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Cyclonic atmospheric vortices of varying intensity, collectively
known as low-pressure systems (LPS), travel northwest across
central India and produce more than half of the precipitation
received by that fertile region and its ~600 million inhabitants.
Yet, future changes in LPS activity are poorly understood, due
in part to inadequate representation of these storms in current
climate models. Using a high-resolution atmospheric general cir-
culation model that realistically simulates the genesis distribu-
tion of LPS, here we show that Indian monsoon LPS activity
declines about 45% by the late 21st century in simulations of a
business-as-usual emission scenario. The distribution of LPS gen-
esis shifts poleward as it weakens, with oceanic genesis decreas-
ing by ~60% and continental genesis increasing by ~10%; over
land the increase in storm counts is accompanied by a shift
toward lower storm wind speeds. The weakening and poleward
shift of the genesis distribution in a warmer climate are con-
firmed and attributed, via a statistical model, to the reduction
and poleward shift of low-level absolute vorticity over the mon-
soon region, which in turn are robust features of most coupled
model projections. The poleward shift in LPS activity results in an
increased frequency of extreme precipitation events over north-
ern India.
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Ithough precipitating atmospheric vortices known as low-

pressure systems (LPS) are found in all monsoon regions,
their presence is most prominent over India, where an average of
13 (% 2.5) storms develop each boreal summer, with most orig-
inating over the Bay of Bengal (BoB) and adjoining land (1-5).
The intensification and propagation of these storms are linked
to the strength of the larger-scale monsoon circulation and inter-
actions with precipitating convection (6, 7). The mean monsoon
circulation is argued to have weakened in recent decades, with
a variety of reasons advanced for this slowdown of winds (8, 9).
Some studies have also reported a reduction in LPS activity since
the mid-20th century (10-12), but the reliability of this trend
has been questioned due to inconsistencies among observational
datasets (13).

A lack of understanding of the mechanism of LPS devel-
opment has hindered projections of future monsoon synoptic
activity, leaving us reliant on simulations of future scenarios
by comprehensive climate models. However, the unrealistic rep-
resentation of these systems in global climate models (GCMs)
used in the fifth phase of the Coupled Model Intercom-
parison Project (CMIP5; ref. 14) is an obstacle to the reli-
able estimation of future LPS activity (4). Similar issues in
estimating future changes in global tropical cyclone (TC) activ-
ity were addressed using a high-resolution atmospheric GCM;
the same high-resolution modeling strategy was also found reli-
able in simulating the distribution and structure of Indian mon-
soon LPS (15, 16). Here we use that high-resolution atmo-
spheric GCM, together with a statistical model, to project
and understand possible trends in LPS activity over the next
century.
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Monsoon Synoptic Activity in Current and Future Climates

Two sets of numerical experiments are performed here using the
High Resolution Atmospheric Model (HiRAM; ref. 15) with a
horizontal grid spacing of 50 km globally. One set of simulations
represents the historical (HIST) period and the other a late-21st-
century climate scenario based on the strongest Representative
Concentration Pathway (RCP8.5). Four ensemble members of
these simulations are run, with sea surface temperatures (SSTs)
taken from different CMIP5 GCMs selected for their skill in
simulating the Indian monsoon. In addition, 30 ensemble mem-
bers of annual cycle (ANNC) experiments are run for each of
the HIST and RCP8.5 scenarios to assess model uncertainty, in
which the model is forced with ANNCs of decadal mean SSTs
(Materials and Methods).

HiRAM simulates a realistic mean monsoon circulation, pre-
cipitation, and LPS frequency compared with most CMIP5 mod-
els (SI Appendix, Figs. S1-S4). The SAI (17), a combined mea-
sure of the frequency, intensity, and duration of LPS, shows
a strong and well-defined pattern over the monsoon trough
region in the HIST ensemble (Fig. 14). The horizontal struc-
ture of the SAI in HIRAM compares well with observations
(Sikka archive, 1979-2003 period; ref. 18), albeit with an over-
estimation of the amplitude of the SAI distribution associated
with the distribution of storm intensity’s being biased toward
stronger systems (SI Appendix, Fig. S4). The number of LPS sim-
ulated by HIRAM matches observations better than any other
CMIP5 model.

Significance

Propagating atmospheric vortices contribute more than half
of the total rainfall received by the fertile and highly pop-
ulated Gangetic plains of India. How the activity of these
storms will change in a warming climate is not yet under-
stood, due to both the inadequate representation of these
disturbances in global climate models and a lack of theory for
their fundamental dynamics. Here we show that both a high-
resolution atmospheric model and a statistical model predict
that the activity of these storms weakens and shifts poleward
from ocean to land in a warmer environment. The associated
changes in seasonal mean rainfall and precipitation extremes
are expected to have serious implications for the hydrological
cycle of South Asia.
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Fig. 1.

