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ABSTRACT: Monsoon low pressure systems (LPS) are synoptic-scale disturbances that form along the quasi-stationary
trough of the larger-scale South Asian summer monsoon, producing a large fraction of total monsoon precipitation. Here,
we use an Earth system model to investigate the influence of Tibetan and Himalayan orography (THO) on mean monsoon
strength and LPS activity. The influence of THO height on LPS activity has not been investigated before. The model simu-
lates decreased mean monsoon circulation and precipitation when THO is removed, but the number of LPS and the merid-
ional extent of LPS activity increase; this is an unexpected, important finding given that LPS are principal rain-bearing
systems of the monsoon. The decreased mean monsoon circulation and precipitation on removal of THO are attributed to
enhanced mixing of dry extratropical air into the humid monsoon domain, as demonstrated by prior studies. The increase
in LPS frequency and the meridional extent of LPS activity is attributed to the increase in magnitude and meridional extent
of the low-level meridional shear of zonal wind, which previous work showed amplifies LPS through barotropic growth.
Specifically, as monsoon precipitation decreases, the sensible heat-driven low-level trough intensifies and shifts equator-
ward; this strengthens the shear zone in which LPS grow. Conversely, increasing THO height decreases the magnitude and
meridional extent of cyclonic shear over India, decreasing LPS frequency and the spatial extent of LPS activity while in-
creasing total monsoon precipitation. These results demonstrate that LPS activity and total monsoon rainfall can undergo
large, opposing changes in response to imposed forcings.

SIGNIFICANCE STATEMENT: Monsoon low pressure systems (LPS) are propagating atmospheric vortices that
deliver a large fraction of seasonal-mean precipitation to agricultural regions of India. The influence of Tibetan and
Himalayan orography (THO) on the South Asian monsoon is an active area of research, but its effect on LPS has re-
mained unexplored. Here, a global climate model is used to simulate LPS characteristics for different heights of THO.
Flattening the THO reduces total summer monsoon precipitation but increases the number of LPS and the spatial ex-
tent of LPS activity. We attribute these LPS changes to a decrease in the magnitude and meridional extent of the hydro-
dynamically unstable low-level cyclonic shear zone over South Asia that occurs when orography is flattened.
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1. Introduction Yoon and Chen 2005; Hurley and Boos 2015). South Asian
monsoon precipitation is also known to be highly sensitive to
the distribution of orography, with the Himalayas and adjacent
mountains and plateaus producing a monsoon that is stronger
and located further poleward than any other monsoon on Earth
(Hahn and Manabe 1975; Chakraborty et al. 2006; Wu et al.
2018; Boos and Kuang 2010).

Early studies (Sikka 1977; Keshavamurty et al. 1978) sug-
gested that monsoon LPS may grow through barotropic instabil-
ity, baroclinic instability, and various mechanisms of coupling
with moist convection. Goswami (1987) suggested that LPS are
Rossby—gravity waves that propagate northwestward as cumulus
convection couples with the maxima of low-level cyclonic vortic-
ity. Recently, Diaz and Boos (2019a,b) argued that monsoon de-
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moisture have also been argued to foster LPS growth (Adames
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ac.in convective coupling in the presence of a moisture gradient have

Synoptic-scale cyclonic disturbances called monsoon low
pressure systems (LPS) form over the Indian subcontinent dur-
ing the summer monsoon season (June-September; Mooley
and Shukla 1987). About half of these are stronger systems
called depressions and deep depressions, while the other half
are weaker systems called lows (IMD 2021). Most LPS form
over the warm surface waters of the north Bay of Bengal (BoB)
and move in the west or northwest direction along the monsoon
trough, producing a large fraction of the total summer precipita-
tion over continental South Asia (Sikka 1977; Goswami 1987;
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been shown to amplify LPS-like vortices in an idealized cloud-
resolving model (Diaz and Boos 2021). Mishra (2021) has also
found that the necessary condition for barotropic instability is
satisfied in monsoon depression formation.

Many studies (Hahn and Manabe 1975; Chakraborty et al.
2002, 2006; Zhang et al. 2015) have investigated the influence of
various orographic barriers on the Indian monsoon circulation
and precipitation. Boos and Kuang (2010) found that South
Asian summer monsoon circulation is unaffected by the re-
moval of the Tibetan Plateau, with only the presence of a nar-
row orography of the Himalayas and adjacent mountain ranges
south of the Plateau required to produce a strong monsoon by
insulating continental India from the dry extratropics (see also
Chakraborty et al. 2006). Other studies (Park et al. 2012; Wu
et al. 2012) suggest that the enhanced monsoon strength over
India in the presence of the Himalayan orography is governed
by surface heating and the ensuing sensible heat fluxes during
the premonsoon season. However, Nie et al. (2010) and Boos
and Kuang (2013) show that the south Asian summer monsoon
system is in convective quasi equilibrium and suggest that local
moist energy sources and the suppression of dry intrusions by
orography maintain high subcloud-layer moist entropy over
continental India and thereby the strong monsoon circulation.
In contrast, He (2017) suggests the surface sensible heating is
important for monsoon strength, producing a positive feedback
between moist convection over the south slope of the Himalayas
and the large-scale circulation when the height of the Himalayas
is increased. Ashfaq (2020) takes a middle ground and con-
cludes that sensible heating over Tibet might be only one of
the many processes that enhance the meridional tropospheric
temperature gradient (MTG) and precipitation over India,
while the Himalayas and adjacent mountain ranges act as
both a barrier and modulator of dynamic and thermodynamic
characteristics of the summer monsoon.

Regardless of the mechanism by which orography alters mon-
soon strength, all previous studies of the influence of Tibetan
and Himalayan orography (THO) on the South Asian monsoon
agree that a late monsoon onset, a southward shift in the location
of the monsoon trough, and reduced summer monsoon precipi-
tation result from the removal of the orography. As monsoon
LPS are a major contributor to monsoon precipitation (Thomas
et al. 2021) and as LPS propagate along the monsoon trough axis
(Sikka 1977; Goswami 1987), substantial changes in LPS statistics
and characteristics are expected with the change in the height of
THO. With THO rising at around 20 mm yr~! (Bettinelli et al.
2006), understanding the effect of the height of THO on LPS
characteristics seems crucial for understanding the evolution of
South Asian monsoon on paleo time scales. Studies (Kitoh 1997,
Okajima and Xie 2007) have also found that air-sea interactions
are crucial for determining the orographic effect on monsoons
and global climate change. To our knowledge, no previous study
has investigated the influence of THO on the number and over-
all activity of LPS in India. Hunt and Parker (2016) studied the
possible influence of Himalayan orography on the propagation
of monsoon depressions, but there is a much broader question of
how South Asian orography in general affect the number, inten-
sity, and precipitation of monsoon LPS. We address this impor-
tant research gap in this paper.
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2. Model, simulations, and methods

