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Historical and future trends in South Asian monsoon low
pressure systems in a high-resolution model ensemble

S. Vishnu @®'>*™, William R. Boos ' and William D. Collins (?

Historical trends in monsoon low pressure systems (LPS), the dominant rain-bearing weather system of South Asia, have been
difficult to assess due to changes in the observing network. Future projections have also remained uncertain because prior studies
concluded that many coarse-resolution climate models do not accurately simulate LPS. Here, we examine changes in South Asian
monsoon LPS simulated by an ensemble of global models, including some with high spatial resolution, that we show skillfully
represent LPS. In the ensemble mean, the number of strong LPS (monsoon depressions) decreased over the last 65 years
(1950-2014) by about 15% while no trend was detected for weaker LPS (monsoon lows). The reduction in depression counts then
moderated, yielding no trend in the periods 1980-2050 or 2015-2050. The ensemble mean projects a shift in genesis from ocean to
land and an increase in LPS precipitation of at least 7% K~', which together contribute to a projected increase in seasonal mean

and extreme precipitation over central India.
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INTRODUCTION

South Asia is home to the world’s largest human population
densities and most extreme rainfall, with societal infrastructure
that is highly vulnerable to hydrological extremes'2 Yet most
projections of precipitation changes over the next century rely on
a set of global climate models that produce questionable
simulations of the region’s dominant rain-bearing weather system:
the monsoon low pressure system (LPS)3. These weather systems
are atmospheric vortices thought to arise from a hydrodynamic
instability of the continental-scale monsoon winds that couples
with the water vapor field*. The vast majority of South Asian LPS
form over the northwestern Bay of Bengal then propagate
westward, producing intense precipitation as they transit central
India to sometimes reach Pakistan and Nepal’. LPS also
occasionally form over land, the Arabian Sea, and near Sri Lanka®.

Historical trends in the number of monsoon LPS have been a
matter of debate. The stronger LPS—called monsoon depressions
—were claimed to have decreased in number by over 50% since
the middle of the 20th century®'". However, the dataset on which
those claims were based relied on hand analysis of sea level
pressure charts using a set of criteria that seems to have evolved
over the decades’'%; no trends in monsoon depression counts
were found over the last 40 years in multiple atmospheric
reanalyses or in a 25-year satellite scatterometer record of strong
surface wind events over the Bay of Bengal’'*. Any observed
trends in the number of monsoon depressions may also be
confounded by changes in the observing network, such as the
incorporation of geostationary satellite data into reanalyses and
also into the synoptic analyses of the India Meteorological
Department starting in the late 1970s and early 1980s'. However,
even if historical trends in the number of monsoon depressions
are unclear, other properties of LPS may be changing. In multiple
atmospheric reanalyses, LPS tracks exhibit a long-term historical
trend of less propagation into northeastern mainland India and

more into central and western India, with extreme rainfall shifting
along with the storm tracks'>.

Given these disparate findings on observed trends in monsoon
LPS, it seems worthwhile to ask how LPS respond to anthro-
pogenic forcings in models that reliably simulate these storms.
Projections from models that represent all anthropogenic forcings
may be particularly important because past trends in Asian
precipitation may have been dominated by aerosol forcings, with
accompanying uncertainty, while future trends will likely be
dominated by greenhouse gas increases'®~'®. Model representa-
tions of internal climate variability are also important, because
such variability is evident in historical monsoon depression
changes'® and has been argued to overwhelm the influence of
external anthropogenic forcings on Indian monsoon rainfall
between 1950 and 2013, with the interdecadal Pacific oscillation
playing a central role®®. Internal variability also introduces
uncertainty in model projections of future monsoon changes?'.
Although models are widely used to project forced and internal
monsoon variations, many members of the standard collection of
models used to project global climate—assembled in the Coupled
Model Intercomparison Project (CMIP)—have been claimed to
poorly simulate monsoon LPS, with some of that bias attributed to
insufficient horizontal resolution®?2, Finer horizontal resolution in
a numerical weather prediction model also generally improved
forecasts of LPS track and structure®3, Higher-resolution models
have been used to project changes in monsoon LPS, but these
have been either (i) individual global models with 0.5°-horizontal
grid spacing that have some bias in their representation of LPS
and that lack comparison with a model ensemble??, or (ii) regional
models with imposed lateral boundary conditions that cannot
interact with any changes in the latent heating supplied by the
population of LPS*. A lower-resolution model (1°-grid spacing)
was found to simulate LPS with realistic intensity and locations in
the historical climate, but only represented about half as many
systems as observed?®; that deficiency, however, may be due to
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Fig. 1 Model representation of monsoon low pressure system structure. Vortex-centered composites of mean sea level pressure (MSLP,
shaded) and horizontal wind at 850 hPa (vectors) in observations (left) and the multi-model mean (right) for (@) monsoon depressions (MD)
and (b) monsoon lows. Panels c and d are the same as a and b but for precipitation. Models contributing to the multi-model mean are listed in
Table 1, ERA5 data is used as the estimate of observed MSLP and horizontal wind, and TRMM data is used as the estimate of precipitation.
Wind and MSLP were composited for years 1980-2009 (the historical model period) and precipitation for 1998-2013 (a period that allows

comparison with TRMM observations).

the tracking scheme used in the study, which also identified too
few LPS in a reanalysis when compared to track datasets compiled
by expert hand analysis’.

