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ABSTRACT

Monsoon low pressure systems (MLPSs) are among the most important synoptic-scale disturbances of the

South Asian summer monsoon. Potential changes in their characteristics in a warmer climate would have

broad societal impacts. Yet, the findings from a few existing studies are inconclusive.We use the Geophysical

Fluid Dynamics Laboratory (GFDL) coupled climate model CM4.0 to examine the projected changes in the

simulated MLPS activity under a future emission scenario. It is shown that CM4.0 can skillfully simulate the

number, genesis location, intensity, and lifetime ofMLPSs. Global warming gives rise to a significant decrease

in MLPS activity. An analysis of several large-scale environmental variables, both dynamic and thermody-

namic, suggests that the decrease inMLPS activity can be attributedmainly to a reduction in low-level relative

vorticity over the core genesis region. The decreased vorticity is consistent with weaker large-scale ascent,

which leads to less vorticity production through the stretching term in the vorticity equation. Assuming a fixed

radius of influence, the projected reduction in MLPSs would significantly lower the associated precipitation

over north-central India, despite an overall increase in mean precipitation.

1. Introduction

Cyclonic vortices of varying intensity, collectively

known asmonsoon low pressure systems (MLPSs), are an

important feature of the South Asian summer monsoon

(Sikka 2006; Yoon and Huang 2012; Hurley and Boos

2015; Hunt et al. 2016a; Adames andMing 2018a,b; Clark

et al. 2020). Occurring within the large-scale monsoon

trough, MLPSs are the primary rain-producing synoptic-

scale systems over the Indian subcontinent, and are es-

timated to be responsible for more than half of the an-

nual precipitation in agrarian northern and central India

(Ding and Sikka 2006; Krishnamurthy and Ajayamohan

2010). These transient disturbances typically travel

westward or northwestward across the subcontinent af-

ter formation, transporting large amounts of moisture

from the Bay of Bengal (BoB). Changes in the charac-

teristics of MLPSs, whether natural or forced, would

have far-reaching socioeconomical impacts. For in-

stance, the anomalously large number of MLPSs in 2006

resulted in excess rainfall over central India, leading to

widespread flooding and damage (Jayanthi et al. 2006;

Krishnan et al. 2011).

Understanding future changes in MLPSs and associ-

ated rainfall is a necessary step toward projecting flood

or drought risks in a warmer climate. To date, only a few

studies have investigated potential changes in South

Asian MLPSs, without conclusive findings (Stowasser

et al. 2009; Rastogi et al. 2018; Sandeep et al. 2018).

There are at least two hindering factors. First, MLPSs

are relatively weak (especially compared to tropical

cyclones), making it difficult to devise effective tracking

algorithms (Praveen et al. 2015). Earlier studies of

MLPS tracks were based mainly on manual evaluation

of meteorological pressure charts (Mooley and Shukla

1988; Sikka 2006; Prajeesh et al. 2013). Following the

advent of satellite and reanalysis datasets with global
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coverage, the reliability of these analyses was called into

question over inconsistencies among different datasets,

particularly over ocean (Cohen and Boos 2014; Hurley

and Boos 2015). This led to the development of several

automated MLPS tracking algorithms in recent years

(Hurley and Boos 2015; Praveen et al. 2015; Hunt et al.

2016a). Second, the generally poor representation of

MLPSs in global climate model (GCM) simulations

erodes the confidence in future projections. By applying

the automated algorithms tomodel outputs, one can show

that although most GCMs are able to capture the basic

structure of MLPSs, they are deficient in reproducing the

occurrence frequency and tracks (Praveen et al. 2015;

Rastogi et al. 2018). This is true for themajority of models

from phase 5 of the Coupled Model Intercomparison

Project (CMIP5), which show no significant changes in

either the occurrence frequency or tracks ofMLPSs in the

twenty-first century under the RCP8.5 scenario (Rastogi

et al. 2018). These results, however, are at odds with

Sandeep et al. (2018) based on a 50-km atmospheric

model (HiRAM) developed at the Geophysical Fluid

Dynamics Laboratory (GFDL) (Zhao et al. 2009), which

is more skillful at simulating MLPSs than CMIP models.