June-September ensemble mean climatology of Synoptic Activity Index (SAI) from (A) HIST (shaded) and the 1979-2003 Sikka archive (blue contours,

ranging from 20 to 140 with an interval of 30), (B) RCP8.5 ensembles, and (C) difference in SAI climatology between RCP8.5 and HIST, where the stippling
represents the changes in SAl that are statistically significant at the 5% level for each ensemble, as revealed by a t test. The area averaged difference in the
mean of SAl between RCP8.5 and HIST over the box in C is 45%. (D) Frequency distribution of sea-level pressure depth of LPS from ERAI (interim version of
European center reanalysis) and HIST and RCP8.5 simulations of HIRAM. Solid (dashed) lines represent systems that form over the BoB (Indian land region).
Lines (shading) show ensemble mean (spread) for HIRAM HIST and RCP8.5 experiments. The future change in mean of ASLP distribution for LPS over BoB
is statistically significant (P < 0.01), as revealed by a Kolmogorov-Smirnov test. Note that the future change in mean ASLP distribution for LPS over land
region is not statistically significant. (E) The model spread in the annual LPS count for HIST and RCP8.5 simulations from the ANNC experiments forced with
decadal mean SST ANNGs, and the observed decadal variability in LPS counts over BoB and land for the decades of 1971-1980, 1981-1990, and 1991-2000,

based on the Sikka archive.

The future projections show a strong weakening of LPS activ-
ity in the main genesis region over the BoB and over land
immediately to the northwest (Fig. 1 B and C). The coarse-
resolution CMIP5 model ensemble also shows a weakening of
synoptic activity over central India in the RCP8.5 simulations (S
Appendix, Fig. S3), but the poor representation of LPS structure
in those models raised questions about their validity for use in
projections.

The reduction in SAI is associated with declines in both storm
intensity and genesis frequency. The LPS intensity is estimated as
the difference between the central minimum sea-level pressure
(SLP) and the outermost closed isobar, which is termed the pres-
sure depth (ASLP) of LPS. The ASLP distribution shows over-
estimation of LPS intensity over the BoB in the HIRAM HIST
simulations, compared with an atmospheric reanalysis (Fig. 1D).
The frequency distribution of ASLP exhibits a shift toward more
low-intensity storm days in the RCP8.5 simulations over land. A
significant decline in LPS days of nearly all intensity categories
occurs over the BoB. The median number of storms per summer
also decreases from ~4.7 to ~1 over the BoB in the future pro-
jections, while the land storm count remains roughly unchanged
at ~7.3 in the ANNC experiments (Fig. 1E). LPS frequency in
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the Sikka dataset (18) also decreases over the BoB and increases
over land in the last three decades of the 20th century, but these
trends are modest compared with interannual variability within
each decade (Fig. 1E; SI Appendix, Fig. S5 shows a similar anal-
ysis of individual decades in HIRAM). The climatological differ-
ence in the Sikka-based SAI between the last two quarters of the
20th century also shows increased LPS activity over many land
regions, but the BoB changes are more modest and inhomoge-
neous in sign (SI Appendix, Fig. S3 G and H). Trends in LPS
counts and SAI in the HIRAM projections rise above the level
of internal variability much more than observed (Fig. 1E) or sim-
ulated (SI Appendix, Fig. S5) changes in recent decades; these
ensemble means of the HIST and RCP8.5 simulations are not
expected to be influenced by internal decadal variability because
the SST boundary conditions are drawn from 10 different CMIP5
coupled models.

Observations suggest that genesis frequency over land is less
than that over ocean, with about 139 and 176 storms formed
over continental India and the BoB, respectively, during 1979-
2003. Although HiRAM simulates nearly the same total number
of LPS as observed, it produces more frequent genesis over land
(180 £19) than ocean (128 £14) during the 25 y of the historical
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simulation (Fig. 24 and SI Appendix, Figs. S4 and S6). In the
RCP8.5 future projection the number of BoB systems declines
by ~63% (to 47 £14; Fig. 2B and SI Appendix, Figs. S4 and S6).
Genesis points over the BoB are more scattered across the basin
in the future projection but are clustered around the head of the
BoB in the HIST simulations. Over land the LPS count increases
slightly in the future projection to 197 £ 6 systems in 25 y. The
relatively small intraensemble variance of these changes suggests
that LPS frequency trends are relatively insensitive to details of
the SST boundary condition and are mostly controlled by com-
mon features of a warming climate, such as the weakening and
poleward shift of the large-scale monsoon flow.

Statistical Projection of Synoptic Activity. These changes in gen-
esis frequency can be understood using an existing statistical
model of the observed spatial distribution and seasonal cycle of
global LPS genesis. That model, the MDGI (19), predicts the
likelihood of genesis from monthly mean climatologies of precip-
itable water (PW), low-level absolute vorticity (n), an estimate of
convective available potential energy (ECAPE), and midtropo-
spheric relative humidity (RH). These four variables were objec-
tively selected using observed LPS counts, but when the MDGI
is calculated using the same four climatological variables from
HiRAM it also successfully represents the distribution of LPS
genesis explicitly simulated in HIST (Fig. 2C). Furthermore, the
MDGTI predicts a strong reduction of genesis frequency over the
BoB in the future (Fig. 2D). That is, given only the simulated
change in the climatological monthly mean state, the MDGI pre-
dicts a roughly 50% decrease in genesis frequency over the BoB.
It also predicts a roughly 50% increase in genesis over land—
much larger than the increase in LPS genesis explicitly simu-
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Fig. 2. Genesis locations of LPS formed during monsoon season (June-
September) from (A) HIST and (B) RCP8.5 simulations of HiRAM. The red
(blue) color indicates the genesis location over land (ocean). (C) The Mon-
soon Disturbance Genesis Index (MDGI) computed from HIST and (D) differ-
ence in MDGI between RCP8.5 and HIST simulations of HIRAM. The MDGI
has units of number of storm genesis points per 0.5° x 0.5° grid cell in the
25-y period. The HiRAM simulations driven by GFDL-CM3 (Geophysical Fluid
Dynamics Laboratory Climate Model version 3) SST are shown.
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lated by HHRAM—but much of the MDGI increase is along the
foothills of the Himalaya where genesis would likely be inhibited
by orography.