Recently, a tracking algorithm optimized for monsoon LPS was
shown to be robust to variations in model horizontal resolution
and, when applied to multiple atmospheric reanalyses, to produce
results that compare well with hand-analyzed datasets'®. The
availability of this algorithm, together with the paucity of analyses
of LPS projections in high-resolution global models, motivates the
work we present here. Specifically, we analyze the historical and
future behavior of monsoon LPS simulated by models participat-
ing in the High Resolution Model Intercomparison Project
(HighResMIP)?”. This avoids reliance on one particular model and
leverages the benefits of fine horizontal grid spacing in some of
the HighResMIP models (as small as 0.19° longitude x 0.19°
latitude), which has been shown to improve simulation of
precipitation in the Asian monsoon, perhaps in part because of
the high orographic relief of that region®®. We identify LPS in this
model ensemble using the aforementioned tracking algorithm
that was optimized for these storms and is relatively insensitive to
the resolution of its input data'*.

RESULTS
Model skill in capturing observed storms

We first show that HighResMIP models accurately simulate South
Asian LPS in the modern climate, and that our tracking algorithm
captures not only the easier-to-detect monsoon depressions but
also the weaker monsoon lows. When composites of observed
and simulated LPS are compared in a vortex-centered reference
frame, the models reproduce the cyclonic structure of low-level
winds and minima of mean sea level pressure (MSLP) at the storm
centers; model intensities are larger than observations, but relative
errors in MSLP and in peak 850 hPa horizontal wind speeds are
20% or less in about three-quarters of the models (Figs. 1a, b, and
2f, g). Similar results hold for precipitation, with the ensemble
mean having peak rain falling southwest of the vortex center,
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consistent with observations (Figs. 1c, d, and 2c-e). The intensity
of the precipitation peak is about 50% larger in models than in
observations, with this bias generally increasing as grid spacing
decreases, but precipitation averaged horizontally over the storms
is within about 20% of observations in most models (Fig. 2d, e).
The peak rain also falls closer to the vortex center in the models
than in observations; determining why would require under-
standing the accuracy with which the models simulate dynamical
uplift (e.g. quasi-geostrophic lifting), horizontal moisture advec-
tion, convective physics, wind-induced ocean evaporation, and
the interaction of all of these controls on LPS precipitation®.
Overall, these biases are modest, with all eight simulations
analyzed here (Table 1) producing generally reasonable structures
of winds, precipitation, and MSLP for both lows and depressions
(Supplementary Figs. 1 and 2).

The total number of LPS is also realistic, within about 15% of the
observed 15 storms per summer, in all models but the three
versions of the HadGEM3 model (Fig. 3a). Distributions of LPS
tracks are also realistic, with peak track density over the
northwestern Bay of Bengal and central India (Fig. 2a, b); the
northward component of storm motion is smaller in the ensemble
mean than in observations, which might result from model bias in
the structure of the monsoon trough (e.g. its northwest-southeast
tilt). The largest bias in track density is again in the HadGEM3
model, which simulates too few storms, especially over the
Arabian Sea and western India (Supplementary Fig. 3a-i). Also, the
MRI models have a southward bias in their track density. Skill
metrics for various quantities, such as storm counts, lifetimes, and
intensities, show that biases are heterogeneous across the models
(Supplementary Fig. 3j-I stratifies models by skill metrics using the
CyMeP package®). In general, spatial and temporal correlation
coefficients for such quantities, assessed relative to the observed
seasonal climatology, range from 0.6 to 0.99, indicating that
models simulate comparable spatial distributions and the
proper seasonal cycle.

It is especially notable that the HighResMIP models successfully
simulate monsoon lows, the weaker LPS, with no clear systematic
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Fig.2 Model skill in capturing low pressure system tracks and intensities. Track density of (a) monsoon depressions (MD) and (b) monsoon
lows for 1980-2009 in observations (left) and the multi-model mean (right). Skill metrics for each model’s representation of several parameters
of lows and monsoon depressions, specifically (c) the pattern correlation coefficient of vortex-centered composite precipitation, (d) model
bias in precipitation averaged within 3° of the vortex center, (e) model bias in peak precipitation, (f) model bias in AMSLP, the magnitude of
the radial change in the vortex-centered composite of MSLP between the surroundings and the storm minimum value, and (g) model bias in
the 850 hPa spatial maximum wind speed within 3° of vortex center in the vortex-centered composite. h Bias in seasonal total Indian summer
monsoon rainfall (ISMR; left) and strength of the westerly low-level jet (LLJ; right). ISMR is the June-September rainfall averaged 10-30°N and
70-100°E, and the LLJ strength is the latitudinal maximum of zonal wind averaged over 60-90°E at 850 hPa. All biases and correlations are
computed relative to TRMM precipitation and ERA5 winds and MSLP. Models are grouped based on the resolution category (see panel ¢) and
are listed in Table 1.