The coupled version of the NCAR Earth system model, the
Community Earth System Model (CESM1.2.2), is used in this
study. CESM1.2.2 is a fully coupled climate model for simulat-
ing Earth’s past, present, and future climate states (Hurrell et al.
2013). It is supported by the National Science Foundation
(NSF) and is maintained by the Climate and Global Dynamics
(CGD) Laboratory at the National Center of Atmospheric
Research (NCAR). It has seven geophysical named as follows:
atmosphere, ocean, land, river-runoff, sea-ice, land-ice, and
ocean-wave. A coupler coordinates these components by
passing information between them in a stepwise manner with
time. The atmospheric component of CESM1.2.2 is the Com-
munity Atmosphere Model version 4 (CAM4; Neale et al.
2013), which is configured here with a 0.9° X 1.25° horizontal
resolution and 26 vertical levels for our simulations. Further-
more, the land component of CESM, the Community Land
Model version 4 (CLM4; Oleson et al. 2010), is also config-
ured with 0.9° X 1.25° horizontal resolution. CLM4 has repre-
sentation for carbon and nitrogen biochemistry (Doney et al.
2006). The ocean component is the extension of the parallel
ocean program (PoP, version 2; Smith et al. 2010) with ap-
proximately 1° horizontal resolution on the displaced pole
grid. The Community Ice Code (CICE, version 4; Hunke and
Lipscomb 2008) is the sea ice component.

In this study, we have performed the present-day simu-
lations of the fully coupled version of the model (Compset,
B_2000_CN). The model is spun up by forcing it with present-
day concentrations (corresponding to the year 2000) of green-
house gases and aerosols. Initial condition files corresponding
to the present-day conditions are provided by existing present-
day simulations at NCAR. Four present-day experiments are
performed using the model: the first is a control simulation
(M1.0) with the current height of THO, and in the other ex-
periments (M0.0, M0.5, and ML1.5), the height of THO is
altered by 0, 0.5, and 1.5 times its present value, respectively.
It is achieved by setting three variables, namely, PHIS (surface
geopotential), SGH (standard deviation of surface elevation),
and SGH30 (surface roughness) in the USGS Topography file
of the model to 0, 0.5, and 1.5 times the default value (boundary
condition provided by NCAR) inside the rectangular area
between 60°-120°E and 25.9°-43.8°N (Fig. 1). To avoid a
sharp change in orography along the boundaries of the
chosen rectangular area, the above variables are smoothed
along the boundaries outside of the rectangular area, where
they are interconnected to other mountain ranges, i.e., between
43.8°-48.5°N and 21.2°-25.9°N along the longitudinal extent
60°-120°E and between 53.75° and 60°E along the latitudinal
extent 25.9°-43.8°N. The smoothing is achieved by the two-
dimensional Gaussian smoothing kernel technique using the
MATLAB package. The topographical domain mainly com-
prises the Tibetan and Himalayan orography and the Karakoram,
Hindu Kush, and Pamir-Alay ranges, and Kulun, Tian Shan,
and Qilian Shan mountains. The area is bounded by the
Iranian plateau toward the west, the Gobi Desert and other
mountain ranges in the north, and the southeast Asian moun-
tains in the southeast.
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FIG. 1. Surface geopotential height (m? s~?) in the (a) ML.0,
(b) M1.5, (c) M0.5 and (d) MO0.0 simulations. The actual topography
over the rectangular domain bounded by 60°-120°E and 25.9°-43.8°N
(shown as a black box in the panels) is multiplied by 1.0, 1.5, 0.5, and
0 in the M1.0, M1.5, M0.5, and MO0.0 simulations, respectively. The
blue box in (a) corresponds to the domain used for calculation of the
kinetic energy of the low-level jet, which is shown in Fig. 2b.

The spinup period to reach near-equilibrium conditions for
the present-day control simulation is 197 years. Using this equi-
librium state as the initial condition, branch runs were performed
with altered orography. The length of the runs depended on the
time required for the model to reach near equilibrium conditions
with altered orography, in terms of the variables described be-
low. The model runs with 0.5 and 1.5 times altered orography
reached equilibrium within 8 years (i.e., by 205 years). After
reaching equilibrium, the model is run for 37 years with data out-
put at 6-hourly intervals. The 37-yr simulations are referred to as
MO0.5 and ML1.5 respectively. The model run without THO re-
quired 12 years for reaching equilibrium (i.e., by 209 years). The
37-yr simulation (with data output at 6-hourly interval) after
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reaching equilibrium is referred to as M0.0. The plots of global
mean surface temperature, the net radiative flux at the top of the
model, and surface albedo (Fig. S1 in the online supplemental
material) during the spinup and analysis period for the experi-
ments indicate that the model has reached near equilibrium.
However, the nonzero value of the net radiative flux at the top
of the model (Fig. S1) indicates that the deep ocean has not
reached equilibrium.

LPS are tracked in the simulations considering the automated
tracking algorithm using geopotential criteria (ATAGC; Thomas
et al. 2021, 2022). A brief description of ATAGC is provided in
the supplemental material (Text S1). The changes in LPS charac-
teristics and statistics on altering the height of THO are evaluated.

3. Results and discussion

The ability of CESM to simulate the known features of
monsoon and LPS characteristics in present-day control simula-
tions (M1.0) has been extensively assessed in an earlier study
(Thomas et al. 2022). We briefly discuss the key results of the
model evaluation pertaining to monsoon circulation and LPS
here. CESM can simulate the general monsoon features such as
seasonality, northward propagation of monsoon precipitation, and
mean monsoon winds. However, the annual mean precipitation
simulated by CESM (96.4 * 7.5 cm) during a 37-yr period
over India exceeds the corresponding estimate (82.9 = 7.7 cm)
based on IMD (India Meteorological Department) observa-
tions over 1979-2015 by 16%. Similar to earlier studies (Hanf
and Annamalai 2020; Yao et al. 2016) that used CAM4/5, M1.0
also simulates a wet bias in mean monsoon precipitation over the
northern, southern, and western parts of India and a dry bias is
simulated over the eastern part. Hanf and Annamalai (2020) at-
tribute these biases to an unrealistic representation of boundary
layer processes off the coast of Somalia. Furthermore, the statisti-
cal features of LPS simulated by CESM (Thomas et al. 2022)
closely resemble features of LPS tracked from ERA-Interim data
(Thomas et al. 2021), except for a southward latitudinal shift
(~4°) in the spatial pattern of LPS characteristics (genesis and
track density) and the associated precipitation in the case of
CESM simulation. The southward latitudinal shift is associated
with the southward latitudinal shift of the monsoon trough which
is related to a smaller midtropospheric meridional temperature
gradient (MTG) magnitude simulated in the CTRL simulation
(compared to ERA-Interim) during both the premonsoon and
monsoon periods (Thomas et al. 2022).