This model projects a significant decrease and poleward

shift in MLPS activity. HiRAM, however, substantially

overestimates the density track ofMLPSs and, contrary to

observations, simulates more genesis over land than over

ocean. It is unclear how these biases may skew future

projection.

Although it is difficult to compare the existing studies

objectively due to discrepancies in trackingmethods and

model setups, the lack of consensus highlights the need

for robust quantitative assessment of the projected

changes in MLPSs using the latest tracking algo-

rithms and GCMs. In this study, we employ the state-

of-the-art climate model GFDL CM4.0 (one of the

CMIP6 models) to investigate how the model-simulated

MLPSs would vary in a warmer climate. Fully coupled

simulations, rather than atmosphere-only simulations

forced with prescribed sea surface temperatures (SSTs)

and sea ice, are used in this study. This choice is justified

by the consideration that atmosphere-only simulations

such as those used in Sandeep et al. (2018) cannot fully

represent the impacts of changes in surface fluxes and

oceanic mixed layer depth, potentially leading to unre-

alistic results (Praveen et al. 2015). These issues are

particularly acute over the SouthAsianmonsoon region,

where the air–sea coupling is strong (Lau and Nath

2003). Our work demonstrates that CM4.0 can skill-

fully simulate the key characteristics of MLPSs (e.g.,

number, genesis location, intensity, and lifetime).

Furthermore, CM4.0 projects a persistent decrease in

the number of MLPSs throughout the twenty-first

century, which is attributed primarily to reduced low-level

relative vorticity over the core genesis region. Less fre-

quent synoptic disturbances lead to a significant decrease

in MLPS-related precipitation over north-central India.

2. Methodology

a. Observational data

The 6-hourly ERA-Interim data at a horizontal res-

olution of 0.78 (Dee et al. 2011) are used to identify

MLPSs during the monsoon season (June–September)

for 1979–2018. An automated tracking algorithm

(detailed in section 2b) is applied to low-level rela-

tive vorticity, mean sea level pressure, and surface

winds to track and classify MLPSs. A set of large-scale

environmental variables (including vertical wind shear,

midlevel relative humidity, total column water vapor,

convective instability, and SST) are examined as to

their effects on MLPS formation (Ditchek et al. 2016).

Vertical wind shear is defined as the magnitude of

the difference in winds between 200 and 850 hPa.

Convective available potential energy (CAPE) (a mea-

sure of convective instability) is calculated as the accu-

mulated buoyancy from the level of free convection to

the equilibrium level. Except for SST, all environmental

variables are based on theERA-Interim data. TheNOAA

High-Resolution (0.258 3 0.258)BlendedAnalysis ofDaily

SST (Reynolds et al. 2007; https://psl.noaa.gov/data/

gridded/data.noaa.oisst.v2.highres.html) for 1982–2018

and theGlobal PrecipitationClimatologyProduct (GPCP)

daily precipitation data (Huffman et al. 2001) at 18 3 18
resolution for 1997–2018 are also used. As explained in

section 2c, the main analysis period is 1979–2014. The

ERA-Interim data for the same period are used for

comparing with the historical simulation. As the

NOAA SST and GPCP datasets do not cover the

entire period, any comparison involving them is done

for the overlapping years.

b. GFDL CM4.0 model simulations

The latest GFDL coupled atmosphere–ocean model

CM4.0 is described in Held et al. (2019). The atmospheric

component AM4.0 features a horizontal resolution of

;18, 33 vertical levels, a double-plume convective pa-

rameterization, simplified chemistry sufficient for simu-

lating aerosols from emissions, and aerosol indirect effects

(Zhao et al. 2018a,b). The ocean component OM4 is a

configuration of MOM6 with a horizontal resolution of

0.258 and 75 levels in a hybrid pressure–isopycnal vertical

coordinate (Adcroft et al. 2019). Both the historical sim-

ulation (1850–2014) and the future simulation (2015–99)

under the SSP5–8.5 scenario (fossil-fueled development)

