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ABSTRACT: The subseasonal and synoptic-scale variability of the Indian summer monsoon rainfall is controlled primarily
by monsoon intraseasonal oscillation (MISO) and low pressure systems (LPSs), respectively. The positive and negative
phases of MISO lead to alternate epochs of above-normal (active) and below-normal (break) spells of rainfall. LPSs are
embedded within the different phases of MISO and are known to produce heavy precipitation events over central India.
Whether the interaction with the MISO phases modulates the precipitation response of LPSs, and thereby the character-
istics of extreme rainfall events (EREs), remains unaddressed in the available literature. In this study, we analyze the LPSs
that produce EREs of various spatial extents (small, medium, and large) over central India from 1979 to 2012. We also
compare them with the LPSs that pass through central India and do not produce any ERE (LPS-noex). We find that
thermodynamic characteristics of LPSs that trigger different spatial extents of EREs are similar. However, they show
differences in their dynamic characteristics. The ERE-producing LPSs are slower, moister, and more intense than LPS-
noex. The LPSs that lead to medium and large EREs tend to occur during the positive phase of MISO when an active
monsoon trough is present over central India. On the other hand, LPS-noex and the LPSs that trigger small EREs occur
mainly during the neutral or negative phases of the MISO. The large-scale dynamic forcing, intensification of LPSs, and
diabatic generation of low-level potential vorticity due to the presence of active monsoon trough help in the organization of
convection and lead to medium and large EREs. On the other hand, the LPSs that form during the negative or neutral
phases of MISO do not intensify much during their lifetime and trigger scattered convection, leading to EREs of small size.
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1. Introduction (Annamalai and Slingo 2001). The 30-60-day mode, which
originates over the equatorial Indian Ocean, travels northward
to the Indian landmass, whereas the 10-20-day mode originates
over the South China Sea and propagates northwestward
(Webster et al. 1998; Wang 2006). The different phases of these
two modes and their interactions lead to alternate periods of
above (active) and below (break) normal rainfall over India.
Conditions conducive for extreme rainfall events (EREs)
are formed when both modes of the MISO are in phase and
exhibit simultaneous positive anomalies (Karmakar et al.
2015). Francis and Gadgil (2006) showed that EREs over the
Western Ghats are associated with the northward propagating
tropical convergence zone. Likewise, the maximum number of
EREs over central India occur during an active phase of low-
frequency MISO (30-60-day mode) (Karmakar et al. 2015).
With the changing global climate, these intraseasonal oscilla-
tions of the monsoon are expected to become more extreme
and increase the likelihood of EREs over India (Turner and
Slingo 2009). The signs of these changes are already becoming
evident over the past couple of decades. The active spells are
becoming intense and the dry spells more frequent (Singh et al.
2014). The influence of the MISO on EREs over India has been
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Although there have been significant advancements in the
understanding of rainfall extremes over the past couple of
decades, predicting their location and intensity with high
accuracy and sufficient lead time has remained a challenging
task. The challenges come mainly from identifying favorable
initial conditions, feedbacks, external drivers, and nonlinear
processes that lead to the development of extreme events
(Sillmann et al. 2017). The interaction of several spatiotem-
poral scales during the Indian summer monsoon (Ding 2007,
Singh et al. 2019) poses unique challenges to decipher these
processes.

During the Indian summer monsoon, the subseasonal vari-
ability comes mainly from the monsoon intraseasonal oscilla-
tion (MISO) (Goswami and Mohan 2001; Webster et al. 1998;
Wang 2006). The MISO consists of two dominant modes, 10—
20-day (Krishnamurti and Bhalme 1976) and 30-60-day oscil-
lations (Yasunari 1979; Sikka and Gadgil 1980), that account
for 25% and 66% of total intraseasonal variability, respectively