In this paper, as discussed in section 1, we focus on the influ-
ence of THO on the LPS characteristics, as this was not the fo-
cus of past studies that primarily investigated the influence of
THO on broader monsoonal circulation and precipitation. To
demonstrate that our results are consistent with the past studies,
a detailed analysis of the effect of THO on mean monsoon cir-
culation and precipitation over India is first provided.

a. Effect on mean monsoon behavior
1) SUMMER MONSOON ONSET

Using the atmospheric general circulation model of the
National Meteorological Centre at T-80 resolution (~1.411°),
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FIG. 2. (a) The seasonal precipitation cycle over India in the CESM M1.0, M1.5, M0.5, and
MO0.0 simulations. The monthly means of precipitation are calculated over a 37-yr period. The
blue shading shows the uncertainty in the case of M1.0 estimated as *1 standard deviation of
monthly mean precipitation. (b) Climatological monthly mean kinetic energy of the low-level
jet, calculated as kinetic energy of winds at 850 hPa averaged over 50°—65°E and 5°-15°N in
CESM simulations over a 37-yr period. The domain used for the kinetic energy calculation is

shown in Fig. 1a.

Chakraborty et al. (2002) simulated a delay in monsoon onset
by around 39 days over India for the year 1998 when the to-
pography over the whole world is removed. Following the
same study, we consider the monsoon onset day as the first
day of the monsoon season when the precipitation is greater
than 4 mm day ™! for 5 consecutive days over the Indian re-
gion (the land area covering 8°-28.7°N and 67.5°-91.25°E).
We find that the onset is advanced (delayed) when the height
of THO is increased (decreased): the onset occurs around
16 June (*11 days) in the M1.0 simulation, while the onset is
advanced by around 3 days (13 June * 9 days) in M1.5 com-
pared to M1.0. Here the uncertainty is estimated as one stan-
dard deviation in the onset date calculated from 37 years of
simulations. In contrast, the onset is delayed by 1 day in M0.5
(17 June * 13 days) and 1 week in M0.0 (23 June * 16 days)
compared to M1.0. Thus, our results are qualitatively in agree-
ment with those of Chakraborty et al. (2002) regarding delay
in the onset of monsoon on the removal of THO (in MO0.0).

2) MEAN SUMMER MONSOON PRECIPITATION

In agreement with several earlier studies (Chakraborty et al.
2006; Zhang et al. 2015), we find that reducing (increasing)
the height of THO causes a reduction (increase) in summer
monsoon (June-September) precipitation over India (Fig. 2).
A 9.3% increase is simulated in the mean summer monsoon
precipitation over India in the M1.5 (1054 * 84 cm)
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simulation compared to M1.0 (96.4 = 7.5 cm, Table 1). In
contrast, a decrease of 11.5% and 44% are simulated in the
case of M0.5 (85.3 = 9.1 cm) and M0.0 (53.8 * 9.2 cm), re-
spectively. Here the uncertainty is estimated as one standard
deviation in mean summer monsoon precipitation over the
37-yr simulation period. The sensitivity of precipitation to the
height of the THO is thus not linear and is stronger for lower
heights. Investigation of the spatial distribution of mean mon-
soon precipitation over India in our simulations showed that
the major effect of partial reductions in topographic height
occurred over the foothills of the Himalayas (Fig. 3). Only
complete removal of the THO results in the reduction of
monsoon precipitation throughout India, with large decreases
simulated along the foothills of the Himalayas and along
the monsoon core region, in central India (Fig. 3; Table 1).
The intensified precipitation along the southern slope of the
Himalayas on increasing the height of THO is consistent with
earlier studies (He 2017; Boos and Kuang 2013).

3) MEAN SUMMER MONSOON CIRCULATION AND MTG

Another distinctive feature of the monsoon is the cross-
equatorial flow of westerlies that reach the Indian subcontinent.
As in earlier studies (Hahn and Manabe 1975; Zhang et al.
2015), cross-equatorial flow during the summer monsoon season
is established in all our simulations with different heights of
THO (Fig. 4). However, the strength of the monsoon circulation
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TABLE 1. Climatological means and LPS-related precipitation characteristics discerned from CESM simulations M1.0, M1.5,
MO0.5, and M0.0 during the summer monsoon season over a 37-yr period. Precipitation-related quantities and the equivalent
potential temperature are averages over India. The mean barotropic shear and second derivative of geopotential height in the
meridional direction are estimated over 70°-90°E between 10° and 26°N. The midtropospheric meridional temperature gradient
(MTG) is calculated as the difference in temperature between two boxes of latitudinal extent 10°-35°N and 15°S-10°N averaged
along the longitudinal belt spanning 30°-~110°E, and tropospheric levels between 200 and 700 hPa. The uncertainty is represented
by one standard deviation, and an asterisk denotes that the changes in mean precipitation are significant at a 95% confidence

level as per the two-sample ¢ test.

Characteristics M1.5 M1.0 MO.5 MO0.0

Total precipitation (cm) 105.4 + 8.4% 96.4 = 7.5 853 = 9.1* 53.8 = 9.2%
MTG during premonsoon season (K) —3.75 -39 —4.25 —4.42
MTG during summer monsoon season (K) 273 2.18 1.54 0.89
Barotropic shear (9U/y) (s™1) —0.63 -0.67 -0.71 —0.81
Second derivative of geopotential height at 850 hPa 0.15 0.09 0.24 0.40

in the meridional direction (m” s~ 2 per degree

squared)
Equivalent potential temperature (K) 348.24 348.11 346.39 341.71
Precipitable water (kg m™?) 49.1 48.7 482 423
Precipitation on LPS days (mm day ) 9.81 £ 0.9 9.16 = 0.7 814 = 1.0 5.22 * 0.9%
Precipitation associated with LPS (mm day ) 10.56 * 1.4%* 10.70 = 1.0 10.35 £ 1.4* 7.67 = 1.1*
Fraction of precipitation associated with LPS (%) 31 37 44 57
Percentage of extreme precipitation events 38.5 48.0 62.7 85.8

associated with LPS (%)
Percentage of extreme precipitation amount 37.8 47.3 63.1 87.0

associated with LPS (%)

is found to increase (decrease) when the height of the mountain
ranges increases (decreases) (Fig. S2). The kinetic energy of low
level winds over Arabian sea is normally used as a measure for
the strength of monsoon circulation, and they are found to be
correlated to monsoon precipitation (Joseph and Sijikumar
2004). Following Ajayamohan (2007), we calculated the kinetic
energy of low level monsoon jet as climatological mean kinetic
energy of winds at 850 hPa averaged over 50°-65°E and
5°~15°N. During the summer monsoon period, we find an in-
crease in the kinetic energy when the height of THO is in-
creased (Fig. 2). Furthermore, there is reduction in the strength
of circulation over the Arabian sea with a reduction in height of
THO (Fig. S2), consistent with reduction in monsoon precipita-
tion (Joseph and Sijikumar 2004). The strength of the Somali jet
in the case of the M1.5 simulation is comparable to M1.0, indi-
cating there is no increase in the strength when THO is raised.