(O’Neill et al. 2016) are analyzed. The former is based on
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the mean of a three-member ensemble, and the latter is

based on one single realization.

c. MLPS tracking algorithm

We adopt the tracking algorithm described in Hunt

et al. (2016a), which, at a 6-hourly time step, searches for

candidate systems with maximum 850-hPa relative vor-

ticity exceeding a threshold value of 1 3 1025 s21. Note

that the vorticity field is spectrally truncated to T42 to

suppress small-scale noise. The India Meteorological

Department (IMD) definitions are used to classify each

candidate system according to its intensity measured in

surface wind speed and sea level pressure (Hurley and

Boos 2015). For example, monsoon depressions are cy-

clonic vortices with peak surface wind speed of 8.5–

13.5m s21 and sea level pressure minimum of 4–10hPa

below the surrounding region. Candidates not satisfy-

ing the wind threshold criterion or without a nearby

synoptic-scale surface low (a negative sea level pressure

anomaly relative to the 21-day average) are discarded.

As the typical translation speed of MLPS is much less

than 10m s21 (Hunt et al. 2016a; Adames and Ming

2018b), vortices present in consecutive 6-hourly outputs

are then connected provided that the central vortex lo-

cation has not moved faster than 10m s21. Results based

on thismethod have been compared extensively with the

IMD archives, and used successfully in previous works

(Hunt et al. 2016a,b; Hunt and Fletcher 2019).

Among the identified candidate systems, we select

only those lasting longer than 2 days with genesis loca-

tions east of 758E and south of 308N during the monsoon

season. MLPSs, which reach the monsoon depression

level or stronger at any point, are collectively referred to

as monsoon depressions throughout their lifetime in the

following analysis, while weaker ones that still meet the

minimum criteria are referred to as monsoon lows.

MLPS occurrence frequency is calculated as histogram

of 6-hourly locations aggregated in 18 3 18 grid boxes. It

is possible for aMLPS to be countedmore than once in a

grid box. We use the same period of 1979–2014 (36

monsoon seasons) both for the ERA-Interim and for the

historical simulation to evaluate the model’s skill in

simulating MLPSs. The historical simulation is com-

pared with the period of 2064–99 (the same duration) in

the future simulation to assess the projected changes.

d. Statistical analysis

The statistical significance of the difference in track

density is evaluated using a bootstrapping approach.

For the combined historical and future simulations, we

perform a 1000-fold resampling of 36-yr segments with re-

placement. The 95% confidence intervals are computed

from the resampled data. Two-tailed Student’s t tests are

used to evaluate the differences in the large-scale en-

vironmental variables between the historical and fu-

ture simulations. Only those found to be statistically

significant at the 95% confidence level after consider-

ing the false discovery rate (Wilks 2016) are high-

lighted. To assess the statistical significance of future

changes in the environmental variables composited on

MLPS events, we perform a 1000-fold resampling of

each variable with replacement for the combined his-

torical and future simulations.

3. Results

a. Historical simulation of MLPSs

We start by evaluating the characteristics of MLPSs in

the historical simulation. ERA-Interim indicates an

average of 8.3 MLPSs (with a standard deviation of 1.8)

per season, typically consisting of around five depres-

sions and four lows. In comparison, the historical simu-

lation produces an average of 7.1 MLPSs per season

(around four depressions and three lows) (Table 1). The

occurrence (genesis) over land is less frequent than over

ocean, averaged at 2.2 and 6.1 per season, respectively,

in ERA-Interim. The same behavior holds in the his-

torical simulation as well; the occurrence is 1.5 per sea-

son over land and 5.6 per season over ocean.

The observed and simulatedMLPS track densities are

compared in Fig. 1. In ERA-Interim, MLPSs are dis-

tributed broadly over the South Asian monsoon region

spanning from the BoB to the north-central India. A

distinct maximum is located over the BoB along the east

coast of India (Cohen and Boos 2014; Hurley and Boos

2015), which constitutes the part of India most vulner-

able to flooding. A large fraction of floods occurring in

this region are associated with the passage of MLPSs

(Ajayamohan et al. 2010; Yoon and Huang 2012).