Table 1. Details of HighResMIP models used in this study.
Model Version Acronym Future period Resolution Source
CNRM-CM6 Low CNRM 2015-2050 1.41°x 1.40° CERFACS, France®>
High CNRM-H 2015-2050 0.5°x0.5°
MRI-AGCM3-2 High MRI-H 2015-2100 0.56° % 0.56° MRI, Japan®®
Very High MRI-S 2015-2100 0.19°x0.19°
HadGEM3-GC3.1 Low Had-L 2015-2050 1.875°x 1.25° Met Office Hadley Centre, UK’
High Had-M 2015-2050 0.83°x 0.56°
Very High Had-H 2015-2050 0.35°x0.23°
EC-Earth3P High EC-3P 2015-2050 0.70° x 0.70° EC-Earth consortium®®

dependence on horizontal resolution (Fig. 1b, d, Supplementary
Figs. 1b and 2b). Prior studies detected 40-70% fewer LPS in
coarser-resolution climate models?®3! than exist in historical LPS
datasets’, though this may be partly due to the inability of the
tracking algorithms used in those studies to detect weaker
systems>2, Since even the lowest-resolution version of the Hadley
center model simulates the dynamical structure of monsoon lows

Published in partnership with CECCR at King Abdulaziz University

(Supplementary Figs. 1b and 2b), the good representation of those
weaker LPS in our HighResMIP composites might be at least partly
due to use of an optimized tracking algorithm that relies on the
streamfunction of the horizontal wind instead of the more
commonly used (and noisier) vorticity field'*,

This ability to detect weaker LPS allows us to examine the
partitioning of LPS into lows and depressions, and we find that the

npj Climate and Atmospheric Science (2023) 182
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Fig. 3 Decadal variability and long-term trends in storm counts. a Seasonal number of all LPS (circles), monsoon lows (squares) and
monsoon depressions (diamonds) in various 30-year periods. Time series and trends of the number of (b) monsoon lows and (c) monsoon
depressions (time series are 9-year running means). In the left panels of b and ¢, thick red and blue lines represent the multi-model means of
the models having, respectively, extended-future projections to 2100 (the MRI-H and MRI-S models, MRI_mean) and near-future projections to
2050 (the full 8-member ensemble, MMM). Shading shows the spread across the models, and the thin black and gray lines show the JRA55
and ERAS5 reanalyses (JRAS5 is included due to its availability before the year 1979). The right panels of b and ¢ show linear trends in storm
counts over different periods denoted in the legend. The error bars in a-c represent a 90% confidence interval.

models simulate unrealistically large fractions of LPS intensifying
to depressions as their horizontal grid spacing decreases.
Specifically, in every one of the three models that was run at
multiple resolutions, more LPS become depressions at finer
horizontal resolutions, with the majority of LPS becoming
depressions at the finest resolution (Fig. 3a). This contrasts with
reanalyses and historical track datasets’, where only about one-
third of LPS intensify to depression strength. One might ask if this
is due to the tracking algorithm incorrectly classifying more LPS as
depressions as the resolution becomes finer, but such bias was not
evident when the algorithm was applied to reanalyses', nor is it
evident in precipitation composited separately for lows and
depressions (Supplementary Fig. 2; if the higher number of
depressions resulted from an artifact of the tracking algorithm, we
would expect depression-related precipitation to weaken at finer
model resolutions due to the erroneous categorization of lows as
depressions). If this dependence of LPS intensity on model
resolution proves to be systematic and general to models, it would
be an important deleterious side effect of the move to finer
resolution, at least with current parameterization suites.

Biases in seasonal-mean summer monsoon rainfall and the
strength of the low-level jet (LLJ, i.e. the monsoon westerlies) are
assessed to evaluate each model’s ability to represent the large-
scale monsoon (Fig. 2h). Most models exhibit biases smaller than
20% of the observed values. The HadGEM3 models have the

npj Climate and Atmospheric Science (2023) 182

largest rainfall bias with a dry monsoon and a weak LLJ; using finer
resolution mitigates these biases in the mean state, but does not
result in a clear improvement in LPS representation. Specifically, as
the HadGEM3 grid spacing decreases, the bias in LPS-centered
rainfall composites decreases (Fig. 2d), but the peak LPS rain rates
and the radial MSLP gradients become too intense (Fig. 2e, f); the
number of LPS remains too low in the HadGEM models as grid
spacing is reduced (Fig. 3a).

Trends in storm frequency and location

We now examine interdecadal variability and long-term trends in
the number of LPS in the HighResMIP models, in both their
historical (1950-2014) and future projection (2015 onward)
scenarios. Some biases in the models exist, as discussed above,
and only two models (the high- and super high-resolution MRI
models) have projections extending beyond the year 2050 (Fig. 3a,
Table 1). Nevertheless, most of the models simulate realistic
counts, locations, and dynamical structures of LPS, and we see
multiple common features in the ensemble of projections.