impact on the characteristics of EREs has not been elucidated
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LPSs form mainly over the Bay of Bengal and travel north-
westward, bringing the episodes of heavy rainfall over central
India (Godbole 1977; Sikka 1977; Patwardhan et al. 2020).
Ajayamohan et al. (2010) defined a normalized index called the
synoptic activity index using the intensity, frequency, and du-
ration of LPSs. They showed that the number of EREs over
central India and the synoptic activity index show a strong
correlation, and suggested that the increasing synoptic activity
possibly explains the rising trend of EREs. Similarly, Karmakar
et al. (2015) found that the relative contribution from the syn-
optic variability (3-9 days) to the variance of daily rainfall over
central India has been increasing. Nikumbh et al. (2020) showed
that two-thirds of LPSs that travel through central India give at
least one ERE. They also showed that EREs with a large
spatial extent (area = 70000km?) are initiated by the inter-
action between an LPS and a secondary cyclonic vortex (SCV).
When an SCV is located to the west of an LPS, the conditions
favorable for large-scale EREs are formed in between these
two cyclonic vortices. Studies attribute either an increase in the
number of LPS days (Pai et al. 2016) or their frequency of
occurrence (Krishnamurthy 2012) to an increase in the fre-
quency of EREs over central India. It has been shown that the
different phases of MISO influence the formation and propa-
gation of LPSs (Goswami et al. 2003). Goswami et al. (2003)
observed the clustering of LPSs during an active phase of
MISO. They showed that LPSs are 3.5 times more likely to
form during the active phase of MISO than the break phase.
Also, the tracks of LPSs during the active phase congregate
mainly along the monsoon trough that is situated over central
India. On the other hand, the LPSs that form during the break
phase are confined to the Himalayan foothills. Does the in-
teraction of the MISO and LPSs also play a role during EREs?
The available literature does not address this question. The
characteristics of LPSs, large-scale conditions, and pathways
through which LPS and MISO might influence the spatial
characteristics of EREs have not been explored yet.
Nikumbh et al. (2019) showed that EREs over central India
exhibit different spatial scales and classified them as small,
medium, and large EREs. They observe that the daily EREs of
all sizes show a strong association with LPSs and occur mainly
to the west of their center. They also noted that EREs of dif-
ferent sizes have different large-scale conditions and specu-
lated that the underlying physical processes could be different
for various sizes of EREs. Using a k-means clustering on
hourly rainfall data, Moron et al. (2021) classified wet events
over India into different storm types and grouped them into
two broad categories. The first group with short space-time
scales and intense rainfall is phase-locked with the diurnal
cycle (i.e., triggered mostly in the midafternoon). The other
group, with a longer duration, larger spatial extent, and less
intense rainfall, does not show any peak triggering time, so is
possibly associated with large mesoscale systems or tropical
lows. These studies show that the governing processes of EREs
may differ based on the spatial extent of EREs, which requires
further investigation. The flooding susceptibility of a region is
directly proportional to the spatial extent of EREs. The ob-
served trends for EREs of different sizes are distinct. For ex-
ample, large ERE:s are increasing significantly (Roxy et al. 2017,
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Nikumbh et al. 2019). However, small-scale events do not show
any trend (Nikumbh et al. 2019). Thus, understanding the un-
derlying mechanism leading to EREs of different spatial scales
will help to understand their observed trends, future projections,
and socioeconomic impacts a step further.

In this study, our main objective is to understand the features
and meteorological conditions that determine the response of
LPSs while producing EREs of different spatial extents (small,
medium, and large) over central India. We speculate that the
different phases of MISO could modulate the precipitation
response of LPSs. Thus, we explore the possible influence of
the MISO phases on the spatial extent of EREs produced by
LPSs. The manuscript is structured as follows: section 2 dis-
cusses data and methods. Section 3a and 3b examine the
characteristics and background conditions of ERE producing
LPSs, respectively. Sections 3c-3e explain physical processes
through which the characteristics and background conditions
help LPSs produce EREs of different spatial extents. Section 4
provides a summary and discussion.

2. Method

EREs of the summer monsoon months (June to September)
for the period of 1979-2012 are identified using the daily
gridded rainfall dataset developed by the India Meteorological
Department (Rajeevan et al. 2006). This dataset has a spatial
resolution of 1° X 1°. Central India (15°-25°N, 75°-85°E; inset
box in Fig. 1a) is our study area.