CM4.0 simulates the track density fairly well, albeit

with a slight southward shift. Conceptually, track density

depends both on genesis location and on trajectory. The

latitudinal centroid of the genesis location in ERA-

Interim (18.18N) is considerably northward of that in in

the historical simulation (16.58N) (Table 1). By contrast,

the model-simulated MLPS trajectories are similar to

those in ERA-Interim (Fig. 2). The mean direction of

westward-propagating MLPSs relative to the due north

is 286.88 in ERA-Interim, and 284.08 in the historical

simulation, which are rather similar. Thus, the equa-

torward bias in the model-simulated track density is

primarily attributable to the different genesis locations.

This could be further linked to a common model defi-

ciency referred to as the ‘‘Philippines hotspot,’’ which is

thought to be sensitive to convective parameterizations

(Zhao et al. 2018a,b). It has been argued that the tropical
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disturbance originating over the South China Sea or west

Pacific could trigger MLPSs over the BoB (Krishnamurti

et al. 1977; Saha et al. 1981). However, the significance of

the effect is still unclear. Sandeep et al. (2018) pointed out

that the sample size in Saha et al. (1981) might be too

small. Hurley and Boos (2015) did not find a large

number of MLPSs over the BoB to originate from the

west Pacific.

The average lifetime is another important attribute

of MLPSs that has not been discussed extensively in

previous studies. A typical MLPS lasts about 3–6 days

(Sikka 1977; Hurley and Boos 2015; Dong et al. 2017).

The average lifetime in ERA-Interim is 5.1 days, and

depressions (6.1 days) persist longer than lows (3.8 days).

On average, MLPSs spend about half of their lifetime

over ocean. These values are in broad agreement with the

CM4.0 historical simulation, which yields an average

lifetime of 4.7 days (5.3 days for depressions and 3.7 days

for lows) and 58% of their lifetime over ocean (Table 1).

In summary, CM4.0 shows considerable skills in simu-

lating South Asian MLPSs during the historical period,

lending credibility to themodel-projected future changes.

b. Projected changes in MLPSs

The average occurrence frequency is 5.8 per season in

the future simulation (2064–99), a 18% decrease from

the historical simulation (1979–2014). Consistent with

Sandeep et al. (2018), this reduction occurs mainly over

FIG. 1. Track density ofMLPSs (number per season) based on (a) ERA-Interim and (b) the ensemble-mean historical simulations. Blue

(green) dots in (a) and (b) denote the genesis locations over land (ocean). The dots in (b) are from one of the three simulations. (c) The

difference between the future and historical simulations (the former minus the latter, as is the convention throughout the paper). White

dots indicate changes that are statistically significant at the 95% confidence level. HIS and FUT refer to the historical and future simu-

lations, respectively.

TABLE 1. Key characteristics ofMLPSs in theERA-Interim and historical simulation and the differences between the historical and future

simulations (with statistical significance at the 95% confidence level highlighted in boldface).

ERA-Interim Historical simulation Future minus historical

Number of events 8.3 7.1 21.3

Land genesis 2.2 1.5 0.1

Oceanic genesis 6.1 5.6 21.4

Depressions 4.7 4.4 20.8
Lows 3.6 2.7 20.5

Lifetime (days) 5.1 4.7 20.2

Land genesis 4.5 4.3 20.6

Oceanic genesis 5.2 4.8 20.1

Depressions 6.1 5.3 20.4

Lows 3.8 3.7 20.5

Oceanic fraction (%) 44.7 58.3 24.2

Centroid of latitude (8N) 18.1 16.7 20.5

Centroid of longitude (8E) 87.0 86.4 20.0

Propagation heading (8) 286.8 284.0 21.7
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ocean (225%), with a smaller but robust increase in the

number of MLPSs over land (7%). Both monsoon de-

pressions and lows are less frequent under the warming

scenario. The respective decreases are 18% and 19%.

