
measures how closely the model distribution of frequencies
matches ERA5.

2) Location. Kernel density estimates of LPS track density for
the whole period are computed, and maps of model values
are regressed against ERA5; the score is the R2 value.

3) Intensity. The maximum LPS intensity, i.e., the highest
value of T63 spectrally truncated 850-hPa relative vorticity,

TABLE 1. FLIP scores for the 31 climate models and two reanalyses used in this study (ECMWF_ERA5 is the reference),
evaluated over 1940–2015 except for MERRA-2 (1980–2015). Bold indicates the five highest-scoring models in each column,
including the total score. Asterisks indicate those models used in the future climate analysis part of this study.

FLIP score

Model code Frequency Location Intensity Precip Total

AS-RCEC_TaiESM1 0.142 0.553 0.938 0.942 0.644
AWI_AWI-ESM-1-1-LR 0.075 0.274 0.864 0.620 0.458
BCC_BCC-CSM2-MR* 0.007 0.432 0.442 0.445 0.332
CMCC_CMCC-CM2-HR4 0.651 0.654 0.844 0.912 0.765
CMCC_CMCC-CM2-SR5 0.048 0.414 0.897 0.892 0.563
CNRM-CERFACS_CNRM-CM6-1-HR 0.712 0.760 0.652 0.709 0.708
CSIRO-ARCCSS_ACCESS-CM2* 0.002 0.707 0.904 0.741 0.588
CSIRO_ACCESS-ESM1-5 0.000 0.592 0.940 0.633 0.541
EC-Earth-Consortium_EC-Earth3-AerChem 0.027 0.753 0.803 0.797 0.595
EC-Earth-Consortium_EC-Earth3-Veg-LR 0.003 0.732 0.794 0.732 0.566
EC-Earth-Consortium_EC-Earth3* 0.003 0.728 0.810 0.745 0.572
IPSL_IPSL-CM5A2-INCA 0.000 0.094 0.554 0.510 0.289
IPSL_IPSL-CM6A-LR-INCA 0.000 0.266 0.650 0.770 0.422
IPSL_IPSL-CM6A-LR 0.000 0.233 0.616 0.772 0.405
KIOST_KIOST-ESM* 0.280 0.762 0.704 0.581 0.582
MIROC_MIROC-ES2L 0.029 0.351 0.677 0.866 0.481
MIROC_MIROC6* 0.432 0.749 0.829 0.634 0.661
MOHC_HadGEM3-GC31-LL 0.033 0.824 0.955 0.810 0.655
MOHC_HadGEM3-GC31-MM* 0.129 0.879 0.878 0.839 0.681
MOHC_U.K.ESM1-0-LL* 0.053 0.767 0.903 0.870 0.648
MPI-M_MPI-ESM1-2-HR 0.104 0.410 0.836 0.764 0.529
MPI-M_MPI-ESM1-2-LR* 0.045 0.322 0.947 0.729 0.511
MRI_MRI-ESM2-0* 0.004 0.759 0.894 0.838 0.624
NASA-GISS_GISS-E2-1-G 0.113 0.190 0.678 0.540 0.380
NCC_NorESM2-LM* 0.017 0.450 0.821 0.911 0.550
NCC_NorESM2-MM* 0.359 0.773 0.827 0.934 0.723
NIMS-KMA_KACE-1-0-G* 0.007 0.690 0.841 0.857 0.599
NOAA-GFDL_GFDL-CM4 0.481 0.531 0.863 0.829 0.676
NOAA-GFDL_GFDL-ESM4 0.498 0.596 0.867 0.859 0.705
NUIST_NESM3* 0.120 0.478 0.868 0.644 0.527
SNU_SAM0-UNICON 0.226 0.810 0.759 0.662 0.614
ECMWF_ERA5 1.000 1.000 1.000 1.000 1.000
NASA_MERRA2 0.653 0.912 0.920 0.965 0.863
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measured at the system center, is computed for each track.
This distribution of peak intensities is then scored against
the ERA5 benchmark using a K–S test, as for frequency.
Use of the spectrally truncated vorticity makes this metric
invariant to resolution over CMIP6 models.

4) Precipitation. Six-hourly precipitation is averaged within
400 km of the LPS center. This gives a precipitation time
series for each LPS. All time points from each LPS are
used to create a distribution of LPS precipitation, which is
scored against ERA5 using a K–S test as in frequency and
intensity.

The final FLIP score for a given model is the mean of the
four component scores. We use the K–S test because it makes
no prior assumptions about the underlying distributions (e.g.,
that they are Gaussian). In other words, it is nonparametric.
Thus, we measure distributional fidelity using the K–S score
and spatial fidelity using pattern correlation. For all three
components, the best possible score is 1, indicating that the
distributions are indistinguishable from ERA5, and the worst
possible score is 0, indicating absolute certainty that the distri-
butions are different. An advantage of this approach is that
the component scores are constructed orthogonally. There-
fore, for example, a model with 20% too many LPSs would
have a poor frequency score, but the location score (despite
the frequency bias being present in the track density estimate)
would not be affected. Additional robustness checks, where
we replaced the individual component scores with their cross-
model z scores or quantiles, did not yield meaningful changes
to the results. We use the overall FLIP score as a weighting
term when computing multimodel means. The same FLIP
score is used for all LPS characteristics, regardless of whether
it has a corresponding FLIP component (e.g., intensity).

FLIP scores and their components are given for each model
in Table 1.

c. Baselines and global warming levels

In this study, we will make considerable use of global warm-
ing levels (GWLs), a measure of how much global warming
has occurred relative to some baseline. We define, for each
model, a preindustrial reference temperature Tref as the area-
weighted (cosf) global mean of annual near-surface air tem-
perature (CMIP6 variable tas) averaged over 1850–1900. The
GWL for year t is then the 30-yr trailing global-mean tas

anomaly relative to this reference:

Tref 5
1

NPI
∑
1900

t51850
hT(x,t)iA,

T̃(t) 5 1
30

∑
t

t5t229
hT(x,t)iA,

GWL(t) 5 T̃(t) 2 Tref:

Here, h?iA denotes the area-weighted global spatial mean.
For years near and after 2015, the 30-yr window spans his-
torical and SSP years as needed. Note that we use this

backward-looking rolling mean to account for the diversity
of trajectories that arise from the different SSPs from 2015
onward. A centered approach would mean having to choose
an SSP when computing the GWL for a year near the end of
the historical period. Note also that where we compare time-
lines of CMIP6-derived and reanalysis LPS statistics, we shift
our benchmark period to 1995–2014, consistent with IPCC
guidelines (Chen et al. 2021), as our reanalysis data are not
available prior to 1940.