Following Nikumbh et al. (2019), an ERE at each grid is
identified using the 99.5 percentile threshold; then, using the
connected component labeling analysis (Falcdo et al. 2004), the
neighboring grids with extreme rainfall are combined. This
gives EREs of different sizes, where the size is measured in
1° X 1° grid units. The EREs are then classified according to
their spatial extents as small (size = 1; area = 10*km?), me-
dium (size 2-5; 10*km? = area = 7 X 10*km?), and large
(size = 6; area = 7 X 10*km?) EREs. Our classification of
EREs into three types is based on the results reported in
Nikumbh et al. (2019) and Nikumbh et al. (2020). It mainly
takes the frequency of occurrence and synoptic signatures into
account.

To avoid a possible repeat count of the same event, EREs
are checked iteratively for two consecutive days. If any two
ERESs occur on consecutive days, the larger size ERE is con-
sidered and the smaller size ERE is discarded. If an ERE of the
same category occurs on the next day, then only an ERE of the
first day is considered. Over central India, the probability of
getting small EREs is the highest (probability = 71.4%;
Fig. 1a) and this probability decreases as the size of ERE in-
creases. The average probability of occurrences of medium and
large EREs are 26.2% and 2.4%, respectively. Medium and
large events are not only bigger in the spatial extent but also
slightly more intense (Fig. 1b). The average rainfall at the
center of small, medium, and large EREs is 122, 135, and
145 mm day ™!, respectively.

The dataset by Hurley and Boos (Hurley and Boos 2015),
which is available from 1979 to 2012, is used to identify LPSs.
The presence of an LPS is checked for a given day of an ERE
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FI1G. 1. (a) The probability of occurrence of extreme rainfall events (EREs) [Pr (ERE); bars] and the probability of a
presence of an LPS for EREs of different sizes [Pr(LPS/ERE); brown markers], where the size is measured in 1° X 1° grid
units. Based on the size, EREs are classified as small (size = 1), medium (size = 2-5), and large (size = 6). Note the
logarithmic scale for the probability of occurrence. The probabilities for size = 9 are clubbed in the last bar.
(b) Rainfall intensity (mm day ') distribution with respect to the geometric center of EREs. The inset box in Fig. 1a
shows the study region (central India: 15°-25°N, 75°-85°E).

over the domain of 75°-90°E, 15°-30°N. As shown in Fig. 1a,
ERE:s of central India show a strong association with LPSs.
ERE:s of all sizes over central India have an LPS present for
more than 80% of the time. During the study period, we ob-
serve that all Large EREs were associated with LPSs. If there
are multiple LPSs on the same day, only the nearest LPS to an
ERE is considered for the analysis. To address our objective,
we consider only those EREs that had an LPS present. We also
examined the LPSs that did not produce any ERE over central
India to bring out the contrast. The LPSs that lead to small,
medium, and large EREs are referred to as LPS-sm [number of
cases (n) = 118], LPS-med (n = 133), and LPS-lg (n = 20),
respectively (abbreviations listed in Table 1). The LPSs that
pass through the study region and did not lead any ERE are
named as LPS-noex (n = 166).

The meteorological conditions are studied using the ERA-
Interim reanalysis (Dee et al. 2011). The lag composites are
calculated with respect to the day of an ERE (day 0) for ERE
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producing LPSs. For LPS-noex, day 0 indicates the genesis day
of an LPS. The daily anomalies of meteorological fields are
obtained by subtracting the daily climatology. The significance
of anomalies is checked using the two-sided ¢ test. The cumu-
lative distribution functions (CDFs) and boxplots are com-
pared using the Kolmogorov—Smirnov test (K-S test). The
95% confidence intervals for the line plots are calculated by
generating 10* bootstrapping samples.

3. Results
a. Characteristics

The characteristics of LPSs such as relative vorticity,
speed of propagation, and total column water vapor are
evaluated along their entire path at a 6-hourly time step
(Fig. 2). The relative vorticity (£ at 850 hPa) is lowest for
LPS-noex (average = 4 X 1073 s~ ') and gradually increases
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TABLE 1. List of abbreviations.