Interestingly, the average lifetime and typical tracks of

MLPSs remain almost unchanged regardless of intensity

or location (Table 1 and Fig. 2).

Compared with the historical simulation, there is a

widespread reduction in track density over much of the

core genesis region (Fig. 1; i.e., the northwestern portion

of the BoB and the adjacent coastal regions as denoted

by the rectangles in Fig. 2) while denser tracks are tightly

clustered over the Indian subcontinent near 158N. The

latter point is particularly salient in Fig. 2—the number of

tracks crossing the Indian subcontinent is visibly higher

under the warming scenario. Despite the large regional

changes in frequency, the mean genesis location remains

almost the same (Table 1).

c. Changes in the large-scale environment

The environmental variables associated with MLPS

formation may hold the key to understanding the

projected changes in occurrence frequency. A number

of prior studies have identified the dynamic and ther-

modynamic conditions favorable to MLPS genesis,

with low-level (850-hPa) relative vorticity (z850), ver-

tical wind shear (Vs), midlevel (600-hPa) relative hu-

midity (RH600), and total column water vapor [or water

vapor path (WVP)] highlighted as being particularly

influential (Ditchek et al. 2016; Rastogi et al. 2018;

Sandeep et al. 2018). SST and CAPE may also be rel-

evant, as in tropical cyclogenesis (Tuleya et al. 2016).

The ability of CM4.0 to simulate the climatological

seasonal means of the environmental variables is eval-

uated by comparing with reanalysis or observations in

Figs. 3–8. The model-simulated low-level mean flow

over the South Asian monsoon region bears a close re-

semblance to the reanalysis (Fig. 3). The monsoon

trough (characteristic of large positive 850-hPa relative

vorticity at z850), however, is deeper than in ERA-

Interim, and its center is shifted slightly southward.

This is consistent with the simulated MLPS genesis be-

ing south of ERA-Interim (Fig. 1). The vertical wind

shear is relatively strong over the Arabian Sea and the

BoB, acting to limit the intensification of synoptic-scale

disturbances into tropical cyclones (Vishnu et al. 2016;

Hunt and Turner 2017). The model captures the distri-

bution pattern of vertical wind shear fairly well. It sim-

ulates the strong shear over the Arabian Sea and the

southern BoB with slight overestimation (Fig. 4).

CM4.0 captures the spatial structure of WVP, but

underestimates its magnitude over most of the domain

(Fig. 5). The 600-hPa relative humidity is appreciably

lower over the core genesis region and much of the

subcontinent in the model than in the reanalysis, which

presumably has a suppressing effect onmoist convection

andMLPSs. The model also places the maximumRH600

south of the reanalysis (Fig. 6). While the distribution of

SST over the Arabian Sea is sufficiently similar between

the observations and model simulation, the model fails

to capture the relatively warm SSTs in the BoB, espe-

cially along the east coast of India (Fig. 7). Despite an

overall overestimate, the simulated spatial pattern of

CAPE is generally in good agreement with ERA-

Interim, with a distinct maximum over the BoB (Fig. 8).

We further analyze the same set of environmental

variables composited on MLPS genesis, referred to as

event-based analysis hereinafter. Table 2 lists the sea-

sonal mean variables averaged over the MLPS core

genesis region and event-based variables averaged over

all MLPS events. A comparison of these metrics sug-

gests that MLPSs tend to form at z850 values much

higher than the seasonal mean. Higher WVP, midlevel

relative humidity, and convective instability are also

favorable to MLPS formation. The other variables ex-

amined here show no significant difference between the

FIG. 2. Tracks ofMLPSs based on (a) ERA-Interim, (b) one of the three historical simulations, and (c) the future simulation. Blue (green)

lines denote the tracks of MLPSs generated over land (ocean). The black dashed rectangles mark the core MLPS genesis region.
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seasonal mean and event-based values. These results are

consistent with the previous finding that precipitating

vortices are more likely to develop in a warm, moist,

convectively unstable environment with high ambient

vorticity (Sikka 1977; Prajeesh et al. 2013), and lend

further support to the study by Ditchek et al. (2016),

which used a statistical model to infer that lower tro-

pospheric vorticity and atmospheric moisture content

are the main contributing factors to MLPS genesis.