When computing LPS statistics for different GWLs, we en-
sure the statistics are robust by using a GWL window. This is
fixed throughout the study at a width of 0.58C. Thus, for ex-
ample, when statistics are presented for a GWL of 28C, we in-
clude all years with a GWL between 1.758 and 2.258C.

In addition, we compute a “local” warming level that is
over an approximate region affected by LPSs, 748–928E,
168–268N. This will allow us to more accurately compute the
effect of warming on local thermodynamics, such as the
Clausius–Clapeyron effect, recognizing that local warming}
even over 30-yr means}may differ from global warming.
We show the relationship between GWL and regional
warming in Fig. 1. For a given GWL, the warming over India
and the Bay of Bengal is typically about 0.258C, reducing at
higher GWLs. The difference is not significantly sensitive to
scenario.

d. Storylines

Storylines (Shepherd et al. 2018) provide a framework for
representing uncertainty in climate change projections by con-
structing physically self-consistent narratives that explain plausi-
ble but distinct future pathways without prescribing fixed
probabilities. Instead of relying on probabilistic ensemble
projections, i.e., the CMIP6 multimodel ensemble, storylines
emphasize understanding the causal mechanisms}such as
the interaction between changes in thermodynamics and
circulation}that drive regional climate responses. In this
study, we will use a storyline approach to investigate how di-
verse projections of changes to the monsoon circulation and
moisture rectify onto LPS statistics, giving us two advan-
tages: that the projected changes in LPS statistics become
easier to explain, and that future decision-making is aided by
attaching these changes to physically plausible pathways.

There are many ways to construct climate storylines (Baulenas
et al. 2023; Baldissera Pacchetti et al. 2024). These are typically
driver-conditioned, e.g., some important drivers of variability
are identified with fields then regressed onto metrics of those
drivers (Zappa and Shepherd 2017; Monerie et al. 2023). In
our study, we do not want to presuppose those drivers and in-
stead use an unsupervised clustering approach. This method
provides a compact, physically self-consistent sampling of
the CMIP6 uncertainty space, complementary to the driver-
conditioned approach of the studies above, and are still in-
terpretable a posteriori in terms of moisture availability and
steering flow.

Our approach is described below.

1) The variables used for clustering are seasonal means (June–
September) of 850 hPa u, y , and specific humidity. These
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are taken for each model scenario year with GWLs of
either 08 or 28C. The choice of 28C arises from policy rel-
evance (it is a threshold value in the Paris agreement)
and statistical robustness (there is good model coverage
at this GWL, and the signal is likely stronger than inter-
nal variability).

2) The mean is computed for the 08C values of each variable
in each model (leaving the spatial dimensions intact). This
is then subtracted from the respective 28C scenario years
for each model to give the difference relative to the
baseline.

3) The variables for each model scenario year are interpo-
lated onto a common 18 3 18 grid and standardized.

4) The model-scenario-years are concatenated along the
time dimension. The spatial dimensions are flattened into
a single dimension, and the variables are concatenated
along this spatial dimension.

5) k-means clustering is applied to the dataset, with the
elbow method used to determine the optimal number
of clusters (four).

6) Information on LPS statistics is pulled through this pipe-
line in parallel, to allow for quick computation once the
clusters have been assigned.

4. Results

a. Model evaluation

We start with an analysis of model LPS frequency and loca-
tion, evaluated across the historical period (Fig. 2). These are
compared against two reanalyses, shown in the bottom right of
Fig. 2. We note that the difference in ERA5 and MERRA-2
track densities is not explained by the different dataset lengths
(not shown). There is considerable variability in the track den-
sity between the CMIP6 models. Some closely resemble the

reanalyses, such as the two HadGEM3 variants, and this is
reflected in their high FLIP-location scores (0.82 and 0.88;
see Table 1). Others deviate considerably, such as the two
IPSL models, whose tracks are too far south, and AWI-
ESM-1-1-LR, whose tracks are mostly confined to the western
edge of the Bay of Bengal. These are reflected in low FLIP-
location scores, all below 0.3. In general, there are two centers
of action in the reanalyses: one at the head of the Bay of Bengal,
and one inland, over central India. Only about half the CMIP6
models capture the latter.

Figure 2 also provides information on mean LPS frequency.
Again, there is considerable variability among the models,
with some considerably undersimulating LPS frequency (e.g.,
ACCESS-ESM1-5, whose FLIP-frequency score is 0.002) but
many doing a reasonably good job. However, the FLIP-frequency
score also takes into account the distribution arising from in-
terannual variability, which most models significantly under-
estimate. The standard deviation in seasonal LPS frequency
in ERA5 is 4.2, the CMIP6 multimodel mean (MMM) is only
3.5. As a result, the FLIP-frequency scores are low for most
models.