Mechanisms of Weakening of Synoptic Activity

The MDGTI is based on a log-linear model, so its changes can
be linearly attributed to changes in its constituent environmental
variables. Most of the MDGI change is produced by a reduc-
tion and poleward shift in the low-level absolute vorticity, n. The
HIST climatology of n is maximum over the core LPS gene-
sis area due mostly to shear vorticity of the low-level monsoon
westerlies, and this maximum weakens and shifts poleward in
the RCP8.5 projection, producing a nearly 100% decrease and a
poleward shift in the component of the MDGI associated with n
(Fig. 3). The changes in PW and RH make small contributions to
the MDGI change, while an increase in ECAPE strengthens the
MDGTI everywhere, especially over India’s east coast and around
Pakistan, offsetting some of the reduction due to 7 (SI Appendix,
Fig. S7).

This suggests that the large reduction in future LPS genesis
simulated by HIRAM is caused by a weakening of the large-scale
monsoon circulation and a corresponding drop in the ambient
vorticity from which LPS form. Although the genesis mechanism
of LPS is still the subject of active research (20), the presence
of large low-level vorticity has been long held to be essential
for genesis (21). Recently, monsoon LPS have also been shown
to have structural similarities to weak TCs (20) and to have a
statistical association with the climatological mean state simi-
lar to that of TCs (19), which suggests that LPS genesis may
also be favored by environments rich in cyclonic vorticity. This
reasoning contrasts with a previous argument relating the pos-
sible recent decline in LPS activity to a midtropospheric drying
(12); HIRAM simulates such a drying, but it produces a compar-
atively minor effect on the MDGI (SI Appendix, Fig. S7). The
projected weakening of  in HIRAM is in broad agreement with
that in the CMIP5 ensemble mean, although the HIRAM weak-
ening is stronger (SI Appendix, Fig. S7). Weakening of the large-
scale monsoon circulation over the last half-century has also been
observed, although its underlying cause is debated (8, 9, 22). A
slowing of tropical circulations in general may be expected from
the increase in static stability that occurs in a warming tropo-
sphere (23), but the degree to which changes in diabatic heating
might compensate in monsoon circulations is unclear.

In summary, the hypothesis that future LPS genesis will
decrease in frequency over the BoB is supported by numerous
future projections of a weakening of the large-scale monsoon cir-
culation and by a statistical model that links the large-scale cir-
culation strength to LPS genesis frequency; in addition, HIRAM
explicitly simulates a reduction in LPS genesis frequency for all
four SST forcings. It has been argued that monsoon LPS over
the BoB may result from the amplification of disturbances orig-
inating over the West Pacific (24, 25), which might link LPS fre-
quency to the distribution of West Pacific storms, but those stud-
ies were based on relatively small samples of LPS. Automated
tracking of low-level 850-hPa vorticity anomalies has not found a
large number of BoB LPS to originate from the West Pacific (5),
so we leave investigation of the connection between the mon-
soon LPS and West Pacific disturbances in a warming climate for
future work.

The projected reduction in synoptic activity is due not only
to reduced genesis frequency but also to the general decrease
in LPS intensity (Fig. 1D). We now discuss possible reasons for
this intensity decrease. Although the mechanism of LPS inten-
sification is not understood, LPS have multiple dynamical simi-
larities to weak TCs (20), which have been projected to decrease
in number in a warming climate (26). Those projections of TC
counts typically onl%/ consider storms with sustained surface wind
speeds of 20 m-s™" or greater (26, 27), which is stronger than
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Fig.3. June-September ensemble mean climatology of 850-hPa wind (vectors, m-s—') and absolute vorticity (shaded) from (A) HIST. (B) Difference between
RCP8.5 and HIST simulations. (C) Difference in MDGI due to absolute vorticity between RCP8.5 and HIST simulations. All based on HiRAM. Stippling in B
represents statistically significant (at 5% level) changes in absolute vorticity for all ensemble members.

nearly all Indian summer monsoon LPS; a general reduction in
LPS intensity is thus consistent with projections of reduced TC
counts, as fewer LPS achieve sufficient intensities to be counted
as TCs. The reduction of TC frequency has been attributed to an
increase in the midtropospheric saturation deficit (27) (amount
of moisture needed to achieve saturation) and to a weakening
of the large-scale tropical circulation, both of which are simu-
lated to occur in the HIRAM future projections (SI Appendix,
Figs. S8 and S9). In the HIRAM projections, the troposphere
over the BoB and central India exhibits a stronger increase in
saturation deficit than that over the equatorial Indian Ocean,
possibly causing a reduction in LPS intensity by strengthening
unsaturated convective downdrafts and weakening the upward
convective mass flux in those storms.