Event-based results from the historical simulation re-

affirm the critical role of z850 in MLPS formation, while

underestimating those of atmospheric moisture and

stability.

The question then becomes how these environmental

variables would change in the future simulation, and

what is the implication for MLPS formation. CM4.0

simulates a notable reduction in z850 over much of the

core genesis region, indicating that the circulation be-

comes more anticyclonic (Fig. 3). This is accompanied

by an increase over the western part of the subcontinent.

Given the link between background vorticity andMLPS

formation, it is not surprising to see that the spatial

patterns of the changes in z850 are broadly consistent

with those of the changes in MLPS number density

(Fig. 1) and tracks (Fig. 2). This indicates that the overall

decrease in MLPS number can be attributed, at least in

part, to the reduction in lower-tropospheric vorticity

over the core MLPS genesis region.

Although the seasonal mean z850 over the core genesis

region declines by 10%, the event-based z850 increases

by 9% (Table 2). In other words, it takes even higher

vorticity for MLPSs to form in the future simulation.

FIG. 4. As in Fig. 3, but for vertical wind shear (m s21).

FIG. 3. Seasonal mean low-level (850-hPa) relative vorticity (1025 s21) overlaid with 850-hPa wind vectors (m s21) based on (a) ERA-

Interim and (b) the ensemble-mean historical simulations. (c) The difference between the future and historical simulations. Stippling and

black arrows indicate changes that are statistically significant at the 95% confidence. Gray shading indicates where the pressure level is

below the surface.
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Since the frequency (or probability) of these vorticities

high enough for MLPS formation scales approximately

with the mean (not shown), a decrease in seasonal mean

vorticity would translate into a reduction in MLPS

number. It is also worth noting that z850 decreases

sharply over the southern Arabian Sea, suggesting that

the local cyclonic vortex genesis may become less com-

mon under warming (Murakami et al. 2013).

CM4.0 simulates a reduction in Vs over much of the

Arabian Sea and the BoB (Fig. 4), which amounts to 4%

over the core genesis region (Table 2). WVP increases

substantially everywhere (Fig. 5), with an average frac-

tional change of 30% over the core genesis region

(Table 2). On the other hand, RH600 remains almost

unchanged over ocean (Fig. 6), while SST increases by

almost 3K (Fig. 7). This helps explain whyWVP roughly

scales with SST following the Clausius–Clapeyron rela-

tion. Warmer and wetter lower tropospheric conditions

make the atmospheric columnmore convectively unstable

(Fig. 8). All of these changes, however, would create a

more favorable environment for MLPS formation. This

reasoning indicates that the aforementioned reduction in

z850 may be the sole factor responsible for the simulated

reduction in MLPS number.

A major source of vorticity is the stretching term in

the vorticity equation, which is proportional to large-

scale divergence or vertical velocity v (Sardeshmukh

and Held 1984). As shown in Fig. 9, the change in 850-

hPa v has a spatial pattern similar to the seasonal mean,

but of the opposite sign, suggesting a slowdown of the

large-scale circulation. There is a widespread weakening

of the climatological ascending motion over the BoB.

More specifically, v850 decreases by 21% over the core

genesis region, which must be at least partly responsible

for the reduction in z850 through the vorticity stretching

term. Since precipitation can be approximated as the

product of large-scale ascent at the boundary layer top

and boundary layer moisture (i.e., P ; v 3 WVP), the

FIG. 5. As in Fig. 3, but for WVP (mm).

FIG. 6. As in Fig. 3, but for midlevel (600-hPa) relative humidity (%).
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fraction change in precipitation (DP/P) can be written as

Dv/v 1 DWVP/WVP. Thus, one can decompose the

fractional change in v850 into those in precipitation

(110%) and WVP (230%). Although the argument

that the global-mean precipitation, which is controlled

tightly by the atmospheric radiative balance, cannot

increase as fast as water vapor (the Clausius–Clapeyron

relation) (Held and Soden 2006) is not strictly applicable

to a specific region, the above changes over the core

genesis region can be thought of as a local manifestation

of the same physical mechanism.