Not shown in Fig. 2, but available in Table 1, are the FLIP-
intensity and FLIP-precipitation scores. For both, most models
score quite highly. On average, models slightly underestimate
LPS intensity and precipitation but capture their respective in-
terannual variability well. We show the FLIP scores against
model resolution in Fig. 3. There is a significant negative corre-
lation (r 5 20.66) between model grid spacing and FLIP
score, although this relationship is slightly weaker in the three
pairs of models that differ only in resolution. The worst per-
forming model is IPSL-CM5A2-INCA, which has very coarse
resolution. However, some models with coarse resolution do
actually perform quite well (e.g., GFDL-CM4). Similarly, al-
most all of the high-resolution models perform relatively well

FIG. 1. The relationship between GWL and regional warming over India and the Bay of Bengal (i.e., the region
affected by LPSs). (a) A scatterplot showing LPS regional warming against GWL for each model scenario year.
The 1:1 line is given by gray dashes. (b) Violin plots showing the difference between the two as a function of scenario
and GWL, subject to the requirement that at least 20 model scenario years of data are available. The LPS region is
defined as 748–928E, 168–268N. Warming levels are computed as mean 2-m temperature over the previous 30 years
against the respective 1850–1900 baseline. For GWL, these are annual means; for the regional warming, these are
June–September means.
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(e.g., CMCC-CM2-HR4, CNRM-CM6-1-HR) with the notable
exception of BCC-CSM2-MR which scores poorly across all
FLIP components.

b. Trends by global warming level

Having assessed model performance at simulating LPS popu-
lations in the historical period, we now assess how LPS behav-
ior might change in future climate scenarios. We remind the
reader that all multimodel means (but not, e.g., interquartile
ranges) are hereafter weighted using the model FLIP scores.
We start by looking at trends in a selection of LPS characteris-
tics over the historical and future periods, using a range of SSP
scenarios (Fig. 4).

There is a significant increase in projected LPS frequency
(Fig. 4a) that starts in the historical period around the 1990s
and persists in all SSPs through to the end of the twenty-first
century. Higher SSPs tend to have a greater increase than
lower SSPs. Despite pronounced internal variability, almost
all realizations report more LPSs at the end of the twenty-first
century than at the end of the twentieth. The inflection point
toward the end of the twentieth century is consistent with ear-
lier studies that demonstrated the change in dominance from

aerosol forcing to greenhouse gas (GHG) forcing which oc-
curred around this time (Lau and Kim 2017).

There is a significant decline in LPS intensity (Fig. 4a)
throughout the twenty-first century in all SSPs except SSP126,
which exhibits an initial decline during the first half of the
century before returning to within the 1995–2014 historical
baseline. As with frequency, the magnitude of these trends
scales well with SSP; however, the decline does not emerge
during the historical period, during which LPS intensity is rea-
sonably constant. This decline in intensity is consistent with
previous studies (Sandeep et al. 2018; Vishnu et al. 2023).
Combined with the increasing frequency, we deduce that fu-
ture monsoons are likely to have far more weak LPSs than
the present day. The future of strong LPSs (i.e., monsoon de-
pressions) requires further analysis that follows later.

There is a significant increase in per-LPS precipitation, i.e.,
rainfall occurring within 400 km of the LPS center (Fig. 4c).
As with LPS frequency, this trend seems to emerge in the
1990s, i.e., in the historical period, continuing in each of the
SSPs through to the end of the twenty-first century. The trend
in all SSPs is much larger than the interannual variability, and
more so than for frequency or intensity. This is to the extent
that in SSP126, while LPS intensity and frequency recover to

FIG. 2. Monsoon LPS track density in the historical run for available CMIP6 models (shown for 1940–2015). LPS tracks are converted
to density using a Gaussian kernel density estimate and are shown as a seasonal average. In the bottom right, the mean track density for
two reanalyses, ERA5 (1940–2015) and MERRA-2 (1980–2015), are shown for comparison, using as many available overlapping years as
possible.
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near-baseline values by the end of the century, this is not true
of LPS precipitation. Coupled with the significant increase in
LPS frequency, it is clear that the total LPS-associated rainfall
per season will also increase with global warming.

There is no significant trend in the mean LPS post-landfall
duration (Fig. 4d), and we note that this particular character-
istic is subject to substantial interannual and interdecadal vari-
ability, implying a relationship with slowly varying modes of
variability such as ENSO or the Pacific decadal variability
(PDV), although it is beyond the scope of this study to ex-
plore these relationships. For the fraction of LPSs making
landfall (Fig. 4e), there is a significant increasing trend only in
the two warmest SSPs (370 and 585). The multimodel means
for SSP126 and SSP245 return to baseline levels by the end of
the twenty-first century. There are, however, significant in-
creases in projected LPS propagation speed (Fig. 4f) in all
SSPs, despite pronounced interannual variability. There is also
an increasing trend in interannual variability.

While this approach is informative, different models warm
at different rates due to their range of sensitivities and so ex-
tracting values, e.g., for a given year, may lead to ambiguous
interpretation. Instead, we now separate according to global
warming level (Fig. 5), measured relative to a preindustrial
baseline. This is helpful, as much importance is given to the
difference in impacts between 1.58 and 28C of global warming
(Masson-Delmotte et al. 2018).

Many of the same trends emerge: relative to the 08C baseline,
both 1.58 and 28CGWLs exhibit significant increases in LPS fre-
quency, precipitation, landfall fraction, and propagation speed,

and a significant decrease in LPS intensity. Significance here is
ascertained using a Kolmogorov–Smirnov test. Post-landfall
duration also increases with GWL, but the difference against
the baseline is only statistically significant at higher levels
(2.58 and 38C). Interestingly, neither LPS frequency nor in-
tensity changes significantly between 1.58 and 28C, but post-
landfall duration and mean propagation speed all increase
significantly. This implies a step change in the number of sys-
tems penetrating more deeply into India, and therefore in
the impacts felt over central and west India. We shall explore
this more toward the end of the study. The unusual behavior
of some statistics at 38C, namely, a slight decrease from 2.58C
rather than the expected increase, as in Figs. 5d–f is probably
due to reduced sample size. Even at SSP585, reaching a 30-yr
mean GWL of 38C only occurs toward the end of the twenty-
first century.