Abbreviations Expansion

MISO Monsoon intraseasonal oscillation

LPS Low pressure system

ERE Extreme rainfall event

LPS-noex Low pressure system that does not produce
any extreme rainfall event

LPS-sm Small size extreme rainfall event producing
low pressure system

LPS-med Medium size extreme rainfall event
producing low pressure system

LPS-lg Large size extreme rainfall event producing
low pressure system

SCV Secondary cyclonic vortex

LLJ Low-level jet

from LPS-sm (average = 5 X 107> s~ 1) to LPS-med (average =
6 X 107°s™ 1), and finally is the highest for LPS-Ig (average =
8 X 1075s71). The LPSs that produce EREs have a signifi-
cantly slower speed of propagation than LPS-noex (p value <
0.01). Although LPS-sm tend to be faster, the speed of prop-
agation of ERE-producing LPSs is not much different from
each other (p value > 0.05). The average speed of ERE pro-
ducing LPSs is 4.6 ms ™!, whereas LPS-noex have an average
speed of 5.3 ms™'. LPS-noex are significantly drier than ERE
producing LPSs and they get progressively wetter from LPS-
sm to LPS-Ig (p value for each pair of LPS <0.01). The average
total column water vapor of LPS-noex, LPS-sm, LPS-med, and
LPS-lg is 51, 61, 63, and 65 kgm ™!, respectively.

Further, we look at the distribution of pressure velocity (w at
500 hPa), relative humidity (RH), and equivalent potential
temperature (6,) (Fig. 3). The absolute value of w increases
progressively from small to medium and is maximum for large
ERE:s (Fig. 3a). The location of an ERE is marked by the re-
gion of maximum w, and its spread determines the spatial extent
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of ERE. In the coordinate system of an LPS, EREs are located to
the western side of the center of an LPS (Nikumbh et al. 2019).
Thus, the upward motion in the midtroposphere on the eastern
side of EREs indicates the updraft associated with LPSs. For large
EREs, the ascending zone is present even to the west of ERE due
to the presence of an SCV (Nikumbh et al. 2020).

At low levels, the atmosphere is mostly saturated for all
types of EREs (Fig. 3b). Below 700 hPa to the west of EREs,
the low-level jet (LLJ) (see supplemental Fig. 1a in the online
supplemental material) provides the moisture that saturates
the low-level atmosphere (supplemental Fig. 2). At upper
levels, the air that comes from the dry northwest landmass of
India is less humid. On the other hand, the air on the east side,
which comes with LPSs from the Bay, is more humid even at
upper levels. The interesting difference among different EREs
is the presence of a deep saturated air layer that extends up to
the midtroposphere near the center of medium and large
EREs. The deep saturated layer helps to sustain the convection
by providing higher plume buoyancies (Bretherton et al. 2004;
Holloway and Neelin 2009). This deep humid layer is absent
for small EREs. The spread of the saturated layer at low levels
does not seem to be playing a role in determining the spatial
extent of EREs. Similar to RH, the distribution of 6, at
950 hPa does not determine the extent of EREs (supplemental
Fig. 3). The median value of 6, and its distribution for all EREs
is almost similar (Fig. 3c; p value using the K-S test > 0.05). On
the other hand, the distribution of w at 500 hPa is significantly
different for all (Fig. 3d, p value using the K-S test < 0.05) and
its spread matches with the spatial extent of EREs (Fig. 3a).

The changes in precipitation are often investigated
in terms of dynamic and thermodynamic characteristics
(Trenberth et al. 2003; Allan and Soden 2008; Emori and
Brown 2005). The circulation-related characteristics are
known as dynamic characteristics (e.g., w, u, v) and those re-
lated to temperature or moisture are called thermodynamic
characteristics (e.g., RH, static stability). From the primary

CDF
(a) (b) (c)
1.0 1 B B
0.8 B B
)
£ 0.6 1 B B
Q
©
Q
o
a 04 4 - -
—— LPS-noex
0.2 1 —— LPS-sm i i
LPS-med
—— LPS-Ig
00 T T T T T T T T T T Irl T T T
0 5 10 15 20 25 0 5 10 15 20 25 30 40 50 60 70 80
7 850 (1075 s71) v(ms1) TCWV (kg m~2)