4) INTRUSION OF DRY MIDLATITUDE AIR

Boos and Kuang (2010) show that the presence of a narrow
Himalayan range south of Tibetan Plateau is sufficient to sim-
ulate the Southeast Asian summer monsoon circulation by in-
sulating moist air over India from dry extratropical air. Their
study finds that the upper tropospheric temperature is maxi-
mum south of the plateau during summer, and the maximum
lies directly over the location with the highest near-surface
equivalent potential temperature because the monsoon system
is in quasi-convective equilibrium. In our M1.0 simulation also,
the maximum upper tropospheric temperature during summer
(Fig. 5a) is south of the plateau, and it lies directly above large
values of equivalent potential temperature at 875 hPa (Fig. 6a,
Fig. S5). This is consistent with the convective quasi-equilibrium
of the monsoon system over India.
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Following Goswami and Xavier (2005), we compute (MTG)
as the difference between means of mass weighted climatolog-
ical temperatures corresponding to two boxes of latitudinal
extent 10°-35°N and 15°S-10°N averaged along the longitudinal
belt spanning 30°-110°E, and tropospheric levels between
200 and 700 hPa. MTG is negative (positive) during the
premonsoon (summer monsoon) season (Table 1) and when
the height of THO is increased an increase is simulated in
the magnitude of MTG (Table 1). MTG is positive during the
summer monsoon season (June-September; Table 1), and
the onset of monsoon coincides with the reversal in the sign
of MTG (Goswami and Xavier 2005). The simulated MTG
values for the monsoon season corresponding to the ML.5,
M1.0, M0.5, and M0.0 simulations are 2.73, 2.18, 1.54, and 0.89 K,
respectively (Table 1). MTG reverses its sign early in the M1.5
simulation leading to an early onset in M1.5 compared to other
simulations (Fig. S3). The MTG strength and the associated verti-
cal shear of mean zonal winds (Fig. S4) are indicators of the
strength of the monsoon (Goswami and Xavier 2005). In our sim-
ulations, a stronger (weaker) MTG during the summer monsoon
season is simulated on increasing (decreasing) the height of THO.

When the height of THO is decreased, a southeastward shift
is simulated in the location of the maxima of upper tropospheric
temperature (Fig. 5) and equivalent potential temperature at
875 hPa (Fig. 6), indicating that THO enhances monsoon pre-
cipitation and MTG by acting as a barrier to prevent mixing
of high-entropy warm and moist air over India with low-
entropy dry extratropical air. The lower orography just to the
west of the Tibetan Plateau (e.g., the Hindu Kush range)
allows the intrusion of dry extratropical air into the Indian
mainland in the M1.0 simulation, as demonstrated by previous
studies (Chakraborty et al. 2006; Boos and Hurley 2013);
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FIG. 3. The mean precipitation over the Indian subcontinent in the summer monsoon season (June-September)
in the CESM simulations: (a) M1.0, (b) M1.5, (d) M0.5, and (f) M0.0, and anomalies in the mean precipitation of
(c) M1.5, (e) M0.5, and (g) MO0.0 simulations relative to M1.0. The means are calculated over a 37-yr period. The
hatching in the right panels shows regions where changes in the mean precipitation are significant at a 95% confidence
level as per the two-sample ¢ test.
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FIG. 4. The climatological mean of the 850-hPa winds (m s ') during the summer monsoon season (June-September)
over the Indian subcontinent in the CESM simulations (a) M1.0, (b) M1.5, (c) M0.5, and (d) MO0.0 over a 37-yr period.
The black-colored straight line denotes the trough axis, which is constructed by manually connecting locations of zero

velocity and extended rightward until the coast.

an increase in orographic heights in that region suppresses
those intrusions in the M1.5 simulation. The reduction of topo-
graphic heights also reduces the north-south gradient of geo-
potential height (Figs. 7b,f) over the Arabian Sea. The
difference of the average geopotential height between the
northern Arabian Sea (15°-30°N, 50°-70°E) and southern
Arabian Sea (0°-15°N, 50°-70°E) decreases as the height of
THO decreases (50.9, 45.1, 31.6, and 14.1 m? s 2 for M1.5, M1.0,
MO.5, and MO.0, respectively). This in turn leads to a reduction
in the magnitude of low-level jet and hence the kinetic energy of
the winds over the Arabian Sea (Fig. 2), implying a reduction in
monsoon precipitation (Joseph and Sijikumar 2004).

Wau et al. (2012) found that the southeast Asian monsoon is
also sensitive to the elevated heating effect of the Himalayas.
However, an investigation into the unique effect of surface heat-
ing and the consequent increase in transfer of sensible heat to
the atmosphere over THO (using experiments with and without
sensible heating) on the Indian monsoon is beyond the scope of
this study. Such an investigation was performed by Ma et al.
(2014), who found that South Asian monsoon strength was
most sensitive to surface fluxes south of the Himalayas, in the
location of the moist static energy maximum.