A third way of visualizing these data is to separate GWLs
by SSPs, as we do in Fig. 6. For the sake of brevity, we restrict
this analysis to the first three statistics from the earlier analy-
sis: LPS frequency, intensity, and precipitation. The leftmost
column of Fig. 6 shows the CMIP6 multimodel ensemble,
with thick lines denoting the multimodel means. For LPS fre-
quency (top left subfigure), we see that while frequency in-
creases with GWL for all SSPs, as expected, it increases faster
in the weaker SSPs. For example, at 28C, the projected change
in the SSP585 pathway is 12% and in SSP126 is 18%. This dif-
ference increases further at higher GWLs: at 38C, the pro-
jected change in SSP585 is 18% and in SSP245 is 32%. This
suggests an important role for transient warming. The same is

FIG. 3. Model FLIP score as a function of horizontal resolution, evaluated over the historical
period (1850–2015). The FLIP score combines information on the differences between modeled
and observed distributions in LPS frequency, intensity, location, and precipitation to estimate
the skill of individual models in simulating realistic LPSs. Individual models are colored by their
precipitation score. Horizontal resolution is taken as the hypotenuse of the mean longitude and
latitude spacings. The best-fit line (not including the reanalyses) and correlation coefficient are
shown in gray. Dotted black lines connect the three pairs of models that differ only in their reso-
lution, e.g., HadGEM3-GC31-LL and HadGEM3-GC31-MM.
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not, however, true for LPS intensity (middle row) or precipi-
tation (bottom row), where the difference between SSPs is
not significant. It is notable that, for precipitation, SSP126
scales at a lower rate than other scenarios. SSP1 relies on
strong global air quality policies, including over India, and so
has fewer aerosol emissions from South Asia than other sce-
narios for a given point in the near future (Samset et al. 2019).
It is therefore possible that strong reductions in aerosol emis-
sions over India in the coming decades may act to reduce the
effect of global warming on increasing per-LPS precipitation.

Overall, internal variability is extremely low, as shown
by the two large ensembles (MIROC6, central column; and

MPI-ESM, right column). These have very little spread arising
from their members}in some cases with individual members
not visibly distinct from the ensemble mean (though noting
our earlier caveat that we have a small sample size). Indeed,
for each of the three parameters, the two LEs lie within the
envelope of CMIP6. For example, for intensity, the CMIP6
MMM projects a decline of about 10% at a GWL of 48C.
Even though the MIROC6 LE projects a weak increase, there
are still some CMIP members consistent with this. In conclu-
sion, the CMIP6 column (left) indicates that, while there is a
clear scaling of the response for each diagnostic with GWL,
there is also a great deal of model}i.e., structural}uncertainty.

FIG. 4. Multimodel mean trends in LPS statistics across different CMIP6 scenarios, compared against a 1995–2014
historical baseline. For each monsoon season, we show (a) the total number of unique LPSs; (b) the average peak in-
tensity of LPSs, measured using 850-hPa relative vorticity at the system center; (c) the mean precipitation falling
within 400 km of each LPS; (d) the mean time between an LPS making landfall and dissipating, or for LPSs that
spin up over land, their total duration; (e) the fraction of LPSs whose genesis is over the ocean but make landfall
during their lifetime; and (f) the mean LPS propagation speed, computed across all track points. All values are
smoothed using a 5-yr running mean. The gray shading indicates the model interquartile range for the historical
scenario (before 2015) and the SSP245 scenario (after 2015). Dotted and dashed lines show the same statistic for
reanalyses.
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Finally in this section on LPS statistics, we turn to the cova-
riability of LPS intensity and precipitation. In the present cli-
mate, LPS intensity and precipitation have a strong positive
correlation (Hunt and Fletcher 2019) due to the importance of
moist convective processes in LPS intensification (Diaz and
Boos 2019) and the stronger moisture convergence offered by
larger low-level wind speeds (Hunt and Turner 2022). How-
ever, as we have seen, LPS intensity is projected to decrease
with global warming, while LPS precipitation is projected to
increase. This in itself is not paradoxical}LPS intensity is ulti-
mately constrained by dynamical processes (e.g., through baro-
tropic instability arising from meridional gradients in zonal
wind speed), whereas LPS precipitation is ultimately constrained
by thermodynamic processes (i.e., moisture availability through
Clausius–Clapeyron scaling). Even so, given their relationship
with each other, further investigation is warranted.

Therefore, in Fig. 7, at each GWL, we separate LPSs into
pentiles according to their peak intensity and plot the mean

peak intensity against mean LPS precipitation. That gives us a
trace across GWLs for each pentile, from the weakest lows to
the strongest depressions. The multimodel mean is shown in
Fig. 7a. In each intensity pentile, increasing GWL leads to
monotonically increasing precipitation, but the effect scales
differently in each pentile. In the weakest intensity pentile,
mean LPS precipitation rises from 15.9 mm day21 at a GWL
of 08C to 16.7 mm day21 at a GWL of 38C, an increase of 5%
(considerably subC-C). In the strongest intensity percentile,
mean LPS precipitation rises from 27.7 mm day21 at a GWL
of 08C to 35.4 mm day21 at a GWL of 38C, an increase of 28%
(superC-C). The interpretation of the results with respect to
Clausius–Clapeyron scaling does not change if we separate by
local seasonal warming instead of GWL (see Fig. 1).

We also see that the change in intensity with GWL differs
across the pentiles. In the weakest intensity pentile, the
mean peak LPS intensity falls from 1.63 to 1.43 3 1025 s21

as we move from 08 to 38C, a drop of 14%. In the strongest

FIG. 5. Multimodel LPS statistics as a function of GWL. The same statistics as in Fig. 4 are used, except no baseline
is subtracted. The circles indicate the multimodel mean, with the bars indicating the interquartile range of model
means. In each case, all available scenarios are included, and a window width of 0.58C is used, e.g., the 1.58C contains
any model scenario year in which the GWL was between 1.258 and 1.758C. GWLs are computed relative to the prein-
dustrial baseline for the model.
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intensity pentile, the drop for the same GWLs is from 6.93
to 6.87, or about 1%. In other words, mean precipitation in-
creases with GWL, but this change increases at higher
intensities.

These two patterns are present in two individual models
with high FLIP scores (Figs. 7b,c), albeit with more noise pre-
sent, with both projecting larger increases in LPS precipita-
tion and reduced weakening (or even strengthening) for more
intense systems. For the selected model with a poor FLIP
score, NUIST NESM3, there is no coherent change in precipi-
tation or intensity with GWL for any pentile.