The multi-model mean exhibits a decrease in the number of
monsoon depressions in the period 1950-2014 (Fig. 3c). The
magnitude of this trend is modest, about 0.2 depressions year~'
decade™! (significant when using a 90% confidence interval),
when compared with the historical long-term mean value of

Published in partnership with CECCR at King Abdulaziz University



. (a) LPS Genesis (Nfut-Hist)

S. Vishnu et al.

npj

20°N

10°N

0°

(b) LPS Genesis (Efut-Hist)

-0.15

o

o

o
count/degree

—0.30

—0.45

65°E 80°E 95°E

(c ) Clrculatlon (Nfut-Hist)

— 1m/s (d) Clrculatlon Efut Hist)

65°E 80°E 95°E

— 1m/s

20°N[f [ M1

iy v el

A Y
A I
SR £,

5\\.....

10°N

0°

100°E

1.1 0.6

10351

60°E

Fig.4 Change in the LPS genesis distribution and the large-scale, low-level westerlies. Multi-model mean changes in the genesis density of
all LPS (a) from the historical period (1980-2009) to the near future period (2020-2049), and (b) from the historical period to the end of the
21st century (2070-2099). Shading shows the change in the number of LPS genesis points per square-degree per summer. Panels ¢ and d are
the same as a and b but for the seasonal-mean relative vorticity (shaded) and horizontal wind at 850 hPa (vectors). Stippling shows regions
where at least 75% of the model simulations have the same sign of change.

about 7 depressions year~' and also when compared with the

roughly 5 times larger trend in the subjectively analyzed track
record of the India Meteorological Department'''333, The High-
ResMIP multi-model mean trend agrees quantitatively with that in
the JRA55 reanalysis, which was only statistically detectable when
the season of analysis was expanded by two months to
encompass May-October and which was associated with a step-
like decrease around the time when that reanalysis began
assimilating geostationary satellite data’®. In addition to being
present in the multi-model mean, a decrease in depression counts
can be seen in 7 out of 8 of the models going from the epoch of
1950-1979 to 1980-2009, although the uncertainty associated
with this decrease is substantial in some of the models (Fig. 3a).
No trends were detected in the number of monsoon lows in the
multi-model mean of the historical simulations.

In more than half of the models, the simulated historical
decrease in the number of monsoon depressions stops or reverses
going into the future. This can be seen when comparing different
epochs in individual models (e.g. Fig. 3a), and no linear trend is
detected in the number of depressions or lows over the period
1980-2050, or the shorter period 2015-2050 (Fig. 3b, c). This
changes when one examines the longer-term future projections
by the two resolutions of the MRI model, which show a future
increase in the number of depressions and a decrease in the lows
in projections out to the year 2100. These trends are also modest

Published in partnership with CECCR at King Abdulaziz University

in magnitude, 0.2-0.4 storms year~' decade™' compared with

long-term mean values of 5-10 storms year~', and the increase in
depressions is only marginally statistically significant at the 90"
percentile (Fig. 3c). The net result is that the total number of LPS
stays constant over the 1950-2100 period in the MRI models. The
MRI models simulate more depressions than lows, by a factor of 2
to 1 in the very-high resolution version (Fig. 3a); this bias relative
to observations, which have more lows than depressions, reduces
confidence in this model’s representation of historical and future
trends in the partitioning of LPS into lows vs. depressions. One
might also have low confidence in the HadGEM3 projections
because of that model’s poor representation of the seasonal mean
state (Fig. 2h) and its deficient number of LPS (Fig. 3a). However,
the trends in different periods discussed above change little after
excluding the HadGEM3 models from the ensemble mean
(Supplementary Fig. 4a, b).

Motivated by prior work that found evidence for a shift in LPS
locations in observations' and in one model’s future projec-
tions?%, we examine trends in LPS genesis and track densities in
the HighResMIP ensemble. For the full ensemble, the genesis
density of LPS shifts northward going from the historical to the
near-future period (1980-2009 to 2020-2049), as indicated by the
north-south dipole in the genesis density anomaly over the Bay of
Bengal (Fig. 4a). If the HadGEM3 models are excluded from this
calculation, that dipole has a larger amplitude and is oriented

npj Climate and Atmospheric Science (2023) 182
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(2020-2049) periods.

more towards the northwest (Supplementary Fig. 4c) due to the
more limited LPS activity in the HadGEM3 models. There is also a
shift in genesis density in the end-of-century projections that are
available for only the MRI models, but this shift is larger in
amplitude and oriented more toward the northwest (Fig. 4b). The
changes in genesis density predominantly come from monsoon
depressions, with no detectable shift in the genesis density of
monsoon lows in the near-future period (Supplementary Fig. 5).
These changes are qualitatively consistent with the ocean-to-
land shift in LPS genesis found by a prior study of one high-
resolution model, explained as being due to the weakening and
poleward shift of the low-level monsoon westerlies and the
associated background cyclonic vorticity that exists on their
northern edge®*3* A weakening and poleward shift of the
seasonal-mean low-level monsoon westerlies and the zone of
cyclonic vorticity is indeed seen in the HighResMIP ensemble, with
anomalous easterlies between the equator and about 12°N and
anomalous westerlies near 20-25°N (Fig. 4c, d). In the near-future
projections, the poleward shift of the cyclonic vorticity zone is
most evident over the Arabian Sea, with a slight reduction in low-
level vorticity over the main genesis region for LPS in the Bay of
Bengal. The poleward shift of the seasonal mean cyclonic vorticity
zone is more prominent over the Bay of Bengal in the end-of-
century projections. Given that enhanced vorticity on the northern
side of the low-level monsoon westerlies has been shown to be
important for generating monsoon LPS**°, and given that low-
level vorticity has been statistically associated with the frequency
of LPS formation3S, it seems plausible to accept the poleward shift
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of the seasonal-mean westerlies as the cause of the changes in
genesis seen in the HighResMIP ensemble.