Influence of Changes in Synoptic Activity on Precipitation

A change in LPS activity is expected to alter the distribution of
monsoon precipitation. The climatological precipitation is strong
over the BoB and into central India along the typical LPS trajec-
tory (Fig. 44). The climatology of precipitation related to LPS
originating in the BoB shows that those storms contribute to both
continental and oceanic rainfall (Fig. 4B). The LPS originating
over land contribute more to continental rainfall, especially in
the northern parts of India (Fig. 4C). These patterns of LPS-
related rainfall illustrate the importance of these storms for the
hydrology of India and the Himalaya. The projected changes in
seasonal mean rainfall show a significant drying over the BoB
(Fig. 44). The component of precipitation associated with the
BoB storms declines substantially, consistent with the decrease
in LPS genesis over the BoB (Fig. 4B). The contribution of LPS
of continental origin to seasonal mean rainfall increases in the
future projection (Fig. 4C).

These changes in synoptic activity have consequences not only
for the mean precipitation but also for the extremes. Flooding
over central and northern India is often associated with LPS
activity (3, 28). Also, a recent increase in rainfall extremes over
central India has been attributed to increased synoptic activity
over that continental region (17, 29, 30). Fig. 4D shows the cli-
matology and the difference between RCP8.5 and HIST simula-
tions of the 95th percentile of daily precipitation over the Indian
region. The nonorographic precipitation extremes occur most
frequently slightly south of the peak swath of synoptic activity
(Figs. 14 and 2 A and C), consistent with the fact that the peak
precipitation in LPS typically occurs southwest of the vortex cen-
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ter (1). The future changes in precipitation extremes over India
reflect the changes in LPS activity, with a poleward shift clearly
evident in the 95th percentile of precipitation (compare Figs. 4D
and 2 B and D). One caveat is that GCMs with parameterized
convection typically do not simulate extreme precipitation accu-
rately, so such projections should be treated with caution. Also,
we lack a long-term record of observed rainfall over the BoB that

mm/day
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Fig. 4. June-September ensemble mean HIST climatology (contours) and
RCP8.5 minus HIST climatology (shading) of (A) total seasonal mean pre-
cipitation, (B) BoB LPS-related precipitation, (C) land-based LPS-related pre-
cipitation, and (D) 95th-percentile precipitation, all based on HiRAM. Stip-
pling represents the changes that are statistically significant (at 5% level)
for all ensemble members. The color bar at the bottom left corresponds
to A-C.
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could be used to assess the fidelity of historical model simulations
in that oceanic region.

Furthermore, the northward shift of the genesis distribution
may reduce the amount of warning India has for flood events. In
the HIRAM HIST simulations it takes about 3.7 d for an LPS to
make landfall after its genesis over the BoB. This time between
genesis and landfall is helpful in preparing mitigation strategies
for impending floods. As the LPS genesis shifts from ocean to
land the Indian region may face shorter preparation times for
mitigating the societal impacts of these storms.

Summary and Discussion

Despite the importance of monsoon LPS, future changes in these
systems remain poorly characterized and incompletely under-
stood. We have shown that one of the few GCMs to success-
fully simulate the genesis distribution of Indian monsoon LPS
projects a strong weakening and poleward shift of LPS activity in
a warming environment. This occurs for all four ensemble mem-
bers, despite their differing SSTs. An existing statistical model
that successfully reproduces the observed global distribution of
LPS also predicts a decrease in LPS genesis and furthermore
attributes this decrease to a weakening and poleward shift of the
large-scale monsoon flow that is widespread in CMIP5 projec-
tions. This important consequence of the weakening and pole-
ward shift of the low-level monsoon flow has not been previously
appreciated.

The poleward shift in LPS activity was shown to be associ-
ated with increased precipitation extremes over northern India
in HIRAM. Given the poor skill with which most other cli-
mate models simulate LPS activity and associated precipitation,
the HiRAM projections may have greater relevance for future
changes in regional monsoon climates (31-33). Whether the pos-
itive bias in the intensity of LPS simulated by HIRAM compro-
mises the validity of these projections remains unclear, but this
bias in LPS properties is substantially smaller than the LPS biases
seen in nearly all other CMIP5 models (4). Central and northern
India are some of the most intensively irrigated regions world-
wide and have water resources that are already stressed (34) and
growing populations that are highly vulnerable to hydrological
extremes (35). A shift in synoptic activity that dries central India
and increases the likelihood of extreme rainfall in northern India
(e.g., Fig. 4) would have major societal impact.

Materials and Methods

Monthly varying SSTs from four climate models (Community Climate System
Model 4, GFDL-CM3, GFDL-Earth System Model 2G, and Model for Interdis-
ciplinary Research on Climate 5) participating in CMIP5 are used to force the
HiRAM model. These models are chosen based on two criteria: (i) their skill
in simulating June-September seasonal mean monsoon precipitation over
India (22) and (ii) the SST bias over the Arabian Sea, which is found to intro-
duce a dry bias over India (36, 37) (models with weaker bias are preferred).
Biases in climate model SSTs can lead to errors when atmospheric models
are forced with these SSTs (38). Hence, we applied an SST bias correction
(described below). The HIRAM model is configured with a horizontal reso-
lution of 50 km and 32 vertical hybrid pressure levels.

The SST from GCM (55Ty) can be decomposed into monthly climatologi-

cal mean in the present climate (SSTy) and anomaly (SST,(,,) as
STy = STy + S5Toy.

The observed SSTs (SSTo) can also be decomposed and written as anomalies
about a present-day climatological mean:

$5To = S5To + S5T.