FI1G. 2. Cumulative distribution function (CDF) of (a) relative vorticity at 850 hPa ({ss0), (b) speed of propagation, and (c) total column
water vapor (TCWV) for the LPSs that lead to EREs of different sizes—small (LPS-sm), medium (LPS-med), and large (LPS-Ig)—and the
LPSs that did not lead any ERE over central India (LPS-noex). The 6-hourly values along the tracks of LPSs are used to calculate the CDFs.
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FIG. 3. Distribution of the daily composite (a) pressure velocity at 500 hPa (0500) with respect to the geometric center of EREs and
(b) relative humidity (RH) in the longitude-height plane along the latitude of EREs (the red dashed horizontal line in Fig. 3a). The red
dashed horizontal and vertical lines pass through the center of ERE. Also shown are box plots of the average (c) equivalent potential
temperature at 950 hPa (6,950) and (d) w at 500 hPa («500). The averages of 6,950 and w500 are calculated over 2° X 2° latitude-longitude
box around the geometric center of EREs. The horizontal black lines in the box plot indicate the median values. The box shows the
interquartile range. The whiskers and black circles denote the extreme values (nonoutliers) and outliers, respectively.

analysis, we see that the dynamic characteristics play a key role
in determining the spatial extent of EREs, whereas the spread
of thermodynamic quantities does not seem to be determining
the location and spatial extent of EREs.

b. Background conditions

The lagged composites of geopotential height bring out
the distinct background conditions for LPSs that lead to
EREs of different spatial extents (Figs. 4a—c). Zonally
elongated anomalies are observed from two days before
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the occurrence of large and medium EREs, indicating the
active monsoon conditions. They are not seen prior to small
EREs and during the genesis of LPS-noex (supplemental
Fig. 4a). For large EREgs, there is also a signature of an SCV
over the west coast. During the break, rainfall over central
India is subdued but it is enhanced over southeastern India
(Ramamurthy 1969; Pai et al. 2016). It exhibits the anomalous
low over the southeastern peninsula similar to the observed
anomalies for LPS-sm (Fig. 4a) and LPS-noex (supplemental
Fig. 4a).
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FI1G. 4. Lagged composites of anomalous geopotential height (m) at 500 hPa for (a) small, (b) medium, and (c) large EREs from day —2
to day 0 (shown from left to right). Day 0 indicates the day of an ERE. The dashed contour represents statistically significant anomalies of

geopotential height (¢ test: p value < 0.05).

The presence of active monsoon conditions can be confirmed
further by the rainfall over the core monsoon zone (Rajeevan
et al. 2010). The rainfall anomalies are positive over the core
monsoon zone before the occurrence of large and medium EREs
(Fig. 5), indicating an active monsoon spell. The active spell during
large EREs is more intense than that of medium EREs. For small
ERE:s and LPS-noex, rainfall over central India is below or close to
normal. On the day of ERE, the rainfall anomalies peak over
central India and then slowly start falling. As day 0 for LPS-noex is
the day of genesis, the peak in the rainfall anomalies over central
India comes slightly later (day +3), when the LPS makes landfall
and travels over central India (supplemental Fig. 4b).

To confirm an association of EREs with the phase of the
MISO, we define the MISO index following Goswami et al.
(2003). The relative vorticity at 850 hPa is averaged over the
core monsoon zone (75°-90°E, 15°-25°N) from May to October
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of each year from 1979 to 2012. These anomalies are then de-
trended first and filtered for 10-90 days. To avoid the edge
effects, we use the Tukey window. The filtered values are then
normalized by the standard deviation of the relative vorticity
for the entire time period to get the MISO index. The kernel
density estimate of the MISO index is shown in Fig. 6. The
LPS-lg and LPS-med show a peak at the positive MISO index
while LPS-sm peaks at the negative MISO index. Respectively,
70% and 65% of LPS-lg and LPS-med occur during the posi-
tive phase of the MISO. On the other hand, 80% and 84% of
LPS-sm and LPS-noex occur during the neutral to negative
phase of the MISO (MISO index = 0.5). This consolidates our
speculation of a positive MISO phase for LPS-lg and LPS-med,
and a neutral or negative phase for LPS-sm and LPS-noex.
The preferential location where EREs of different sizes
occur follows the location of the monsoon trough during the
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active and break phases of the MISO. The trough shifts
northward near the foothills during the break phase, and it is
situated over the core monsoon zone during an active phase
(Rao 1976; Ramamurthy 1969). Small EREs tend to occur near
the northern boundary of the study region (north of 22°N),
while medium to large EREs occur mainly in the southern part
(15°-20°N) [Fig. 2b and supplemental Fig. 5 of Nikumbh et al.
(2019)]. This corroborates again the influence of the MISO on
the different sizes of EREs.