Rise in storm rain rates

While the ensemble mean shows no detectable change in the
number of lows or depressions between recent decades and the
year 2050, as discussed above, it exhibits a clear increase in LPS
rain rates during that period (Fig. 5a, b), even if the HadGEM3
models are removed from the ensemble mean (Supplementary
Fig. 4f, g). The ensemble-mean relative increase in rain rates is
about 7% from the historical period to the near future period and
about 32% at the end of the 21° century, which is similar to or
slightly larger in magnitude than that expected from a Clausius-
Clapeyron (CC) scaling with a nominal value of about 7% K~ (Fig.
5¢c). Yet, the reasons for this apparently simple scaling of
precipitation have some complexity, which we now discuss.

First, there is considerable scatter among individual model
projections out to the year 2050, with the normalized relative rates
of change of storm-averaged precipitation ranging from nearly
zero to about 17% K~' across the models, each having a
substantial uncertainty interval (Fig. 5c). We obtained these
relative rates of change by normalizing the fractional change in
storm-averaged rain rates by the surface air temperature change
averaged over a broad South Asian region (10-25°N, 70-90°E); that
region warms consistently across all models by about 1 K in the
near-future projections (2020-2049 minus 1980-2009) and about
3 K in the end-of-century projections (2070-2099 minus
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1980-2009), so we do not expect the amount of regional warming
to be a dominant contributor to inter-model scatter in the rainfall
change (Fig. 5d). Further, computing these relative rates of change
using temperatures from a larger region (0-30°N and 50-100°E)
yields similar results, indicating insensitivity to the specific region.
The end-of-century projections from the MRI model exhibit LPS
precipitation that increases at about 11% K~'. The very-high-
resolution MRl model exhibits almost no change in LPS rain rates
in the near-future projection, but a roughly 9% K=" increase in the
extended-future projection (Fig. 5¢). Whether this is due to the
time evolution of the forcing, internal decadal variability, or some
other factor is unclear.

Changes in specific humidity are expected to influence changes
in rain rates®’, and the low-level specific humidity in LPS increases
at a rate of about 6% K~' to 7% K~ in six of the eight models,
with the other two exhibiting reductions in LPS specific humidity
of similar magnitude (Fig. 5¢). The weak rate of increase of specific
humidity in the multi-model mean of the near-future projections is
thus not representative of individual models, most of which scale
near the Clausius-Clapeyron rate. The scatter in the rates of
change of rainfall thus suggests that dynamical changes
accompany the expected warming-induced increase in specific
humidity, with some models having LPS rain rates that amplify
nearly twice as fast as specific humidity (e.g., the low-resolution
version of the HadGEM3 model) while others have rainfall that
amplifies more slowly than specific humidity (the high-resolution
version of the CNRM model). There is no clear dependence of
these inferred dynamical changes on model resolution, with the
caveat that the ensemble is small in size. The end-of-century
projections for changes in specific humidity are almost exactly 7%
K=, indicating some dynamical amplification of rain rates (to
about 11% K~') in those two projections.

We assess possible changes in the dynamical intensity of LPS by
examining the change in the difference of MSLP between the
storm center and its surroundings (AMSLP; see Methods). The
near-future ensemble-mean change in AMSLP is about 4% K=" for
all LPS, with substantial inter-model scatter, including two models
that project a weakening (Fig. 5¢c). The end-of-century projections
exhibit a slightly stronger relative change in AMSLP that is
consistent between the two resolutions of the MRl model, even
though those same two model versions differ in their near-future
projections of AMSLP (one strengthens, the other weakens). In
general, most models project an increase in AMSLP, which
indicates a strengthening of the dynamical intensity of LPS; this
is consistent with the rain rates increasing more rapidly than the
specific humidities. There is even consistency in the inter-model
scatter of the rain rate changes and the AMSLP changes, with the
very-high-resolution MRl model exhibiting the largest reduction in
AMSLP and the lowest rain rate increase in the near-future
projections, while the lowest-resolution HadGEM3 model has high
values of those two variables. However, it is not appropriate to
sum the relative changes in specific humidity and AMSLP in an
attempt to obtain the rain rate changes, because the rotational
winds that are in balance with the radial pressure gradient need
not intensify concurrently with the vertical motion field. Indeed,
past work has shown that barotropic instability can amplify
rotational flow in a vortex without producing strong vertical
motion3¥3°, The changes in rain rates, humidities, and dynamical
intensities evaluated for each of the two categories of LPS (lows
and depressions) are similar to the changes evaluated for all LPS
(Supplementary Fig. 6).