Here we used Hadley Center Sea Ice and Sea Surface Temperatures
(HadlISST1.1; ref. 39). We assume that the bias is in the mean SST field of
the model. The bias-corrected SST (SSTj) is obtained by adding the model
anomalies to the observed climatology:

$STs = S5T + S5Toy.

Sandeep et al.

The SST anomalies from RCP8.5 simulations are added to the observed cli-
matology to get bias-corrected future SST fields. The observed climatol-
ogy is calculated for 1979-2005. Variability in the SSTs is characterized in S/
Appendix, Fig. S10 and discussed in the S/ Appendix, Supporting Methods.
Two types of experiments (transient time slice and ANNC) are performed
using HiRAM, as follows.

Time-Slice Simulations.

Historical time-slice experiment (HIST). In this experiment, the HiRAM
model is forced with bias-corrected SSTs for the period 1979-2005. In
addition to the SST and sea ice concentrations (SIC) from the CMIP5
coupled models, the standard CMIP5 forcings such as monthly varying
greenhouse gases, solar irradiance, aerosol, ozone, and so on are used
to drive the model. An ensemble of four simulations is produced, with
each simulation corresponding to the SST and SIC from a CMIP5 cou-
pled model.

Late-21st-century time-slice experiment (RCP8.5). Bias-corrected future
SSTs from the four CMIP5 models along with other CMIP5 atmospheric forc-
ings for RCP8.5 are used to drive the HIRAM model to simulate four ensem-
ble members for the 2069-2095 period. To avoid analyzing the model spin-
up period the analyses are restricted to 1981-2005 and 2071-2095 for HIST
and RCP8.5, respectively.

ANNC Simulations. Since performing this ensemble of HIRAM simulations is
computationally intensive, another set of experiments is run in ANNC mode
to quantify model uncertainty. These simulations are forced with ANNCs of
10-y mean SSTs and other model forcings. SSTs from 10 different CMIP5 cou-
pled models (historical and RCP8.5 experiments; see SI Appendix, Support-
ing Methods) are used for these simulations. Three sets of ANNC simulations
are carried out with each coupled model SST, where the SST ANNCs corre-
spond to the decades 1971-1980, 1981-1990, and 1991-2000 for the HIST
and the decades 2071-2080, 2081-2090, and 2091-2100 for the RCP8.5 sce-
nario. In these experiments HiRAM is integrated for 24 mo, with the first
12 mo treated as a spin-up period.

LPS Tracking. LPS tracks from HiRAM simulations and reanalysis data are
extracted using a tracking algorithm that mimics the conventional detection
and tracking of LPS by identifying closed isobars (4). The LPS activity from
HIST simulations are compared with those from ERA-Interim reanalysis as
well as from the Sikka archive. See SI Appendix, Supporting Methods for
details of the LPS tracking algorithm. The storm intensity is measured by the
maximum pressure depth (ASLP) achieved by the storm during its life cycle.
ASLP is defined as the difference between the value of outermost closed
isobar and the central minimum pressure of the storm. It is also to be noted
that here we only consider storms that lasted 3 d or more. The LPS activity
is quantitatively represented by an SAI which is track density-weighted by
wind speed (17) as

x+Ax y+Ay

SAby=">"">" Uar,

X—Axy—Ay

where x and y are the longitude and latitude of the center of LPS, Ax= Ay =
1.5°, and U, is the wind speed magnitude based on the intensity category
of the LPS. The values of U, are 4.25, 11, 15, 20, and 27.5, respectively, for
LPS categories of Low (1 hPa < ASLP < 2 hPa), Depression (2 hPa < ASLP <
4 hPa), Deep Depression (4 hPa < ASLP < 10 hPa), Cyclonic Storm (10 hPa <
ASLP < 16 hPa), and Severe Cyclonic Storm (ASLP > 16 hPa).

MDGI. The MDGI is a statistical model that predicts the likelihood of
LPS genesis as a function of climatological monthly mean variables (19).
The expected number of LPS genesis points p is written as a log-lin-
ear model,

= exp[bTx + log(AxAy T cos ¢)],

where b is a vector of coefficients multiplying the climatological variables
in the vector x, Ax and Ay are the longitude and latitude grid spacing,
respectively, T is the number of years in the storm count record, and ¢ is
latitude. The variables in x were objectively selected in the original MDGI
using cross-validation to avoid overfitting. The functional form of the MDGI
permits fractional changes in genesis frequency to be expressed as a linear
function of changes in the climatological variables,
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Using Poisson regression we refit the log-linear model to HiRAM storm
counts in the HIST simulations for June-September, giving one set of MDGI
coefficients for each of the four ensemble members. All four sets of coef-
ficients were similar to each other and to the previously derived coeffi-
cients obtained using global observations of LPS counts for the full calendar
year (19), but the HIRAM coefficients had larger standard errors due to the
smaller number of storms occurring in the Indian region.
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Supporting Information (SI)

Model Validation: Comparison of LPS activity simulated by HIRAM with other CMIP/AMIP models from the CMIP5 archive. The
HiRAM simulations are carried out with the SST and SIC taken from fully coupled CMIP5 models, along with other climate
forcings during 1981 — 2005 period. An ensemble of four HIRAM simulations are performed, with SSTs taken from historical
all forcing simulations of CCSM4, GFDL-CM3, GFDL-ESM2G, and MIROCS5. The Sikka archive (observed LPS data set)
spans from 1888 — 2003, while MERRA /ERRA reanalysis products are available from 1979. The SAI and other calculations
presented here span from 1981 to 2005 for reanalysis/CMIP/AMIP/HiRAM and 1979 — 2003 period for Sikka archive.