Previous studies suggest that the driving mechanisms be-
hind LPS intensity seem to be the same regardless of the
strength of the LPS (Hunt and Turner 2024), and there is no
reason to expect that to change with global warming. There-
fore, changes in peak intensity are likely to continue to be
driven by changes in barotropic instability. This is projected
to fall in the Bay of Bengal, the main LPS genesis, and intensi-
fication region (Vishnu et al. 2023). Combined with the fact
that precipitation scaling is sensitive to intensity, it is there-
fore likely that some kind of nonlinear positive feedback is at
play. Increased moisture availability results in more precipitation,

FIG. 6. Relationship between selected LPS statistics and GWL, as a function of SSP. (top) Number of LPSs per season; (middle) the av-
erage peak intensity of LPSs; (bottom) the mean precipitation within 400 km of LPS centers. These are shown for (left) the CMIP6 multi-
model mean, (center) the MIROC6 large ensemble, and (right) the MPI-ESM-2-LR large ensemble. Results are shown as a best-fit line
through all relevant model scenario year points. All values are shown relative to a 08C historical baseline, computed for each model. Thin
lines show individual models (for the MMM) or ensemble members (for the two LEs). Thick lines show the (left) MMM or (center and
right) ensemble mean. SSP245 was not available for MIROC6LE.
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and hence more convective vortex stretching and latent heat re-
lease. This allows LPSs to offset some of the climate-induced
weakening and scales such that the most intense LPSs are able
to offset it altogether. We will now explore possible reasons for
this nonlinearity.

c. Changes in LPS structure

To understand some of the changes discussed in the previ-
ous section, we now turn to the composite structure of LPSs
and how it is projected to change with global warming. We
start with precipitation (Fig. 8). Compared to ERA5, the
CMIP6 MMM at 08C slightly underestimates precipitation.
At the center, this underestimation is about 20%. This is also
true for the modern CMIP6 baseline. This is a known bias in
CMIP-class models (Sperber et al. 2013; Ashfaq et al. 2017).
Similarly, there is a slight bias in the location of maximum pre-
cipitation relative to the LPS center, which is slightly to the
southwest in ERA5 (as predicted by theory) but slightly to the
northwest in CMIP6. Regardless, the spatial structure and
magnitude of precipitation are sufficiently similar between

ERA5 and CMIP6 that we can be relatively confident in the
CMIP6 projections.

The projected change in LPS precipitation scales approxi-
mately linearly with GWL, as we expect from our earlier re-
sults in Figs. 5 and 7. At the LPS center, where the heaviest
precipitation falls, the scaling is consistently superC-C (and is
more so if we replace GWL with local warming level). This ef-
fect is strongest at 18C, where we would expect uniform scaling
of 7%; it in fact exceeds 14% just to the southwest of the cen-
ter. At 38C, the heaviest rainfall is scaled by slightly more than
the expected C-C value of 21% but exceeds 28% in the lighter
rain region further to the southwest. However, at each GWL,
large areas of the composite have subC-C scaling, leading to
the relatively weak scaling in the statistics presented earlier.

There are thus three common features across the GWLs:
1) superC-C scaling of maximum LPS precipitation; 2) subC-C
scaling of precipitation in most of the LPS environment, espe-
cially to the north and east; and 3) the strongest scaling occurs
several hundred kilometers to the southwest of the LPS cen-
ter. This also implies a superC-C scaling of extreme rainfall
associated with LPSs in a future climate, in agreement with

FIG. 7. Relationship between changing LPS intensity and precipitation as a function of GWL and LPS category.
For each GWL, LPSs are separated into five pentiles based on their peak intensity, then mean LPS precipitation is
plotted against mean peak intensity. (b),(c) Two models with high FLIP scores, (d) alongside a model with a poor
FLIP score, and (a) the weighted mean across all models. The “20th percentile” refers to all LPSs with a peak inten-
sity between the 20th and 40th percentiles.
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earlier studies (e.g., Vishnu et al. 2023). The statements in this
paragraph do not change if we replace GWL with local warm-
ing level.

This superC-C scaling, both at the LPS center and more
strongly to the southwest, cannot occur without some cou-
pled feedback between the moisture and dynamics. How-
ever, we have already shown that LPSs tend to weaken with
global warming (Fig. 5) and that the precipitation scaling
happens regardless (Fig. 7). The scaling must therefore arise
either from changes to the LPS structure}which we explore
next}or the monsoon environment at large}which we ex-
plore in section 4d.

We now look at how the vertical structure of LPSs changes
with global warming, using vertical-zonal cross sections of me-
ridional wind speed (Fig. 9). As before, the top row compares
composites from the CMIP6 MMM at a GWL of 08 and
ERA5. The vertical structure of the LPS in the MMM is very
well represented, with both the magnitude (peak winds speeds
around 7 m s21) and asymmetrical structure appearing similar
to ERA5. The asymmetrical structure arises as, for a typical
LPS, much of its western flank is over land}with high friction

reducing wind speeds below 850 hPa}whereas most of the
eastern flank is over the ocean, with much surface friction.

As expected from the projected fall in LPS intensity, in-
creasing GWL reduces the wind speeds around the LPS
(bottom row of Fig. 9). However, this reduction in intensity
does not scale equally across the composite LPS. In particular,
near the boundary layer (i.e., at pressures above 800 hPa), the
winds weaken far less than they do in the free troposphere
(e.g., at 700 hPa), even over the ocean. For example, at a
GWL of 2.58C, the winds at 500-km radius on the western
flank of the composite LPS weaken by about 0.6 m s21 but
only about 0.05 m s21 at 925 hPa. This means that while LPS
intensity falls with GWL, the near-surface winds remain rela-
tively constant. Thus, for a given LPS intensity, near-surface
winds actually increase with GWL, driving increased fric-
tional moisture convergence and hence increased precipita-
tion. However, this does not explain the superC-C scaling we
saw in Fig. 8, for which we will shortly turn to the monsoon
environment.