The background conditions reveal that large and medium
EREs occur mainly during the positive (active) phase of the
MISO, while small EREs tend to occur during the neutral or
negative phase of the MISO. By looking at the forcing re-
sponsible for the distribution of w and the organization of
convection, we can understand the processes that control the
spatial extent of EREs. In the following sections, we analyze
these processes by looking at dynamic forcing, vortex intensi-
fication, and diabatic generation of potential vorticity.

¢. Dynamic forcing

By using the quasigeostrophic (QG) omega equation (Hoskins
et al. 1978) we examine the dynamic forcing that leads to the
observed differences in the distribution of vertical velocity. We
use the modified definition of the Q-vector (—2V - Q) (Kiladis
et al. 2006; Phadtare and Bhat 2019; Boos et al. 2015) for the
tropics, where the geostrophic wind is replaced by the rota-
tional wind. This modified form of V - Q is given by

py.Qu il i T (0 i)

R T oxdy dyox  oxay\o’x 8%y
Py (PT T
+ 7 g ) M
dxdy\ o°x 97y

where p, R, T, {, and ¢ are pressure, the gas constant for dry air,
temperature, the vertical component of relative vorticity, and
the streamfunction of the horizontal wind, respectively; other

Brought to you by INDIAN INSTITUTE OF SCIENCE | Unauthenticated | Downloaded 12/16/21 06:08 AM UTC

NIKUMBH ET AL.

9529

T
! —— LPS-noex
0.8 —— LPS-sm
LPS-med
—— LPS-Iig
0.6 1
w
o
Z
0.4 1 |
1
1
1
1
1
1
0.2 1 1
1
1
1
1
1
I
0.0 1= ‘ 7 T —

-3.0-2.5-2.0-15-1.0-05 0.0 0. 1.0 1.5 20 25 3.0

MISO index
FIG. 6. Kernel density estimation (KDE) of the MISO index
(defined in section 3b) on day 0 of LPS-sm, LPS-med, LPS-lg, and
LPS-noex. The MISO index below 0.5 refers to the neutral to
negative phase of the MISO.

terms have their usual meaning. Figure 7 shows the evolution
of dynamic forcing (—2V - Q at 500 hPa) over central India
before and after the occurrence of EREs of different sizes. The
large increase in the dynamic forcing over the entire central
India is observed from two days before medium and large
EREs. The enhanced dynamic forcing over central India for
medium and large EREs is due to the presence of active
monsoon conditions (Fig. 4). During an active monsoon, the
enhanced relative vorticity over the core monsoon zone and
the negative vorticity anomalies over the foothills exist, which
are also observed for LPS-med and LPS-lg (supplemental
Fig. 5). The presence of a zonally elongated monsoon trough
enhances the vorticity and temperature (supplemental Fig. 5)
that sets up large-scale dynamic forcing over central India
for medium and large EREs. For LPS-sm and LPS-noex, the

60 - —e— LPS-noex
—e— LPS-sm

LPS-med
40 1 —— LPS-Ig

—2V-0Q (107Y pa~1s73)