A point that needs clarification is that the aforemen-

tioned seasonal mean environmental variables (z850 in

particular) include the contributions from MLPSs, and

strictly speaking, do not represent the background felt

byMLPSs in a clean way. A rough estimate based on the

assumption that MLPSs remain within the core genesis

region through their lifetime suggests that the proba-

bility of a grid point in the region encountering a MLPS

at any given time during the monsoon season is only

about 0.3%. Also, if one contrasts the historical and

future simulations, the seasonal mean z850 decreases

by 10% while the event-based z850 increases by 9%

(Table 2). If the former is dominated byMLPSs, it would

increase as is the case for the latter. This is why we be-

lieve that MLPSs do not contribute significantly to the

large-scale environmental variables.

d. Potential impacts on precipitation

Any change in the occurrence frequency of MLPSs

can also alter the associated precipitation. The model-

simulated total monsoon precipitation compares well

FIG. 7. As in Fig. 3, but for sea surface temperature (8C); (a) is based on the NOAA High-Resolution Blended Analysis of Daily SST.

FIG. 8. As in Fig. 3, but for CAPE (J kg21).
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with the GPCP dataset in terms of spatial distribution,

with maxima centered over the northeastern BoB,

Western Ghats, and north-central India (Fig. 10). But

the model overestimates orographic precipitation near

the southern foothill of the Himalayas. This excess of

orographic precipitation is consistent with the low-

level westerlies being too strong in the model (Fig. 3).

Moreover, the center of precipitation over north-central

India is shifted toward the south of the observations by a

few degrees of latitude, which is consistent with the bias

in MLPS track density (Fig. 1).

A few methods have been used to associate precipi-

tation with the occurrence of MLPSs. In this study we

assume a radius of influence around each MLPS, and

attribute all precipitation occurring within this radius to

that system. This method has been shown to be more

reliable than considering all rainfall on each MLPS day

(e.g., Rastogi et al. 2018; Sandeep et al. 2018), and, de-

spite its simplicity, provides comparable estimates to

much more complicated clustering analyses (Hunt and

Fletcher 2019).

As the typical horizontal scale of MLPSs is about

2000km (Ding and Sikka 2006; Cohen and Boos 2014;

Hurley and Boos 2015; Ditchek et al. 2016; Hunt et al.

2016b), we choose a fixed radius of influence of 1000km.

This yields an estimate of the fraction of MLPS-related

precipitation at around 50% in the core monsoon region

for GPCP (Fig. 11). Although the value is somewhat

lower than in previous studies using other attribution

methods, the spatial distribution is similar (Dong et al.

2017; Hunt and Fletcher 2019). The low bias may arise

from the use of daily records here, as coarse temporal

resolutions tend to smooth out the precipitation maxima

associated with MLPSs. The historical simulation cap-

tures the spatial pattern rather well, but underestimates

the contribution ofMLPSs (Fig. 11). This may be related

to the tropospheric moisture content in CM4.0 being

biased low (Fig. 5). We probe the robustness of the re-

sults using other values for the radius of influence (800

and 1200km). The MLPS-related contributions vary in

tandem with radius, but the overall patterns are simi-

lar (Fig. 11).

The future simulation shows substantial increases in

the total monsoon precipitation along theWesternGhats,

over the western BoB, and in the eastern Himalayan re-

gion (Fig. 10). These results are consistent with many

TABLE 2. Seasonal mean and event-based large-scale environmental variables relevant to MLPS formation in the ERA-Interim and

historical simulation and the differences between the historical and future simulations (with statistical significance at the 95% confidence

level highlighted in boldface). Note that the seasonal means are over the core genesis region.