The skill of HIRAM ensembles in simulating seasonal mean precipitation and zonal winds as compared to other CMIP5
models and observed precipitation and reanalysis winds is presented in Fig. S1. The precipitation simulated by HIRAM
ensembles is closer to the observation than almost all CMIP5 coupled models, with the exception of GFDL-ESM2G. It is to be
noted that GFDL-ESM2G and HiRAM share same atmospheric dynamical core. In the case of zonal winds, the pattern of
the winds simulated by the HIRAM ensembles is closer to the reanalysis wind field than that of all CMIP5 models analyzed,
although with an overestimation of the spatial amplitude (Fig. S1).

The Synoptic Activity Index (SAI) computed from the LPS observations (Sikka archive) are compared with that from two
reanalysis products (ERAI/MERRA), historical simulation of HIRAM, and 17 AGCMs that are part of Atmospheric Model
Inter-comparison Project (AMIP). AMIP models are forced with observed SST, Sea Ice Concentrations (HadISST), and other
climate forcings. From Fig. S2, it is clear that most of the AMIP models fail to capture the observed spatial pattern and
intensity of the SAI. Both the reanalyses products captured the SAI pattern reasonably well, with a spatial correlation of 0.91.
MIROCS5 model also has captured SAI pattern (r=0.94), although with an over estimation of the intensity. The ensemble mean
of HIRAM shows a better comparison with the observed SAI pattern, with a spatial correlation of 0.95. The HiRAM also,
however, overestimated the intensity of the SAI pattern.

The SAI simulated by the decadal experiments of HIRAM is also closely comparable to that of transient simulations
(Fig. S3a). The ensemble mean climatology of synoptic activity from the 15 CMIP5 models fails to capture the observed
spatial pattern of SAI (Fig. S3d). The total number of LPS formed over the Bay of Bengal (BoB) and Indian land region
during 1979 — 2003 period is 315 (Fig. S4a). The HiRAM simulations during 1981 — 2005 years produced the number of LPS
in the range of 300 to 323, with an ensemble mean of 309 systems. The total number of systems simulated by the AMIP
models during the same period as HIRAM varied between 1 (IPSL-CM5A-LR) and 272 (MIROCS), with an ensemble mean of
155. The category-wise distribution of the LPS numbers during the same period show that HIRAM has a strong bias towards
Deep Depressions and Cyclonic storms in comparison to the Sikka archive in which most of the storms fall in the Lows and
Depressions category (Fig. S4b,c). This bias towards stronger intensity systems is the reason for the overestimation of the SAI
intensity in HHRAM ensembles. However, the remarkable skill of HIRAM in capturing the overall spatial pattern of the synoptic
activity and the total number of systems, together with the failure of most of the coupled and uncoupled CMIP5 models in
simulating the LPS, makes it the natural choice to study the future changes in LPS activity. Also, the bias of HIRAM towards
stronger LPS is not likely to affect our understanding of the changes in future synoptic activity, as the difference between
future and historical simulations should nullify the effects of bias.

Decadal variability in LPS activity. A detailed analysis of decadal variability in the HHRAM simulations is presented in Fig. S5,
in which LPS variability in the annual cycle simulations corresponding to each decade (from which the SST forcing was drawn)
is shown. The LPS counts over the BoB show a declining 30-year trend in both HIST and RCP8.5, although these trends
are modest in amplitude compared to the interannual variability within each decade. A similar result holds over land for
the three decades of the RCP8.5 simulations. In contrast, LPS genesis frequency over continental India shows interdecadal
variability without any clear trend in the historical period. These results are qualitatively consistent with the observed LPS
counts shown in Fig. le, which show interannual variability within each decade that is large compared to any interdecadal trend
that might exist. When considering LPS counts from the annual cycle simulations shown in Fig. S5, it should be remembered
that the SST boundary conditions were drawn from 10 CMIP5 coupled ocean-atmosphere models; to the degree that internal
(i.e. unforced) decadal variability is uncorrelated between individual CMIP5 models, the HIRAM ensemble means will not be
strongly influenced by the internal variability of SST.

Supporting Methods.
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Spatial and temporal variability in monthly SST anomalies. Anomalies in coupled model SSTs, relative to the bias-corrected
climatology, may also be biased in simulations of historical or future periods. However, what we wish to avoid is having a
common bias be shared by all of our ensemble members; distinct biases in anomalies (relative to the climatology) will help
inflate the dispersion of our ensemble. To compare simulated and observed SST anomalies, an Empirical Orthogonal Function
(EOF) analysis is conducted using monthly anomalies of CMIP5 SSTs and HadISST1.1 relative to the monthly climatology,
with all data for the period 1979-2005 (note that these CMIP5 SSTs are those used to force HIRAM). The leading mode of
variability in the Indo-Pacific sector has a distinct spatial structure in each model and in observations, with some having peak
amplitude on the equator (e.g. MIROC5 and GFDL-ESM2G) and others in the subtropics (e.g. CCSM4 and HADISST1.1), but
the amplitude of temporal variability is of a similar order of magnitude in all datasets (Fig.S10). This is far from a complete
exploration of SST bias in our model ensemble, and it is possible that a common bias during some particular time of year or at
some particular location may cause a coherent bias in the ensemble mean. Nevertheless, this brief analysis suggests that the
SST boundary conditions contribute to dispersion in our ensemble, as desired, and that intraensemble SST variability has an
amplitude that is not greatly unrealistic.