We could be more precise in assessing agreement of these
projected rainfall changes with a Clausius-Clapeyron scaling, e.g.
by using a more finely tuned set of vertical levels and horizontal
regions to assess the humidity and temperature changes.
However, it is unclear what three-dimensional region is optimal
for assessing warming-induced humidity and temperature
changes in LPS*. We could instead assume saturated ascent
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and compute a precipitation change based only on daily vertical
motion and temperature change in the individual models*', but a
substantial fraction of LPS precipitation is less intense than that
typically used in such scalings for extreme rainfall*2. Further
precision does not seem justified given the large inter-model
scatter in changes in humidity, AMSLP, and precipitation rates. We
show in the next section that shifts in the genesis and tracks of

LPS may be as important as any changes in storm rain rates for
regional precipitation change.

LPS contribution to mean and extreme regional

rainfall change

The projected increase in LPS rainfall discussed above contributes
to projected changes in the seasonal mean and extreme rainfall
over South Asia. The ensemble mean exhibits enhanced total
summer precipitation and an increased number of extreme
precipitation events over nearly all South Asian land, though the
changes in these two quantities have differing spatial structures
(Fig. 6; we define extreme precipitation as daily events larger than
150 mm in a grid cell). Mean precipitation decreases over the
southwest coast of India (Fig. 6a, b); this is on the windward side of
the Western Ghats, and is consistent with the poleward shift of the
seasonal-mean westerlies discussed above (Fig. 4c, d). A similar
reduction in precipitation over this orographic region was seen in
an end-of-century projection in another high-resolution model
and in observations of the last 100 years*3#4,

The LPS contribute most strongly to the enhanced mean and
extreme precipitation over central India, where in the current
climate they produce about half the seasonal mean precipitation
and over 80% of the extreme precipitation (Fig. 6). This change is
qualitatively similar if we exclude the HadGEM3 models, which
have a strong dry bias over central India, from the ensemble
mean, albeit with stronger increases over western India (Supple-
mentary Fig. 4d, e). Monsoon depressions and monsoon lows both
contribute to the enhanced total and extreme precipitation, with
the relative contribution depending on the region and whether
the projection is for the near- or extended-future period
(Supplementary Fig. 7).

The shift in genesis from ocean toward land (discussed above
and shown in Fig. 4a, b) is associated with a reduction in the
contribution of LPS to mean precipitation over the Bay of Bengal
and an increase over central India, especially the western part of
central India (Fig. 6a, b). This is reminiscent of the finding that an
observed shift in LPS tracks has produced a shift in heavy rainfall
over central India over the past 40 years, but that observed shift
was southward and confined to land', with a pattern highly
distinct from the projected northwestward shift found here. The
near-future and end-of-century projections exhibit highly similar
patterns of change in total precipitation and in the contribution of
LPS to that total.

Although the models project an increase in the extreme
preciptiation produced by LPS over central India, there is
disagreement as to whether LPS will be responsible for a smaller
or larger fraction of the extreme precipitation events. The
disagreement primarily results from an increase in this fraction
in the HadGEM3 and MRI models, alongside a decrease in the
other models. For the near-future projections, fewer than 75% of
the models agree on the sign of the change in that contribution
(Fig. 6¢). The end-of-century projections show an increase in the
contribution over central India and a decrease over the Bay of
Bengal that resembles the genesis shift, but these projections are
from a single model integrated at two different resolutions
(Fig. 6d).
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Fig. 6 Changes in total, extreme, and LPS precipitation. a Projected changes between the historical (1980-2009) and near-future
(2020-2049) periods of: total summer (June-September) precipitation (left), summer precipitation associated with LPS (middle), and the
fractional contribution of LPS precipitation to total precipitation (right). Contours in the right panel show the percent contribution of LPS
precipitation to total precipitation in the historical period for respective model ensembles. Panel b is the same as a but for changes between
the historical and extended-future (2070-2099) periods. Panels ¢ and d are the same as a and b but for the number of extreme precipitation
events in a season, with an event defined as a day with precipitation greater than 150 mm. Stippling shows where at least 75% of the models
have the same sign of change. The precipitation associated with LPS is the precipitation falling within 8° of the centers of all LPS, accumulated
along the tracks of those LPS; extreme events associated with LPS are the total number of extreme events that occur within 8° of the storm
center. Gaussian smoothing with radius of 4° is applied to plots of extreme event counts to reduce noise.