b. Effect on LPS characteristics
1) LPS FREQUENCY AND LPS DAYS

Application of the ATAGC algorithm to ERA-Interim rean-
alysis data identified around 14 LPS per year over the Indian
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subcontinent during 1979-2015, which comprised, on average,
8.8 lows, 5.1 depressions, and 0.2 deep depressions (Thomas
et al. 2021). Analogous analysis was performed on the CESM
simulations. Herein, LPS are categorized based on the geopo-
tential anomaly values (based on eight surrounding grid points)
and maximum wind speed at 850 hPa within 5° of the tracked
LPS (Table S1). On average, around 13.6 LPS per year are
tracked in the M1.0 simulation, which comprised 8 lows, 4.6
depressions, and 1 deep depression (Table 2). This is in close
agreement with our earlier study (Thomas et al. 2021) on ob-
served LPS activity over India. Increase (decrease) in the height
of THO results in a reduction (an increase) in the frequency of
LPS overall, and in the frequency of each category of LPS.
Around 12.4 LPS per year comprising 7.3 lows, 4.4 depressions,
and 0.7 deep depressions (Table 2) are tracked in the M1.5 sim-
ulation, while 16.1 LPS per year consisting of 9.6 lows, 5.5 de-
pressions, and 1 deep depression are tracked in the MO0.5
simulation (Table 2). In the M0.0 simulation, the respective
numbers further increased to 17.2, 10.2, 5.5, and 1.5 per year
(Table 2). On average, LPS are prevalent for about 54.0, 63.0,
71.3, and 81.1 days over India during the monsoon period in the
M1.5, M1.0, M0.5, and MO0.0 simulations, respectively (Table 2).
Similar to mean monsoon precipitation, the increase in the num-
ber of LPS and LPS days with the decrease in the height of
THO is also nonlinear and is most pronounced when THO is
completely removed. The difference in the mean number of all
LPS and LPS of different categories in the case of M0.0 com-
pared to M1.0 are found to be significant at 5% significance
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FIG. 5. The mean upper-tropospheric temperature (K) at 300 hPa during the summer monsoon season (June-September)
in the CESM simulations (a) M1.0, (b) ML.5, (d) M0.5, and (f) M0.0 over 37-yr periods, and anomalies in the (c) M1.5,
(e) M0.5, and (g) M0.0 simulations relative to the M1.0 simulation. The hatching in the right panels shows regions where
changes in the mean upper-tropospheric temperature are significant at a 95% confidence level as per the two-sample ¢ test.

level (using the two-sample ¢ test). To remove the influence of
heat lows (which are dry) on our estimation of the frequency of
LPS, we also estimated the frequency of LPS that are associated
with significant amounts of precipitation (within 1000 km of
LPS tracks). We found that the results are unchanged when
LPS with small amounts of precipitation are excluded (those
with associated precipitation of less than 1, 2, 3, or 5 mm
day ). In summary, we find that the number/frequency of LPS
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and their collective duration decrease (increase) when the
height of THO is increased (decreased).

2) ROLE OF OROGRAPHY

The monsoon trough axis, extending from the heat low in
Pakistan to the northern BoB, provides the background for
LPS genesis and propagation (Sikka 1977; Goswami 1987;
Krishnamurthy and Ajayamohan 2010). With an increase in
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FIG. 6. The mean equivalent potential temperature at 875 hPa during the summer monsoon season (June-September)
in the CESM simulations (a) M1.0, (b) ML1.5, (d) M0.5, and (f) M0.0 over 37-yr periods, and anomalies in the (c) M1.5,
(e) MO0.5, and (g) M0.0 simulations relative to the M1.0 simulation. The white areas indicate the regions where the
875-hPa pressure level is below the orography. The hatching in the right panels shows regions where changes in the

mean equivalent potential temperature are significant at a 95% confidence level as per the two-sample ¢ test.

the height of THO, less intrusion of dry air and enhanced
orographic precipitation occur as the trough axis moves
northward toward the foothills of the Himalayas (Fig. 4) in
the M1.5 simulation. There is a reduction in the simulated
number of LPS of all categories and their collective duration
in M1.5 compared to M1.0 (Table 2). A marginal reduction in
the latitudinal extent of the genesis and track density of LPS
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also occurs in M1.5 compared to M1.0, as the spread of the
tracks around the median track is narrower in M1.5 (Fig. 8,
Fig. S6). The synoptic activity index (SAI), which is an inte-
grated metric that characterizes the activity of LPS at a location
in terms of both the intensity (maximum wind speed) and num-
ber of systems (Ajayamohan et al. 2010), also shows a decrease
in its spatial extent in the latitudinal direction (Fig. 9).
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in the CESM simulations (a) M1.0, (b) M1.5, (d) M0.5, and (f) M0.0 over 37-yr periods, and anomalies in the (c) M1.5,
(e) MO0.5, and (g) M0.0 simulations relative to the M1.0 simulation. The white areas indicate the regions where the
850-hPa pressure level is below the orography. The hatching in the right panels shows regions where changes in the

mean geopotential height are significant at a 95% confidence level as per the two-sample ¢ test.

As a measure of orographic blocking, we calculate the vortex
Froude number (VFN; Lin et al. 2005) as Viax/(Nh), where
Vmax represents the maximum tangential velocity of the system,
and N and 4 are the Brunt-Viiséld frequency and mountain
height, respectively. The VFN can be interpreted as the ratio of
the kinetic energy of the system to the potential energy required
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to surmount the barrier. The lower the value of VEN, the higher
is the orographic blocking by the mountain. When the VFN is
less than 1.5, one study found the tracks of tropical systems to
be discontinuous (Lin et al. 2005), although in a nonrotating
frame at the laboratory scale, the limiting value of VFN for
orographic blocking is much smaller (0.5; Baines 1987). The
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TABLE 2. The annual mean number of different LPS categories (i.e., lows, depressions, deep depressions) and LPS days in the
CESM simulations M1.0, M1.5, M0.5, and MO0.0 estimated over 37-yr periods. The uncertainty is represented by one standard error.

CESM simulation LPS Lows Depressions  Deep depressions  Depressions + deep depressions LPS days
M1.5 124 £28 73 x24 44 +22 0.7 = 0.8 51+23 540 = 124
M1.0 13.6 £ 2.6 8.0+ 3.0 46 + 1.8 1.0 £ 08 5.6 +1.9 63.1 = 8.9
MO.5 16.1 * 3.3 9.6 £35 55+19 1.0 £ 09 6.5 =20 71.3 = 103
MO0.0 172 £3.0 102 = 3.0 55*+19 1511 7.0 1.9 81.1 = 12.1

largest velocity for categorizing a system as a low is 8.5 m s ™!

(IMD 2021), and the average height (between 80°~100°E and
30°-40°N) of the THO in M1.5 is 5530 m. Taking a value of
0.01s™! for N (Lin et al. 2005), the VEN for M1.5 is estimated
as 0.15, which is very small. Not surprisingly, this indicates
that the THO can strongly block LPS that form near the foot-
hills of the Himalayas. VFN values for M1.0 and M0.5 are
0.225 and 0.45, respectively.