Annual Cycle Simulations. The high resolution (~50 km global) simulations are computationally expensive. In order to
understand the model uncertainty, a sufficiently large number of ensembles are required. Hence an ensemble of 10 simulations
of HiRAM is run in a computationally cost effective ‘annual cycle’ mode, in addition to the 4-member ensemble transient time
slice simulations. The model is forced with the decadal mean annual cycles of SST and Sea Ice Concentration from 10 different
CMIP5 coupled models (historical all forcing and RCP8.5). The CMIP5 models from which the SST and SIC are taken are
bee-csml-1, CCSM4, GFDL-CM3, GFDL-ESM2G, HadGEM2-ES, IPSL-CM5A-MR, MIROC5, MPI-ESM-MR, MRI-CGCM3,
and NorESM1-M. Consistently, other forcing data such as GHGs, aerosols, ozone etc. are also provided to the model as decadal
mean annual cycles. The annual cycles of SSTs and other forcings are computed for three decadal blocks of historical (1970 —
1979, 1980 — 1989, and 1990 — 1999) and RCP8&.5 (2071 — 2080, 2081 — 2090, and 2091 — 2100) periods. Each annual cycle
experiments are integrated for 24 months, and the first 12 months are treated as spin up. The LPS activity from these annual
cycle simulations is considered as the annualized response of the model to the decadal mean climate forcing. Although, this
annual cycle experimental design is not a replacement to the transient simulations, the spatial pattern of the synoptic activity
(Fig. S3a - c) are very well comparable with the corresponding patterns from the transient time slice simulations of HIRAM.
This gives us the confidence in assessing the model uncertainty in simulating LPS activity, using annual cycle experiments.

Objective identification and tracking of LPS. The conventional identification and tracking of monsoon LPS are done by searching
for closed isobars on surface pressure charts(1,2). In order to facilitate a direct comparison of the model simulated LPS activity
with the observations, Praveen et al. developed a tracking technique that mimics the conventional tracking of the LPS (1).
Here we used the technique developed by Praveen et al. to track LPS activity in HIRAM simulations. The salient features of
this tracking technique are as follows. (i) The algorithm scans for a local minima at each grid point from the surrounding 8
grids (ii) If a local minimum is identified, the next step is to check whether it is a heat low. The identification of heat low is
done by evaluating the mean pressure gradient (VSLP) with respect to surrounding eight grid points. If VSLP < dx/(10
degrees® hPa™'), then it is considered a heat low; where dx is the grid resolution in degrees (e.g. 0.15 hPa degree " is the
threshold value for a grid size of 1.5 degree). This threshold value is obtained after a systematic sensitivity analysis by varying
VSLP as a function of grid size. This procedure is based on Hanley and Caballero technique to identify extra tropical cyclones
(2). (iii) Search for the presence of closed isobars around the grid with an SLP minimum, in the interval of 1hPa. (iv) Calculate
the pressure depth (ASLP) which is the SLP difference between the outermost closed isobar and the central pressure minimum.
(v) If a closed isobar is detected, the next step is to search for the presence of another closed isobar in the search radius of 3° of
the first one, in the next time step (24 hours). The search radius for 3rd and subsequent time steps is taken as the distance
travelled by the system in the previous time step (R). Since the movement of system slows down over the land, the search
radius over land is taken as 0.75R. The SLP minima detected outside the search radius are considered as independent systems
and are tracked simultaneously. (vi) If the search for a closed isobar does not return any results in any time step, the track
is considered as terminated. (vii) The systems with life cycle less than 3 days are not considered (viii) The algorithm runs
throughout the duration of monsoon season (1st June to 30th September).

Sl References.
1. Praveen V, Sandeep S, Ajayamohan RS (2015) On the relationship between mean monsoon precipitation and low pressure systems in climate model simulations. Journal of Climate 28(13):5305—

5324, doi:10.1175/JCLI-D-14-00415.1.
2. Hanley J, Caballero R (2012) Objective identification and tracking of multicentre cyclones in the ERA-Interim reanalysis dataset. Quart. J. Roy. Meteor. Soc. 138(664):612-625.
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Fig. S2. June — September climatology of SAl from observations, reanalysis, HIRAM, and AMIP models. While the SIKKA climatology is calculated for the period 1979 — 2003,
ERAI/MERRA/AMIP model climatology is calculated for 1981 — 2005. ERAI and MERRA are shown together; MERRA is represented by contours (30, 50, 100 and 150). The
pattern correlation of SAl between SIKKA and each dataset or model is shown on the top right of each panel.
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Fig. S3. June — September ensemble mean climatology of SAl from (A) HIST and (B) RCP8.5 decadal experiments of HIRAM; (C) ensemble mean difference between RCP8.5

and HIST decadal experiments; (D) historical all forcing (1981 — 2005) and (E) RCP8.5 (2071 — 2095) ensemble mean SAl climatology from CMIP5 models; (F) ensemble mean

difference between RCP8.5 and historical all forcing SAI climatology of CMIP5 models; (G) SAI climatology for the period 1951-2000, based on Sikka archive and (H) the

difference in Sikka SAI climatology between 1976—2000 and 1951-1975. The stippling in (C) and (F) depict the grids with a statistically significant (at 5% level) change in

the ensemble mean SAI. The CMIP5 models used for this analysis are bcc-csm1-1, bec-csm1-1-m, CCSM4, CESM1-BGC, CNRM-CM5, GFDL-ESM2G, GFDL-ESM2M,