Aside from the different scaling across pressure levels, we
also note that the radius of maximum wind speed is projected

FIG. 8. System-centered composite footprints of LPS precipitation. (top) ERA5 [(left) 1940–2015)] and two model baselines [(center) a
GWL of 08C and (right) a modern baseline of 1995–2014]. (bottom) The composites for CMIP6 MMM at different GWLs, relative to the
MMM 08C baseline. Filled contours on the top row show absolute precipitation, colors on the bottom row show absolute precipitation dif-
ferences, and line contours on the bottom row show the fractional increase as a percentage. Intervals of 7% are chosen to indicate sub or
super Clausius–Clapeyron scaling. These composites are not rotated.
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to change, too. The largest reductions in 700-hPa wind speed
occur at a radius of about 58, further from the center than the
maximum wind speeds at 08, which are around 38 from the cen-
ter. This implies a shrinking of LPS circulation with GWL, with
the radius of maximum wind speed moving closer to the center.

d. Monsoon storylines

We now turn to the effect of global warming on the large-
scale monsoon environment to explain some of the projected
changes in LPSs discussed earlier. We start with a simple
trend analysis, regressing lower-tropospheric humidity and
winds against global warming level (Fig. 10). The trend in spe-
cific humidity increases with latitude over India (Fig. 10a), re-
sulting in a stronger meridional gradient in 850-hPa specific
humidity with increasing global warming level. This has two
important implications. First, northerly winds to the west of
the vortex will advect this moisture downgradient, further in-
creasing precipitation ahead (i.e., to the west) of the LPS. The
reverse is true behind (i.e., to the east) of the LPS, where
southerly winds advect relatively dry air toward the rear flank,
reducing precipitation. This effect explains the pattern we saw
in Fig. 8, with superC-C scaling to the west of the LPS center
and subC-C scaling to the east. Due to quasigeostrophic

balance in an environment of strong easterly wind shear, the
heaviest precipitation associated with an LPS occurs to the
southwest of its center (Rajamani and Rao 1981). Therefore, a
positive meridional gradient in humidity serves to increase this
maximum, in turn increasing the average LPS precipitation.

The second implication is for moisture-vortex instability,
which argues that LPS intensification arises predominantly from
positive meridional advection ahead of the LPS. We compute
the linearized change D(2 y­yq)’2(y LPS­yq

′ 1 y ′LPS­yq). The
first term on the right-hand side measures the change in me-
ridional moisture advection from the increase in background
moisture gradient; the second measures the change in advec-
tion from weakening LPS circulation. The yLPS is taken at
850 hPa from the cross sections used to make our LPS-
centered composites (Fig. 9), averaged between 100 and 600 km
to the west of the LPS center. The ­yq is taken from the back-
ground (Fig. 10b).

Over the Bay of Bengal, the baseline advection is
0.26 g kg21 day21 and increases by 0.01 g kg21 day21 K21

(3.6% K21; 7.2% at 128C). The gradient term contributes
sim6.6% K21 (13% at 128C), while the circulation term con-
tributes ;23.0% K21 (6.0% at 128C). Thus, the increase in
meridional moisture gradient wins because the weakening of

FIG. 9. System-centered vertical-zonal cross sections of meridional wind speed. (top) ERA5 [(left) 1940–2015)] and two model baselines
[(center) a GWL of 08C and (right) a modern baseline of 1995–2014]. (bottom) The composites for CMIP6MMM at different GWLs, rela-
tive to the MMM 08C baseline. Filled contours on the top row show the mean wind speed (positive values indicating southerlies), colors
on the bottom row show the differences.
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LPS circulation only partially offsets the increase. Over central
India, the baseline advection is small (0.02 g kg21 day21). The
absolute change is10.07 g kg21 day21 K21 (;10.14 at128C),
of which the gradient term accounts for 101% (whereas the
change from circulation is only ;21%). This would certainly
support deeper inland penetration of LPSs in a warmer cli-
mate. We might also expect an increase in LPS intensity in re-
sponse to the strong trend in moisture gradient; however, as
we have seen, this is not the case and so other factors must
clearly play a role.

One possible such factor is the low-level circulation itself
(Fig. 10b). Continued global warming is projected to weaken
the lower-tropospheric summer monsoon circulation (Ashrit
et al. 2003; May 2004; Doblas-Reyes et al. 2021), consistent
with the pattern presented here}weaker westerlies over the
Arabian Sea and southern and central India and weaker east-
erlies over northern India, consistent with the changes reported
in Fig. 4b of Vishnu et al. (2023). There is also a projected
change to the mean monsoon circulation. In particular, the
Somali jet}which becomes the monsoon westerlies}becomes
more aligned to the northeast, while the monsoon trough ex-
tends to the west and moves slightly northward. These are
break-like phenomena and would lead to increased mon-
soon precipitation over the western and northwestern states
of India, such as Gujarat. This is consistent with recent ob-
servations showing mean monsoon rainfall has increased in
these regions (Prabhu and Chitale 2024). There are thus two
implications for LPSs. First, drawing on moist barotropic
theory, which has been proposed to explain their intensifica-
tion rate (Diaz and Boos 2019) or at least their peak inten-
sity (Hunt and Turner 2024), we note that the meridional
gradient in lower-tropospheric zonal wind speed decreases
slightly over the Bay of Bengal but increases considerably
over western India. In other words, the large-scale instability

from which LPSs grow is reduced over their genesis region
but increased over their lysis region. This changing circula-
tion pattern may therefore explain the projected trends
toward weaker but longer-lived LPSs that we discussed ear-
lier. We would also expect deeper inland penetration of
LPSs, as the environment becomes more hospitable over
western India. We will explore this toward the end of the
paper.

As earlier studies have shown, projected trends in mon-
soon circulation shown in the MMM aggregate several possi-
ble dynamical futures (Bhave et al. 2018; Dessai et al. 2018).
These diverse but self-consistent futures and analysis of their
impacts are often referred to as dynamical “storylines” (Shepherd
et al. 2018), and they provide a way to represent future climate
uncertainty. We now examine different monsoon storylines and
their impacts on LPSs (Fig. 11). Four clusters, computed using
seasonal means of 850-hPa u, y , and specific humidity across all
available models at a GWL of 28C, show four distinct storylines.
As in Bhave et al. (2018) and Dessai et al. (2018), they are largely
distinguishable by the changes to the moist westerlies along the
west coast.