Since the monsoon trough axis has moved northward in
M1.5, most LPS form over land along the monsoon trough
axis near the foothills of the Himalayas. Such systems are
probably short lived as they propagate and reach the Himala-
yas faster, where they are subjected to strong orographic
blocking. Therefore, these systems would decay before being
identified by ATAGC as LPS because systems with a lifetime
of fewer than two days are not categorized as LPS by our al-
gorithm (ATAGC). Thus, we find that the northern extent of
genesis and track density is reduced (Figs. 8 and 9). However,
the zonal flow in M1.5 could occasionally split into upper
(north) and lower (south) branches followed by a weakening
of the upper branch resulting in trough formation near north-
ern BoB (Fig. S7). Thus the position of the median track is
nearly unchanged in the M1.5 simulation relative to M1.0.

When the height of THO is reduced to half in M0.5, there is
an increase in the simulated number of LPS (Table 2) and the
meridional extent of the LPS track density (in terms of the area
occupied by the 66% of the tracks that lie closest to the median
track) over the Indian subcontinent (Fig. 8). With a reduction in
the height of THO the intrusion of dry extratropical air into the
monsoon region increases (Fig. 6). This leads to a weaker MTG
(Table 1), a southward shift of the trough axis (Fig. 4), and an ex-
tensive low pressure area as indicated by the spatial pattern of
geopotential height (Fig. 7) over the Indian subcontinent. This,
in turn, is associated with an increase and meridional spread in
LPS genesis and track densities and expansion of the genesis
area (Fig. 8). Similarly, when THO is completely removed in
MO.0, the trough area further expands into the Tibetan and
Himalayan areas (Fig. 7f) consistent with the formation and
propagation of LPS not only over India but also in the neigh-
boring areas to the north and northeast (Fig. 8, Fig. S8).
Some LPS that form over the BoB and propagate northwest-
wards curve near northwest India and move into the Tibetan
and Himalayan areas (Fig. S8). This is likely due to an inter-
action between the monsoon circulation and the subtropical
jet stream (upper level westerlies) which have moved equa-
torward by about 4° in M0.0 compared to M1.0 (Fig. 10). Con-
sequently, a spatially expanded track density over the Indian
subcontinent is simulated (Fig. 8). Tracks that curve toward
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the northeast (Fig. S8) have been also observed in the obser-
vational record during 1888-2003 (Fig. 1a of Krishnamurthy
and Ajayamohan 2010). Figure 10 also shows the weakening
and southeastward shift of the upper-level anticyclone when
the height of THO is reduced, consistent with the reduction
and southeastward shift in the maximum values of upper tro-
pospheric temperature (Fig. 5). As shown by Ma et al. (2014),
reductions in the height of orography like the THO allow
the intrusion of dry extratropical air (Fig. 6), causing a re-
duction and southeastward shift in the location of maximum
values of near-surface equivalent potential temperature and
inhibition of convection by drying of the free-troposphere.
Since the upper-tropospheric monsoon temperature maxi-
mum is maintained by convective coupling with near-surface
air, this leads to a reduction in the magnitude and a south-
eastward shift in the location of maximum upper tropo-
spheric temperature and the upper-level anticyclone. Abe
et al. (2003) also simulated an increase in mean sea level
pressure over THO on increasing the height of world orog-
raphy as in our experiments. They attributed the increased
sea level pressure to reduced surface temperature due to an
increase in precipitation leading to an increase in ground
wetness and a decrease in downwelling shortwave radiation
at the surface due to an increase in cloudiness.

3) BAROTROPIC SHEAR AND THE GENESIS OF LPS

Monsoon LPS have been recently shown to draw energy
for their growth from the meridional shear present in the ba-
sic state zonal wind, in a process similar to barotropic instabil-
ity (Diaz and Boos 2019a,b). The mean monsoon circulation
over north BoB (80°-90°E) is found to satisfy a necessary condi-
tion for barotropic instability (Fig. 11) in all four simulations,
namely, a change in sign of the meridional gradient of the ab-
solute vorticity. We calculate the mean meridional gradient
(between 10° and 26°N) of 850-hPa zonal winds averaged over
the longitudinal range 70°-90°E (9 U/dy; obtained from Fig. 12a)
as a measure for the degree to which the large-scale monsoon
circulation might support barotropic growth. Estimates of this
mean barotropic shear are —0.63, —0.67, —0.71, and —0.81 s !
in the M1.5, M1.0, MO0.5, and MO0.0 simulations, respectively
(Table 1). Thus, with the decrease in the height of THO, the
absolute magnitude of mean meridional shear of zonal wind
is found to increase, implying that the conditions that might
support barotropic growth increase in the core monsoon re-
gion. It is not just the absolute magnitude of meridional cy-
clonic shear that increases as the height of the THO is
reduced, but also the latitudinal extent over which this shear
exists (Fig. 12b).
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FIG. 8. (left) LPS genesis density (i.e., number of genesis locations per year within a 500-km radius of
a location), and (right) LPS track density (i.e., number of tracks per year within a 500-km radius of a
location) in the CESM simulations M1.0, M1.5, M0.5, and M0.0 over 37-yr periods. In each right panel,
the solid black line indicates the median track, whereas the black dashed lines enclose 66% of the tracks
around the median track. To construct the median track, the longitudinal belt extending from 76° to
90°E is divided into longitudinal sections of width 1° each, and the medians of latitudinal locations of
tracks identified in the longitudinal sections are joined (Thomas et al. 2021).
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The maximum of average zonal wind is found at 12.7°N in
the M1.5 simulation, while the minimum exists at 25.9°N, giv-
ing a meridional extent of the cyclonic shear zone of 13.2°.
The span increases to 16.0° in the M1.0 simulation and 17.0°
in the MO.5 simulation. When the THO is completely re-
moved, the extent of the shear zone increases to 18.9° (5.7°
more than M1.5), spanning 8.9°-27.8°N. With the reduction in
the height of orography, the dry air intrusion (indicated by
smaller values of equivalent potential temperature over India
in Fig. 6) is enhanced, and the monsoon precipitation weakens
(Fig. 3). The land becomes drier, and the surface temperature
increases as cloudiness and precipitation decrease (Fig. S9,
Figs. 13 and 14). The average surface temperature over India
is 300.4, 301.6, 302.4, and 305.1 K in the M1.5, M1.0, M0.5,
and MO.0 experiments, respectively. The low-level cyclonic
circulation around India’s monsoon trough also increases, as
indicated by an increase in the curvature of the geopotential
height at 850 hPa (Table 1). Thus, we find an intensification of
the geostrophically balanced shallow heat low circulation over
India when the height of THO is reduced. This is consistent with
an increase in absolute vorticity over India with a decrease in
height of THO (1.21, 1.3, 1.4, and 1.5 s~! for the M1.5, M1.0,
MO.5, and M0.0 experiments, respectively). A lower-tropospheric,
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shallow heat low is superimposed on the deep-tropospheric pre-
cipitating circulation in all of Earth’s regional monsoons (Nie
et al. 2010), and the shallow heat low circulation has been shown
to strengthen as precipitation weakens in interannual variability
in some regions (e.g., Shekhar and Boos 2017). Thus, with the re-
duction in the height of THO, an increase is found in the abso-
lute magnitude and the latitudinal extent of the cyclonic shear of
zonal wind around the South Asian heat low (Fig. 12), leading to
stronger barotropic growth over a broader domain that we sug-
gest increases the LPS activity area over the region (Fig. 8).