IPSL-CM5A-MR, IPSL-CM5B-LR, MIROC5, MIROC-ESM, MIROC-ESM-CHEM, MRI-CGCM3, MRI-ESM1, NorESM1-M.
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Fig. S4. (A) Total number of LPS (land + BoB) formed during 1979 — 2003 period from Sikka archive (black), four HIRAM HIST simulations (blue, 1981 — 2005 period), and 17
AMIP model simulations (1981 — 2005 period). Bottom panel: Category-wise number of LPS formed over (B) BoB and (C) Indian land region from Sikka archive and from 25
year ensemble mean of HIRAM simulations of HIST (1981 — 2005) and RCP8.5 (2071 — 2095). The error bars show +1 standard deviation of LPS count among four ensemble
members for HIRAM. The LPS categories, based on the maximum pressure depth (AS L P) achieved during the life cycle of a storm, are Low (AS L P < 2hPa), Depression
(2hPa < ASL P <4hPa), Deep Depression (4hPa < AS L P <10hPa), Cyclonic Storm (10hPa < AS L P<16hPa), and Severe Cyclonic Storm (ASLP > 16hPa).
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Fig. S5. Number of LPS formed over the BoB and Indian continental region in the annual cycle experiments forced with decadal mean CMIP5 SSTs corresponding to the
decades of 1971-80, 1981-90, 1991-2000 (HIST) and 2071-80, 2081-90, 2091-2100 (RCP8.5). Each annual cycle is run with 10 different CMIP5 coupled mode SSTs and the
box and whisker plots show the spread among the 10 runs. Lower/upper whiskers correspond to 5t/95! percentile, lower/upper boxes represent 25M/75M percentiles, and the
horizontal bar shows the median.
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Fig. S6. Genesis locations of all LPS during 25 year simulations of individual ensemble members during June — September season. While panels (A,C,E) represent HIST
simulations, panels (B,D,E) represent RCP8.5 simulations. SST forcing is taken from (A,B) CCSM4 (C,D) GFDL-ESM2G and (E,F) MIROC5 models respectively to drive
HiRAM. The red (blue) color indicates the genesis location over land (BoB). Data presented for HIST are spanning the period 1981 — 2005 while that for RCP8.5 are 2071 —
2095. Number of LPS formed over the land and BoB during the span of 25 year period are indicated in the figure panels
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Fig. S7. The HIRAM ensemble mean seasonal mean relative changes in MDGI due to changes in (A) precipitable water, (B) ECAPE, and (C) relative humidity.(D) CMIP5
Ensemble mean climatology of low level absolute vorticity (s 1) from historical simulations and (E) the difference in CMIP5 ensemble mean climatology of low level absolute
vorticity between RCP8.5 and historical experiments. The stipplings in (E) shows the grids with a statistically significant change at 5% level among at least 50% of the
ensemble members. The climatology for historical ensemble is calculated for 1981 — 2005 and that for RCP8.5 is 2071 — 2095. The CMIP5 models used for the analysis in
(D) and (E) are bcc-csm1-1, bee-csm1-1-m, CCSM4, CESM1-BGC, CNRM-CM5, GFDL-ESM2G, GFDL-ESM2M, IPSL-CM5A-MR, IPSL-CM5B-LR, MIROC5, MIROC-ESM,
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Fig. S8. Ensemble mean June — September climatology of saturation deficit at 850hPa (K) from (A) HIST and (B) RCP8.5 simulations; (C) difference in ensemble mean
saturation deficit climatology between RCP8.5 and HIST simulations, where stippling show statistically significant changes at 5% confidence interval; (D) the vertical profiles of
ensemble mean saturation deficit climatology over the Bay of Bengal (solid lines) and Indian land region (dashed lines) for HIST (blue) and RCP8.5 (red) experiments. The error
bars show +1 standard deviation among four ensemble members. The profiles are averaged over the boxes shown in (C) over the ocean and land respectively.
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Fig. S9. June — September ensemble mean climatology of vertical velocity at 500hPa (x10-1 Pa s-1) for (A) HIST and (B) RCP8.5 simulations of HIRAM; (C) Ensemble
mean difference between RCP8.5 and HIST, where the stippling indicate the grids that are statistically significant (at 5% level); (D) — (F) same as (A) — (C) except for CMIP5
ensemble. The CMIP5 models used for the analysis in (D), (E), and (F) are bcc-csm1-1, bec-csm1-1-m, CCSM4, CESM1-BGC, CNRM-CM5, GFDL-ESM2G, GFDL-ESM2M,
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Fig. S10. Leading mode of variability in the monthly mean SST anomalies (K) from (A) HadISST1.1 and historical all forcing simulations of (B) CCSM4, (C) GFDL-CM3, (D)

GFDL-ESM2G, (E) MIROCS, and (F) the PC1 time series of leading mode of variability. The calculations are done for 1979-2005 period.
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