DISCUSSION

We have shown that the HighResMIP ensemble skillfully simulates
the occurrence frequency, locations, dynamical structures, and
rain rates of monsoon LPS, making it a useful tool for projecting
future changes in these societally important storms. This contra-
dicts the idea that global model ensemble projections of LPS
activity cannot be trusted because of their inadequate skill in
simulating LPS. Overall, the HighResMIP ensemble simulated
trends in LPS number that are modest in magnitude or
undetectable, depending on the multi-decadal period of interest.
Over the last half-century in the ensemble mean, the number of
depressions decreased by about 1 storm summer~' relative to a
long-term mean of 7 storms summer~'; no historical trend was
detected for monsoon lows. In contrast, the ensemble mean
showed no linear trend in projected storm counts from the year
2015 to the year 2050, or over the combined historical-near future
period of 1980-2050. In the one model that projected behavior to
2100, the historical decrease in monsoon depression frequency
reversed in the future projections and the frequency of lows
dropped to keep the total LPS count roughly constant out to the
year 2100. Despite the lack of discernible future trends in total LPS
counts, the models projected a shift in genesis to the northwest,
from ocean toward land, and LPS precipitation rates that increase
(around 7% between the historical and near-future periods and
around 32% between the historical and extended-future periods).
These changes in genesis and rain rates contribute to a projected
future increase in seasonal mean and extreme precipitation over
South Asian land.

These results have some consistency with prior projections
made using other models, which can be understood in terms of
dynamical changes of the larger-scale monsoon flow. The
poleward shift in the genesis distribution resembles that seen in
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a 0.5%-resolution atmospheric model forced with an ensemble of
end-of-century SST projections®®. That model, however, also
simulated a decline in the total number of LPS that was not seen
in the HighResMIP ensemble; its historical simulations were
additionally biased by simulating LPS that were too intense,
although of the same number as observed. Another study also
found a decrease in the total number of LPS of about 15%, but
with no poleward shift, in end-of-century projections by a 1°-
resolution coupled ocean-atmosphere model®%; the number of LPS
in that model’s historical climate was about half of the observed
number, although this may be due to the tracking scheme used in
that study which also identified too few LPS in a reanalysis. Both of
those studies argued that the reduction in LPS genesis results
from a weakening of the large-scale, low-level monsoon westerlies
and a corresponding reduction in vorticity over the northern Bay
of Bengal and South Asia?*?®. An earlier analysis of a 2*-resolution
coupled model found no change in the number of monsoon
depressions in response to a quadrupling of CO,, but then
downscaled the results using a 0.75°-resolution regional model
(with imposed lateral boundary conditions) to find that the
stronger LPS increased in number®’; the region of genesis over the
Bay of Bengal also shifted poleward in that study’s 2° global model
and its regional downscaling, together with the seasonal-mean
low-level westerlies.

Other studies have examined projections of LPS in the coarser-
resolution CMIP ensemble, but the combination of tracking
algorithms and models used makes those difficult to interpret in
the context of our results. One study found no change in the
number of South Asian LPS in end-of-century projections, but
used a tracking algorithm that identified only about six LPS per
year in models and reanalyses®', compared with double that
found by our tracking algorithm' and in a hand-analyzed expert
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dataset”. Structures of the LPS were not examined in that study>'.
All of this demonstrates the importance of using an optimized
tracking algorithm in conjunction with models that have been
well validated to represent both categories of LPS, as was
done here.

The weak reduction in the number of monsoon depressions
seen in the historical simulations and the absence of any such
reduction in the near- and extended-future projections are
important results. These results contrast with the roughly 5 times
larger reduction in the number of depressions seen between the
1970s and early 2000s in India Meteorological Department
records® ', The HighResMIP trends are instead quantitatively
consistent with the weak trend found in one reanalysis during the
period 1958-2019, and with the absence of any detectable trend
in 4 other reanalyses for the later period of 1979-2019'%
Altogether, this model ensemble provides an additional reason
to expect the population of South Asian monsoon LPS to remain
roughly constant in number while shifting poleward and
producing more intense precipitation in coming decades.

METHODS
High-resolution model ensemble

All simulations used here employed the Coupled Model Inter-
comparison Project Phase 6 (CMIP6) HighResMIP experimental
design?’. The climate of recent decades is obtained from the
HighResMIP Tier 1 experiment, a historical (1950-2014)
atmosphere-only configuration that uses observed HadISST2 sea
surface temperatures (SSTs) as a lower boundary condition with
prescribed historical changes in greenhouse gas concentrations,
aerosols, and natural radiative forcings due to volcanism and solar
variability®. Since monsoon LPS have weak surface winds and
spend a short amount of time over ocean, we do not expect the
use of prescribed SST to greatly alter their individual short-term
evolution, but use of prescribed SST may introduce bias into the
projections of the seasonal mean monsoon circulation in which
they are embedded.

Future projections are obtained from HighResMIP Tier 3, which
is also an atmosphere-only configuration but with an SST
boundary condition that blends interannual variability from the
HadISST2 SST dataset with a climate change signal from CMIP5
RCP8.5 models; these simulations obtained greenhouse gas
forcings from the CMIP6 SSP5-8.5 scenario, and used a simplified
representation of anthropogenic aerosol changes consistent with
that high-end emissions scenario?”#’. Using a high-emissions
scenario such as SSP5-8.5 is appropriate for this study, even if such
a scenario is not the most likely one to occur in the future,
because of the large scientific uncertainty in the sign of the
response of LPS to anthropogenic forcings (as discussed in the
Introduction). That is, we use a large forcing to determine if this
can produce any detectable change in LPS counts, locations, and
other properties. The future projection simulations begin in the
year 2015, with most models simulating to 2050 and a few
to 2100.