Variable

ERA-Interim Historical simulation Future minus historical

Mean Event-based Mean Event-based Mean Event-based

z850 (10
25 s21) 1.1 4.5 2.1 5.3 20.2 0.5

Vs (m s21) 23.3 19.8 23.3 26.5 20.9 21.3

WVP (mm) 58.1 66.0 53.0 52.3 16.0 12.6

RH600 (%) 70.9 83.8 67.6 68.3 2.0 0.2

SST (8C) 28.8 28.7 27.6 28.3 2.8 2.1
CAPE (J kg21) 1065.1 1080.0 1618.8 1576.1 327.2 243.6

FIG. 9. As in Fig. 3, but for 850-hPa vertical velocity (1022 Pa s21).
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previous studies, which have attributed the increase in

mean precipitation primarily to atmospheric moistening

as climate warms (Stowasser et al. 2009; Turner and

Annamalai 2012; Rastogi et al. 2018). Interestingly, the

core MLPS genesis region experiences very small in-

creases in precipitation, or even reductions relative to the

historical simulation. Unlike the seasonal mean, MLPS-

related precipitation shows significant decreases stretch-

ing westward from the core MLPS genesis region into

central India (Fig. 10), mirroring the simulated decrease

in MLPS number (Fig. 1). This explains why the total

precipitation response over the core MLPS genesis

FIG. 10. Seasonal total precipitation (mm per season) based on (a) GPCP and (b) the ensemble-mean historical simulations. (c) The

difference between the future and historical simulations. (d)–(f) As in (a)–(c), but for non-MLPS-related precipitation. (g)–(i) As in (a)–

(c), but forMLPS-related precipitation. Stippling in (c), (f), and (i) indicates changes that are statistically significant at the 95% confidence

level. Gray shading indicates where no MLPS-related precipitation is present.
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region, most notably north-central India, is different

from the rest of the South Asian monsoon region. By

contrast, a significant increase in MLPS-related precipi-

tation is found over the Arabian Sea. This can be linked

to denser MLPS tracks in this region (Fig. 2), along with

increased atmospheric moisture (Fig. 5). A significant

increase inMLPS-related precipitation is also seen for the

foothill of theHimalayas. On the other hand, non-MLPS-

related precipitation undergoes a much more uniform

increase over the entire monsoon region, which is pre-

sumably caused by the widespread increase in WVP

(Fig. 5). It is interesting that the future South Asian

monsoon precipitation increases simulated by CMIP3

and CMIP5 models are rather evenly distributed (Turner

and Annamalai 2012; Sooraj et al. 2015), bearing more

resemblance to CM4.0’s non-MLPS-related precipitation

increase than the MLPS-related precipitation decrease.

Themain reason is that CMIPmodels are not as skillful at

simulating MLPSs as CM4.0, highlighting the importance

of realistic representation of MLPSs in GCMs for pro-

jecting future South Asian monsoon precipitation change.

4. Conclusions

Confidence in model projections of future changes in

MLPS activity is contingent on models’ ability to simulate

MLPSs in the current climate. We show that the GFDL

CM4.0 model is skillful at simulating the key characteris-

tics of these synoptic systems. In this sense, future pro-

jections based on CM4.0 may be particularly relevant

to assessing potential changes in monsoon climate.

CM4.0 projects a significant decrease in MLPS num-

ber over the South Asian monsoon region. We further

analyze the large-scale environmental variables to better

understand the underlying mechanism of this decrease in

MLPS activity, and find that a reduction in low-level

relative vorticity over the coreMLPS genesis region is the

primary contributing factor. This reduction in MLPS oc-

currence has significant impacts on monsoon precipita-

tion. Despite increases in the total precipitation across

much of the monsoon region, CM4.0 simulates little

change or even slight decreases in precipitation over the

core MLPS genesis region. This change is consistent

with a significant decrease in MLPS-related precipitation

that stretches westward from the core genesis region into

the north-central India. As extreme precipitation events

are closely linked to MLPS activity over that region

(Dong et al. 2018), our results may have important im-

plications for the vulnerable areas both within and along

the margins of the monsoon region.
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