—40 -

-10-9-8-7-6-5-4-3-2-10 1 2 3 4 5 6 7 B 9 10
Days
FIG. 7. Composite daily QG forcing (—2V - Q) over the study
region from lag days —10 to +10. The shading indicates the 95%
confidence interval obtained by generating 10* bootstrapping
samples.
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large-scale dynamic forcing is absent. For small EREs, the
anticyclonic vorticity and cold anomalies are observed over
central India, which creates weak dynamic subsidence over
central India before the arrival of LPSs. When an LPS-sm
enters central India large-scale dynamic forcing is absent, and
it barely overcomes the background dynamic subsidence. The
LPS-noex registers a slight increase in the dynamic forcing over
central India, three days after its genesis, coincident with its
landfall over central India.

d. Vortex intensification

LPS-lg and LPS-med are not only stronger compared to
LPS-sm and LPS-noex during their genesis but also continue to
intensify throughout their lifetime (Fig. 8a). The LPS-Ig has the
highest growth rate followed by LPS-med. The LPS-sm and
LPS-noex have very small growth rates. The vortex stretching
(vorticity divergence) is the major source of vorticity at low
levels for LPSs (Daggupaty and Sikka 1977; Godbole 1978;
Rajamani and Sikdar 1989). It is especially high for LPS-1g and
LPS-med (Fig. 8b). During the positive phase of MISO, the
strength of the LLJ is high and a strong wind exist over the
southern boundary of the monsoon trough (supplemental Fig. 1a).
The interaction of the LLJ with LPS-lg and LPS-med results in the
formation of the strong convergence zone to the west of LPSs
(supplemental Fig. 1b), which results in the vortex stretching and its
intensification. This shows that the positive phase of MISO helps in
the intensification of the LPS-lg and LPS-med. On the other hand,
LPS-sm and LPS-noex do not intensify as much because the LLJ is
weak during the negative and neutral phases of MISO.

e. Diabatic generation of potential vorticity

We look at the influence of an active monsoon trough in
strengthening LPS-Ig and LPS-med through the diabatic effects
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by examining potential vorticity (PV). An approximate diabatic
generation of PV is given by (Martin 2006)

i (40

d
G®V =i (G

@

where PV, g, ¢, f, and dQ/dt are potential vorticity, gravita-
tional constant, relative vorticity, the Coriolis parameter, and
diabatic heating, respectively. PV is generated where the ver-
tical gradient of diabatic heating term is positive and destroyed
where it is negative. We calculate the diabatic heating term
dQldt, which is a residual term of the thermodynamics equa-
tion (Holton and Hakim 2012; Ling and Zhang 2013) as
follows:

o :Z<%+ua—0+v%+wa—0). 3)

dt 0\ ot ox ay ap
The vertical profile of diabatic heating averaged over central
India is shown from day —15 to day O in Fig. 9. About 15 days
before EREs, the vertical profile of diabatic heating is almost
same for all cases. As noted in the earlier studies, the midlevel
warming is generated by convection (Ajayamohan et al. 2016;
Hazra and Krishnamurthy 2015; Yanai et al. 1973). The low-
level and upper-level cooling are associated with evaporative
cooling and radiative cooling, respectively. The distinction
among the profiles starts from day —9 when the rainfall anom-
alies (Fig. 5) over central India for large and medium EREs
slowly start picking up. The midtropospheric diabatic heating
continues to intensify for large and medium EREs in tandem
with the rainfall anomalies over central India. The maximum
anomaly in diabatic heating at midlevel is observed a day before
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FIG. 9. Vertical profile of diabatic heating averaged over the study region from day —15 to day 0. The shading represents 95% confidence
interval obtained by generating 10* bootstrapping samples.

large EREs. For medium EREs, the anomalies of diabatic
heating are almost similar on the day of an ERE and a day be-
fore. For small EREs, they peak on the event day. The vertical
gradient in the diabatic heating leads to a positive PV tendency
in the lower troposphere and negative tendency in the upper
troposphere (Fig. 10). A day before large and medium EREs,
the diabatic PV generation deepens and reaches up to the
midtroposphere. Hence, the cyclonic circulation at low to mid-
levels is strengthened over central India partly due to diabatic
heating during the positive MISO phase for LPS-lg and LPS-
med. This strengthened circulation can combine the scattered
convection, and form a large-scale organized convection, leading
to a large spatial extent of EREs.