Cluster 1 is the least common and represents the most ex-
treme response}substantial moistening of the lower tropo-
sphere over the entire domain as well as considerable changes
to the circulation. These changes include a redirection of the
monsoon westerlies toward the northwest of India and an
anomalous anticyclone over the Bay of Bengal. Not surpris-
ingly, given the large increase in available moisture, this cluster
also leads to the largest increase in per-LPS precipitation, at
nearly 17%. In contrast, the considerable weakening of the
monsoon trough over the Bay of Bengal, along with the asso-
ciated fall in barotropic instability, results in a projected de-
crease in LPS intensity of 20%, also the largest of the four
clusters.

FIG. 10. Sensitivity of monsoon humidity and winds to global warming. For each model, a pointwise linear regres-
sion is computed between seasonal means (June–September) of the variable of interest and GWL (computed using
30-yr annual means). The figure shows the CMIP6 multimodel mean of the regression slopes. (left) The 850-hPa spe-
cific humidity; (right) 850-hPa winds, with vectors showing both u and y components, but the colors showing the zonal
wind response only. Gray masking indicates where orography causes the mean surface pressure to fall below 850 hPa.
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Cluster 2 is the most common and reflects a general
strengthening of the monsoon westerlies along with some ex-
tension of the monsoon trough toward the northwest of India.
In this storyline, there is almost no change to the circulation
over the Bay of Bengal or north India, and as such LPS inten-
sity remains fairly constant. The 850-hPa specific humidity in-
creases everywhere, with the largest increase over north
India, increasing the meridional gradient as we saw in Fig. 10.
Cluster 3 is also quite common and has the smallest changes
of any of the storylines. Over India, there is a slight but fairly
uniform increase in specific humidity and very weak adjust-
ment to the circulation.

Consistent among clusters 1–3 is the presence of stronger
off-equatorial easterlies. These are absent in cluster 4, whose
projected circulation change is considerably different. Here,
there are enhanced moist southwesterlies impacting Gujarat

and Pakistan, as well as stronger easterlies across the whole of
north India. This leads to increased moisture convergence
over north and west India and hence a significant increase in
the mean specific humidity over that region. This moistening
leads to a greater increase in per-LPS precipitation (12%)
than we saw in clusters 2 and 3. However, of particular inter-
est in cluster 4 is the projected change in LPS frequency,
which at 36% is far higher than the other three clusters. We
speculate that this arises from the anomalous easterlies over
the Bay of Bengal and Southeast Asia. Between 30% and
60% of LPSs spin up from precursor vortices that can be
tracked from origins over Southeast Asia, the South China
Sea, or the west Pacific (Saha et al. 1981; Chen and Weng
1999; Meera et al. 2019), and regional climate models fed with
climatological boundary conditions hugely underestimate LPS
frequency (Levine and Martin 2018). We therefore propose

FIG. 11. Storylines for the summer monsoon at a GWL of 28C. For all models and scenarios with monthly mean
data, seasonal averages of 850-hPa specific humidity, u and y are taken for all years, where the 30-yr running mean of
GWL is between 1.758 and 2.258C. From these, the 08C model baseline is subtracted. The model scenario years are
then concatenated in time and clustered across all three variables simultaneously using k-means. The four panels
show the composite means of anomalous specific humidity and wind for each of four clusters derived using this
method. The subfigure titles indicate the cluster number, the number of samples in each cluster expressed as a per-
centage of the total, and then LPS statistics for each cluster. The respective LPS statistics are frequency, mean peak
intensity, and precipitation, each expressed as the cluster mean relative to the 08C baseline of the respective models.
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that these stronger easterlies create an environment more con-
ducive for precursor vortices to reach the Bay of Bengal,
where they can subsequently spin up into LPSs. These benefi-
cial conditions are absent in the other three clusters, which
consequently have smaller gains in LPS frequency.

While all clusters show an increase in LPS frequency, it is
clear from their diverse circulation changes that the changes
to track density will not be homogeneous. To investigate, we
composite track density estimates for each of the four clusters
in Fig. 12. Cluster 1 was associated with an anticyclonic anom-
aly over the Bay of Bengal. This is detrimental for LPS
growth as it decreases barotropic instability and cyclonic
shear, which is reflected in a large decrease in track density
over that region. These tracks seem to migrate to the north
and south, where local cyclonic shear is increased, resulting in
significant increases in track density over Bangladesh, south
India, and Sri Lanka. Note that the higher moisture availabil-
ity and increase in cyclonic shear over the Arabian Sea do not
seem to be converted to increased LPS track density over that
region, with only a slight gain over Gujarat. This may be due
to an absence of precursor vortices over that region, as in the
present day (Deoras et al. 2021).

Cluster 2 represents, more or less, a strengthening of the
present-day lower-tropospheric monsoon circulation. The pro-
jected LPS track density adjusts accordingly, increasing in fre-
quency most in the regions they currently impact (the Bay of
Bengal and east India). There is also a small increase over west
India. However, the strengthening of the monsoon trough and

increased moisture availability allow a much deeper penetra-
tion of some LPSs inland, with the result that track density
increases considerably over central peninsular India. In con-
trast, cluster 3 showed very weak lower-tropospheric circula-
tion changes over India, and this is reflected in very little
change to LPS track density}except over Bangladesh and
Sri Lanka (as in cluster 1), where increased moisture avail-
ability may play a role.

Cluster 4 is of particular interest, as this had strong anoma-
lous easterlies over Southeast Asia propagating across the
whole subcontinent, which we speculated led to increased
transmission of upstream LPS precursors. In fact, not only is
LPS frequency significantly increased, but so is their inland
penetration, with many more tracks reaching central, west,
and northwest India. There is thus a potentially serious im-
pact over west and northwest India. As climate change enables
LPSs to reach this region, which is very rare in the present
day, they are met with much greater moisture availability.

The net effect, averaged over the four storylines, is for
more monsoon LPSs overall, but also a growing region of
impact}we expect to see more systems impacting regions that
are typically not commonly affected by present-day LPSs, such
as Sri Lanka, central and west India, and Bangladesh.