A southward latitudinal shift of the cyclonic shear zone is
found in the spatial plot of meridional shear of zonal wind in
MO0.0 compared to the M1.0 simulation (Fig. S10). The shear
conditions that favor the formation of LPS decrease at the lo-
cation of maximum genesis density (corresponding to M1.0)
when the height of THO is reduced. This causes a decrease in
the maximum genesis density in M0.0 and M0.5 compared to
M1.0 (Fig. 8). Thus, the maximum LPS genesis is reduced
when the height of THO is decreased, but the density is
spread over a wider domain (Fig. 8).

Although the number of stronger storms (i.e., depressions
and deep depressions) increases as the orography is flattened,
the number of lows also increases so that the fraction of LPS
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FIG. 10. The mean 200-hPa winds (m s~ ') during the summer monsoon season (June-September) over the Indian

subcontinent in the CESM simulations (a) M1.0, (b) M1.5, (c) M0.5, and (d) M0.0. The subtropical jet moves equator-
ward by about 4° in M0.0 (around 24°) compared to M1.0 (around 28°) when THO is removed. The upper-level anti-
cyclone moves southeastward. The shading represents the zonal wind velocity with positive values corresponding to

westerlies and negative values to easterlies.

that are classified as depressions and deep depressions is nearly
unchanged (Table 2). It is possible that this insensitivity of the
intensity of the LPS distribution to THO height results from
compensating changes in multiple factors. For example, a pole-
ward moisture gradient has been argued to contribute to LPS in-
tensification by enhancing moist convection on the western side
of LPS (Adames and Ming 2018; Diaz and Boos 2021); the re-
duction in mean water vapor content and its northward gradient
as THO height is reduced (Fig. S11) might thus reduce the in-
tensification of lows into depressions, countering the positive in-
fluence of enhanced meridional shear on intensification. This
reasoning is speculative, but we treat the question of the influ-
ence of THO height on the intensity distribution of LPS as a
higher-order question that will be left for future work. A Fou-
rier-based scale separation technique (Mishra 2018, 2021) could
be used to enhance the current state of knowledge on various
processes involved in LPS formation and propagation.

c¢. Precipitation associated with LPS

Monsoon LPS are the major rain bearers of much of continen-
tal South Asia (Yoon and Chen 2005; Hunt and Fletcher 2019;
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Thomas et al. 2021). When precipitation within 1000 km of a
LPS track (called LPS-related precipitation) is calculated
over the Indian landmass, a decrease or increase in the height
of THO by half its original value caused only a small change
in this quantity. The spatial patterns of the average precipita-
tion for different radial distances (in the range 500-1000 km)
from the LPS center are similar, as shown in our recent study
(Thomas et al. 2021). Therefore, without loss of generality,
we have chosen the 1000 km radius to calculate the LPS-
related precipitation. In the M1.0 simulation, the mean LPS-
related precipitation is 10.70 + 1.0 mm day ' (Fig. S12, Table 1).
The corresponding values in the M1.5 and M0.5 simulations are
10.56 += 1.4 and 10.35 = 1.4 mm day ", respectively (Table 1).
Here the uncertainty estimates are one standard deviation in
mean precipitation within 1000 km of LPS track. Strong spatial
correlation (r) is evident between LPS-related precipitation in
(i) M1.5 and M1.0 (r = 0.99), and (ii) M0.5 and M1.0 (r = 0.98)
(Fig. S12). However, when the THO is completely removed in
the M0.0 simulation, a larger reduction (to 7.67 + 1.1 mm day ')
is found in the mean LPS-related precipitation (Table 1). Even
with an increase in the number of LPS, the decrease in the
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over the longitudinal belt (80°-90°E) in the M1.0, M1.5, M0.5, and MO0.0 simulations over 37-yr
periods. Barotropic instability occurs when the absolute vorticity gradient changes its sign
(Pedlosky 1979). A sign change of the absolute vorticity gradient occurs around 22°N in all the

simulations.

amount of precipitable water (Table 1, Fig. S11) is the likely
cause for a decrease in the magnitude of LPS-related precipita-
tion in MO0.0. This indicates that THO enhances monsoon and
LPS-related precipitation by acting as a barrier to dry extratropi-
cal air (Boos and Kuang 2010).

According to a recent study (Hunt and Fletcher 2019),
around 44% of monsoon precipitation over India is LPS-related
in the observational dataset. Our simulated value in M1.0 of
37% is close to this value (Table 1). The percentage of LPS-
related monsoon precipitation decreases to 31% in the M1.5
simulation owing to a decrease in the number of LPS with an in-
crease in the height of THO. However, as the number of LPS
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increases with the decrease in the height of orography, percent-
age contribution by LPS to total monsoon precipitation in-
creases to 44% and 57% in the M0.5 and MO0.0 simulations,
respectively (Table 1).

In CESM, the mean summer monsoon precipitation over
the Indian landmass on LPS days is 9.16 + 0.7 mm day ™! in
the M1.0 simulation (Table 1). Similar to the behavior of
mean summer monsoon precipitation over India, with the re-
duction in the height of THO, there is a reduction in simu-
lated precipitation over India on LPS days in the case of M0.5
(8.14 + 1.0 mm day ') and M0.0 (5.22 *= 0.9 mm day '), re-
spectively (Table 1). In comparison, an increase in the height of
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FIG. 12. (a) The mean 850-hPa zonal winds averaged over the longitudinal belt (70°-90°E) in the M1.0, M1.5, M0.5,

and MO0.0 simulations over 37-yr periods. Meridional shear of zonal wind (which is an indicator for barotropic instabil-
ity) is determined for each simulation as the slope of the mean zonal wind between 10° and 26°N. (b) The black out-
lined box indicates the domain used for calculation of meridional shear in (a), and colored dots indicate the latitudinal
extent of cyclonic barotropic shear estimated as the latitudinal distance between the maximum and minimum zonal
winds in (a) for each experiment between 2° and 30°N.
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surface temperature are significant at a 95% confidence level as per the two-sample ¢ test.
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THO in ML.5 leads to an increase in precipitation over India on
LPS days (9.81 = 0.9 mm day ™ '; Table 1). The major difference
in simulated precipitation (with respect to that in M1.0) is noted
along the foothills of the Himalayas in all three experiments,
namely, M1.5, M0.5, and M0.0 (Fig. S13). Overall, our simula-
tions indicate that orographic rainfall plays a major role in in-
creasing/decreasing the precipitation over the country on LPS
days. A large decrease in LPS-related precipitation is simulated
along the core monsoon region of central India only in the M0.0
simulation (Fig. S12), indicating that the presence or absence of
THO has a major influence on LPS-related precipitation in the
core monsoon region.