4. Summary and discussion

In this study, we investigate the characteristics and back-
ground conditions of the monsoon lows (LPSs) that lead to
extreme rainfall events (EREs) of different spatial extents:
small (size = 1, LPS-sm), medium (size = 2-5, LPS-med), and
large (size = 6, LPS-lg) EREs over central India. We also
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compare them with the LPSs that do not lead to any ERE
(LPS-noex).

The characteristics (section 3a) of these LPSs reveal that the
ERE-producing LPSs are slower, moister, and more intense
than the LPSs that do not give EREs (Fig. 2). The spatial extent
and the location of EREs are coincident with the midtropo-
spheric w maximum. The spread of thermodynamic entities
such as relative humidity or equivalent potential temperature
does not seem to be controlling the spatial extent of EREs.
This possibly indicates that the spatial extent of EREs is de-
termined primarily by the dynamic characteristics (Fig. 3).

The analysis of background conditions (section 3b) shows
that the LPSs that set off medium and large EREs occur mainly
during the positive phase of the MISO (Figs. 4-6), which forms
an active monsoon trough over central India. On the other
hand, the LPSs that form during the negative and neutral
phases of the MISO do not have an active monsoon trough
over central India and produce small EREs. The LPSs that do
not lead to any ERE also occur mainly during the neutral to
negative phase of the MISO. As LPSs are embedded in the
different phases of the MISO, we infer that it is the interaction
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of LPSs and MISO that leads to EREs of various sizes. The
spatial distributions of EREs of various sizes follow the spatial
variations in the monsoon trough during the different phases of
the MISO. The trough is situated over central India during the
positive phase of the MISO and shifts near the foothills during
the negative MISO phase. Accordingly, large and medium
EREs occur mainly over the southern boundary (15°-20°N) of
central India, while small EREs tend to occur near the north-
ern boundary (north of 22°N).

Processes (sections 3c-3e; Figs. 7-10) through which the
phases of the MISO modulate the response of LPSs in pro-
ducing ERE:s of different sizes are as follows.

1) During the positive phase of MISO, an active monsoon
trough and a strong LLJ exist over central India. A
large-scale dynamic forcing is set up due to enhanced
temperature and vorticity gradients. When an LPS passes
through central India it intensifies by vortex stretching
as a strong convergence zone forms to the west of the
LPS resulting from the interaction of the LLJ with the
LPS. An active monsoon trough generates potential
vorticity at low to midtroposphere through the diabatic
effects and strengthens the low-level cyclonic circulation.
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These conditions help in the organization of convection
and LPSs produce medium and large EREs.

2) During the negative phase of MISO, large-scale dynamic
subsidence exists at midlevels over central India associated
with cold and negative vorticity anomalies. These LPSs do
not intensify much during their lifetime. In the absence of
an active monsoon trough, the low-level circulation is not
strengthened via diabatic generation of potential vorticity.
When an LPS passes through central India in such condi-
tions, it triggers small EREs.

Here, we show how the interaction of the MISO phases
with LPSs can modulate the spatial characteristics of ERE:s.
Predicting the in-phase and out-of-phase conditions of multi-
ple monsoon components can improve the forecast of different
spatiotemporal characteristics of EREs. Such a forecast that
includes the spatiotemporal characteristics could prove useful
in preparing a proper action plan.

We use LPS-noex to bring out the contrast; however, further
investigation is needed to understand them thoroughly and
examine for the different spatiotemporal characteristics of wet
events. A comprehensive study of the multiscale interactions of
different monsoon components for all wet and dry events is
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essential. Similarly, temporal characteristics of wet and dry
events in addition to spatial characteristics could be explored
with a high-resolution dataset.

LPSs and MISO are modulated by other tropical variability
like the Madden Julian oscillation (MJO) (Haertel and Boos
2017; Pai et al. 2011), and the slow-varying (interannual)
modes like ENSO and the IOD (Ajayamohan et al. 2008; Yoo
et al. 2010). Further efforts are needed to understand the in-
fluences of these large-scale drivers on the characteristics of
ERE:s and thereby improve their prediction.
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