We used a total of eight model runs, consisting of simulations
performed at multiple resolutions using models from four
different institutes (Table 1). The availability of simulations
conducted at multiple resolutions for some of these models
allows for assessment, albeit with small sample size, of the
influence of model resolution on LPS behavior.

We use monthly and six-hourly HighResMIP precipitation and
pressure-level values of horizontal wind, specific humidity, and air
temperature. We choose the years 1980-2009 as the reference
period of the historical simulations, and compare these with a
near future (Nfut) period spanning 2020-2049 and an extended
future (Efut) period spanning 2070-2099.
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Observational data

We compare output from the HighResMIP simulations with
multiple observational and reanalysis products. We use precipita-
tion data from the Tropical Rainfall Measurement Mission
(TRMM)*® and the India Meteorological Department (IMD)
gauge-based datasets**. We obtain mean sea level pressure
(MSLP) and horizontal wind from ERA5, the fifth generation
atmospheric reanalysis from the European center for Medium-
Range Weather Forecasts (ECMWF)>°,

Observed LPS tracks for 1979-2019 are obtained from the prior
application of a tracking algorithm optimized for monsoon LPS to
multiple atmospheric reanalyses, with the track datasets available
as a Zenodo archive®',

Tracking and analysis methods

The tracking algorithm is based on the TempestExtremes frame-
work®2, with the variables and thresholds used for tracking
selected from hundreds of combinations based on the level of
agreement between multiple atmospheric reanalyses and an
expert-derived, hand-analyzed dataset'®. The selected algorithm
uses the streamfunction of the horizontal 850 hPa wind, which is
smoother than the more commonly used vorticity field and does
not make the geostrophic balance assumptions required when
tracking is based on MSLP. More details are in the original study
that details the algorithm and its success'.

The chosen tracking algorithm employed the 850 hPa stream-
function minima, which we required to increase by 1.25 x 10° from
the central minimum within a 10° radius to identify vortices. For
differentiation from heat lows, the algorithm required an 850 hPa
relative humidity of at least 85% for a continuous period of at least
one day along the track. Successive points were linked by
ensuring that candidate points fell within 3° of each other within
12 h.

We use the same tracking algorithm to characterize LPS in the
HighResMIP models and reanalyses, obtaining genesis points and
tracks, and categorizing LPS as monsoon lows (weaker LPS) or
monsoon depressions (MDs; stronger LPS) based on their
intensities. Specifically, lows have surface wind speeds less than
8.5m s~ ' and central MSLP at least 2 hPa lower than surrounding
regions, while MDs have wind speeds of at least 85m s~' and
MSLP at least 4hPa lower than the surroundings®3. Stronger
vortices called cyclonic storms are improbable but possible in the
South Asian summer monsoon period, so we consider MD as MD
and above intensities.

We produce storm-centered composites of several variables by
averaging over time along each LPS track in a latitude-longitude
coordinate system centered on the streamfunction minimum
(irrespective of the LPS propagation direction), then averaging
over all storms. This results in each storm having the same weight
in the composite, regardless of its duration. Some variables, such
as precipitation and humidity, are also averaged horizontally over
a circle of radius 3° around the vortex center. The monsoon low
and depression composites are time-averages of all time steps
during which an LPS had that intensity; since depressions
generally originate first as lows, this ensures that the time a
vortex spends as a low does not contribute to the composites of
depressions. The composites for lows and depressions are thus
based on the instantaneous storm intensity rather than on the
peak intensity achieved along a storm track. The dynamical
intensity of LPS is assessed by estimating the radial change in
MSLP between the minimum MSLP near the vortex center and the
storm surroundings. We refer to this quantity as AMSLP, and it is
obtained from the tracking algorithm™#2,

Model biases are calculated for different variables (Fig. 2) as the
percentage difference between modeled and observed values.
Track density is computed using kernel density estimation of
cumulative track points over the specified period. All linear trends
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were calculated using the Python ’statsmodels’ module®*. Two-
tailed p-values were obtained from the t-statistics of the linear
model parameters.

DATA AVAILABILITY

The monsoon low-pressure system track data for reanalyses was obtained from the
Zenodo archive (https://zenodo.org/record/3890646#.ZAmslioU1Ql). The ERA5 data
set was obtained from the Copernicus Climate Change Service Climate Data Store
(CDS) website (at https://cds.climate.copernicus.eu), accessed on 1 March 2021.
Tropical Rainfall Measuring Mission (TRMM) daily precipitation data was downloaded
from the NASA GSFC website (https://disc.gsfc.nasa.gov/datasets/
TRMM_3B42_Daily_7/summary). The HighResMIP model data was downloaded from
The Earth System Grid Federation infrastructure (ESGF) archive (https://esgf-
node.linl.gov/search/cmip6/). All data used in the paper are acknowledged in the
Methods section.
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