5. Discussion

While we show that at least some of the CMIP6 GCMs used
here do a reasonable job in simulating certain LPS statistics

FIG. 12. Changes in seasonal-mean LPS track density for each of the 28C storyline clusters in Fig. 11. These are multimodel means ex-
pressed as changes relative to the respective 08Cmodel baselines. As in Fig. 2, densities are computed using a Gaussian kernel density esti-
mate and expressed as the number of unique LPS tracks passing within 250 km of a given point per season. (bottom) The mean across the
four clusters, weighted by their frequency (see Fig. 11).
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and their structure, it is clear that important mechanisms are
missing}e.g., coupling of the land surface to convection via
heat fluxes (Deoras et al. 2025) and coupling of convective-scale
updrafts to the large-scale circulation via vortex stretching and
frictional convergence (Menon et al. 2025, manuscript submit-
ted to Quart. J. Roy. Meteor. Soc.)}for which we require con-
vection-permitting models. This is most acutely highlighted by
the underestimation of LPS precipitation by about 20% in
CMIP6 models compared to reanalyses. Combined, therefore,
we should be very cautious about the specific values ascribed to
projected changes in per-LPS precipitation. However, given the
strength of the signal and the underlying thermodynamic argu-
ments, we can be confident that the projected sign of the trend
is correct.

In particular, GCMs significantly underestimate the inter-
annual variability of LPS frequency. This may be due to poor
representation of the BSISO (Abatan et al. 2021; Konda and
Vissa 2022) or other important teleconnections such as with
ENSO (Lin et al. 2024). We have shown that intermodel vari-
ability plays an important role, especially in, e.g., the frequency
and inland penetration of LPSs. These relationships need to be
explored in more detail in CMIP6 models in future work and
would require more large ensemble data to be available at
6-hourly resolution.

We have also not addressed the sensitivity of our results
to the arbitrary thresholds applied to the tracking algorithm,
wherein LPSs had to reach a certain intensity, produce
a certain amount of precipitation, and travel a certain dis-
tance to be included in our samples. These thresholds were
drawn from the literature, and our results broadly agree with
previous studies and observations. This sensitivity may be im-
portant when considering the behavior of weak LPSs, which
make up much of the population. For example, a higher inten-
sity threshold would have excluded many such systems and
may have led to a different conclusion that the frequency of
LPSs is projected to decline. Regardless, the more important
conclusion that LPS activity (i.e., the combination of intensity
and frequency) is projected to fall significantly is consistent
with earlier studies and unlikely to be sensitive to the tracking
thresholds.

6. Conclusions

In this study, we track monsoon LPSs in a large range of
CMIP6 models in both historical and future climate scenarios.
We assess model ability by comparing core LPS statistics}
frequency, location, intensity, and precipitation}combined
into a single metric, the “FLIP score,” that we use as a weight-
ing for multimodel means. We show that the FLIP score is a
strong function of model resolution, with higher-resolution
models performing much better.

The biggest impact of monsoon LPSs is their precipita-
tion. Monsoon precipitation is projected to robustly increase
with climate change, largely as a result of increased moisture
availability, although the projected increase in overall mon-
soon precipitation is sub Clausius–Clapeyron (2%–3% K21)
due to weakening dynamics and energy constraints (Doblas-
Reyes et al. 2021). As LPSs are responsible for more than half

of all monsoon precipitation, we expect LPS precipitation to
increase, too. We show that this is indeed the case, corroborat-
ing many earlier studies. However, we also find that this rela-
tionship is complicated: There is superC-C scaling to the west
of LPSs and subC-C scaling to the east. Furthermore, LPSs
are also projected to weaken in intensity, as measured by their
vorticity. We argue that these effects are driven by the follow-
ing projected changes:

• a significant increase in the meridional gradient of lower-
tropospheric specific humidity;

• an increase in the strength of frictional convergence in the
boundary layer, relative to LPS intensity;

• and the continued importance of positive feedbacks within
LPSs, e.g., through convection-driven vortex stretching.

We argue that these changes will also lead to a superC-C
scaling of extreme rainfall within LPSs, which account for al-
most all extreme monsoon rainfall events (Thomas et al.
2021).

Previous studies have agreed on a projected reduction to
LPS activity, i.e., a decline in seasonal mean kinetic energy,
either through fewer systems, fewer stronger systems, or
weakened mean intensity. Here, we argue that decline is
predominantly manifested through weakened LPS intensity.
In particular, lows (weaker LPSs) become much weaker,
whereas depressions (stronger LPSs) appear to stay about
the same. For a change in global warming level from 08 to
38C, the weakest pentile of LPSs is projected to further de-
cline in intensity by about 14%, compared with only 1% for
the strongest pentile. This effect is not captured in models
with a poor FLIP score. We argue that the weakened LPS
intensity arises due to reduced barotropic instability over
the Bay of Bengal, the region where most LPSs intensify.
However, we also find increased barotropic instability over
central India and the Arabian Sea, leading to deeper inland
penetration of LPSs, with potentially large impacts for pop-
ulated areas of east India. There is a significant increase in
inland penetration (measured using postlandfall duration)
between 1.58 and 28C.

However, we also argue that LPS penetration is strongly
subject to model uncertainty, as is LPS frequency. We are
able to explain much of this variability using a storylines ap-
proach, where we cluster all model scenario years at 28C on
their anomalous 850-hPa u and y winds and specific humidity.
We derive four diverse clusters, though all show the impor-
tant increased meridional gradient in low-level moisture. For
example, cluster 1 represents an extreme change with consid-
erably more specific humidity and considerably weaker mon-
soon circulation than the other clusters. This leads to much
weaker LPSs but with a very large increase in their precipita-
tion (17%). In this cluster, there is a significant reduction in
track density over the Bay of Bengal, which is compensated
by increases to the north and south. Cluster 4 has enhanced
easterlies over Southeast Asia and the Bay of Bengal and as
such is able to transport many more LPS precursor vortices
into the basin, thus giving the largest increase in LPS frequency
(36%). Clusters 2 and 3 are most common (comprising 67% of
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the total population) and represent slight shifting and weaken-
ing of monsoon circulation. All clusters agree to some extent on
a deeper inland penetration of LPSs, so regardless of the future
of the monsoon, there will be substantial impacts for west India.
These impacts have already started to appear in observations
(Kumari et al. 2025).
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