Monsoon LPS are the major contributor to extreme precip-
itation events occurring during the summer monsoon in India
(Thomas et al. 2021). A precipitation event is called extreme
if the daily precipitation is greater than 64.5 mm day ' (IMD
2021). About 48% of extreme precipitation events during
monsoon season are LPS-related in the M1.0 simulation. The
percentage decreases to 38.5% in the M1.5 simulation (Table 1),
even though there is an increase in the number of extreme events
(by 10.1%; not shown in table) compared to the M1.0 simulation.
This can be attributed to a decrease in the number of LPS in
M1.5 compared to M1.0. In contrast, in the M0.5 and M0.0
simulations, there is a decrease in the number of monsoon
extreme events (by 43.5% and 66.9%, respectively) compared
to M1.0, together with an overall decrease in summer monsoon
precipitation. However, a larger percentage of the extremes
(62.7% in MO.5 and 85.8% in M0.0) are found to be LPS-related
(Table 1), which could be attributed to a significant increase in
the number of LPS. Similarly, of the total amount of monsoon
precipitation occurring as extreme precipitation over India,
47.3% is LPS-related in the M1.0 simulation, 38.7%, 63.1%,
and 87.0% in the M1.5, M0.5, and M0.0 simulations, respec-
tively (Table 1).

4. Summary and conclusions

In this study, we have investigated the influence of THO on
monsoon LPS using a fully coupled version of climate model
CESM1.2.2. Four experiments are performed in which the
height of THO is changed to 1.5, 1.0, 0.5, and 0.0 times its origi-
nal value. Even though there is a decrease in simulated mean
summer monsoon precipitation and circulation with a reduction
in the height of THO, the frequency and latitudinal extent of
LPS increase. A schematic of key changes in the upper, middle,
and lower levels when the height of THO is decreased is shown
in Fig. 15. A southward shift and an increase in the meridional
extent of the low level cyclonic meridional shear (Fig. 15) are
simulated when the height of THO is decreased. The dry extra-
tropical air intrusion due to the reduction in the height causes
the maxima of upper tropospheric temperature (Fig. 5) and the
associated low-level equivalent potential temperature (through
quasi equilibrium; Fig. 6) to decrease and shift southeastwards
(Fig. 15). The decrease in monsoon precipitation and the asso-
ciated increase in surface temperature (Fig. 13) leads to an
intensification of the trough (Fig. 7), geostrophically associated
westerlies (Fig. 12), and the meridional shear. Recent literature
shows that LPS draw their energy from barotropic growth
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coupled with precipitating convection (Diaz and Boos 2019a,b).
When the height of THO is reduced or even removed, an in-
crease in the mean meridional cyclonic shear and its latitudinal
extent is simulated during the monsoon season (Fig. 15) which
leads to an increase in the number of LPS and the latitudinal
extent of their formation and propagation.

The LPS-related precipitation (i.e., which occurs within
1000 km of LPS tracks) remains almost unchanged when the
height of THO is increased or decreased by half its original
height. The changes in precipitation for those cases are about
1.3% and 3.3%, respectively. In contrast, precipitation on LPS
days shows a significant change, indicating that the orographic
rainfall (near the foothills of the Himalayas) plays a major
role in increasing or decreasing the rain associated with
LPS. Further, a decrease in the total number of precipita-
tion extremes and a 40% increase in the percentage of LPS-
related precipitation extremes are simulated in the absence
of THO.

Our results are consistent with earlier studies (Ashfaq 2020;
Ashfaq et al. 2009) which showed that models that simulate a
stronger MTG tend to also simulate a northward shift in the
monsoon trough (Rastogi et al. 2018); here we argue that the
weakening and increased proximity of low-level meridional shear
zone that accompanies that northward shift in the trough cause
reduced LPS genesis. Among the 11 CMIP5 models analyzed by
Ashfaq et al. (2009), the Hadley models and ACCESS1-0 had
the strongest MTG and simulated weak LPS activity over the
BoB (Rastogi et al. 2018). This is consistent with earlier studies
that showed the mechanisms influencing the MTG strongly im-
pact LPS formation and propagation.

There are some limitations to our study. First, we have per-
formed only a single simulation for each experiment, and an
ensemble of simulations would be desirable. However, each sim-
ulation is multiple decades long, and the consistency in the results
among the experiments (the consistent decrease in the frequency
of LPS when the height of THO is increased) lends confidence in
our results. Second, the simulations presented are from a single
climate model, and LPS tracks are identified using a single track-
ing algorithm. An analysis of an ensemble of simulations from
multiple climate models and applying multiple tracking algo-
rithms (Vishnu et al. 2020) on those to infer changes in LPS
characteristics (genesis area, track density) and LPS-related pre-
cipitation (including extremes) would help to test the robustness
of the conclusions drawn in this article. Analysis using models
with higher vertical resolution would also aid in testing the ro-
bustness of the results obtained, although prior work has shown
that South Asian LPS can be simulated with roughly 30 vertical
levels in the atmosphere (Adames and Ming 2018).

Finally, because of the coarse resolution of our climate model
simulations, the orography may also be highly smoothed com-
pared to observed orography. Despite these limitations, our
study confirms the reduction in summer monsoon precipitation
and monsoon circulation on the removal of THO. That aspect
of this paper merely confirms prior work showing how orogra-
phy alters mean monsoon strength (e.g., Hahn and Manabe
1975; Chakraborty et al. 2006; Boos and Kuang 2010), but it
does so in the context needed to understand associated LPS
changes. Furthermore, for the first time, we have investigated
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in the magnitude and latitudinal extent of barotropic cyclonic shear. This, in turn, causes an increase in the number and latitudinal extent

of genesis area of LPS over the country.

the role of THO on LPS activity in India and showed that the
number and latitudinal extent of LPS activity would increase on
the removal of THO. This anticorrelation between mean mon-
soon strength and the LPS number/spatial extent of LPS activity
is an unexpected and important finding, meriting further investi-
gation to see if it might also hold for other forcings.
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