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VR — IE IEATA W@ AR IR FEARTRT Gt @1 f&eeor ad AR 3usgedd #
A & A 3R erfa & anffer G fr S aar §1 sud dfaRed, g e ENSO =i &
aN AT F 30 T fERVant f s Sta aRar 81 38 T, g AT § 3w iR dEd
AT R T Auh AT A & v Sk saelieel 3R ERAS JATARINOT ST & Ui
R

aRoe g § &, AT ATas R 33 (MSD) 3R 3= 33 (KD) alft # et 3R deraw
arstt feRmatt 7 ardir yaurer 3R FEfd FEATR 9T wae & 99 e Aolgd HaY g1 Ig 9 IR §
g dey faffest awy domat gt ailie, Alael (ISM-aer) 3R qesna T=A (p0) W et giar §, S
Y@ifrd aXar § o AT Hagel @1 digar ardr saurar 3 gae Faten W AR w81 e § ag
fAshy fehorar & & FAEiR FeatR gae swoelr $1 3ufeufa v R fRufd = § 3k v #geaqor
ard yauTer & 3ufeufd, St faffes Fasal wogar @ afa 3R e i sgFde agemat v g,
AGcAYUT FRF § o HTGe T YT T ATt Tl g1 $H IeTal, Il ofell AR STAFIEAT
T UG FAG F TG ¢ 3 AT H TN H ST AT § dIA GgiT FHEOT FfARewor vh
Ve SRIAfeE Arae Yfia T § ot Fier-orer e ader gfafer @ SeT 8, St Aeg-neii o s
& A FSARITAHR HA-FRa3i T BT AT &1 S TN, Ig HETIT HE TRIid (A1) & 718 gt
dT T IR AT B I T FAAVANT W 3ES GG F1 o Fohel aar B, T o IR e emer
& AR B

ABSTRACT. This study examines the mechanisms involved in the onset and progression of the monsoon over the
Indian subcontinent by analyzing key dynamical and thermodynamical processes. Additionally, it investigates the
characteristics of monsoon onset during various ENSO phases. To achieve this, we utilized long-term observations and
ERAS reanalysis data to conduct a comprehensive study on the onset and related characteristics.

Results indicate that, a robust connection between the thermal gradient in both zonal and meridional directions and
the corresponding vertical wind shear both across the active monsoon shear domain (MSD) and Kerala domain (KD). It is
found that, this relationship varies across different time scales i.e., annual, seasonal (ISM-length), and onset pentad (p0),
underscoring that the intensity of monsoon convection hinges on the thermal gradient and wind shear. The analysis
concludes that presence of weak vertical wind shear, creates a stable state and the presence of a significant thermal gradient,
characterized by minimal variations in wind speed and direction at different altitudes, are critical factors that facilitate the
monsoon onset. Further, El Nifio tends to increase wind shear over the Indian subcontinent and leads to a delayed monsoon
onset. Elevated geopotential height during an EI Nifio year indicates the existence of a high-pressure region, which is an
unfavorable condition for the onset of the monsoon. Analysis of temperature tendency equation exhibit a robust diabatic
heating which is linked to a Gill-like Rosshy wave response, initiating thermodynamic interactions with midlatitude
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westerly jet. Furthermore, this study also gives an indication of the influence of central pacific (CP) warming events and
its influence on monsoon onset characteristics, which needs further exploration.

Key words — Monsoon onset, Thermal gradient, ENSO, Apparent heat source, Moisture sink, wind-shear.

1. Introduction

India receives the most significant portion of its
annual rainfall during the principal rainy season i.e. June-
September (Gadgil et al., 2003; Jain et al., 2012). The
commencement of the rainy season (or the monsoon
“onset”) over the Indian subcontinent during boreal
summer plays a major role in dictating the season rainfall
amounts. The onset of the Indian summer monsoon (ISM)
is a highly anticipated meteorological phenomenon as it
provides the signature of the rainfall transition from
summer to the monsoon season and significantly affects the
agricultural productivity of the country (Webster et al.,
1998; Gadgil, 2003; Moron & Robertson, 2014). The onset
of the ISM is characterized by a fast transition from a dry
and warm season, with the easterly flow at lower levels and
westerly flow at upper levels, to a wet season, with lower-
level westerlies and upper-level easterlies (Geen et al.,
2020). The convection linked to the ISM represents the
most substantial contributor to atmospheric heating due to
upper-level divergent circulation (Hoskins & Rodwell,
1995; Yanai & Tomita, 1998). Further, the onset of ISM
has a very strong association with one of the dominant
tropical oscillations called ElI Nifio Sothern Oscillation
(ENSO) (Ashok et al., 2004). Despite, its societal impacts,
the dynamics and thermodynamics associated with the
monsoon onset are still poorly understood. In this research
work, both dynamics and thermodynamical perspectives of
the monsoon onset and how it is influenced by the ENSO
modes, especially during the EI Nifio is examined.

In general, the southwest monsoon onset over India is
usually marked by the arrival of copious amounts of rainfall
in the state of Kerala, located in the southwestern part of
India (Soman & Kumar, 1993). Kerala often experiences
the first monsoon showers, marking the official onset date,
which is typically around 1% June. After the onset of ISM,
it gradually progresses poleward by the influence of
favorable meteorological conditions (shear, specific
humidity etc.) and covers the entire Indian subcontinent
over the next few weeks to months (Ananthakrishnan &
Soman, 1988) and the onset timing and occurrence of this
progression exhibits a strong interannual variability (Lenka
et al., 2024). Note that, due to the heterogeneity in onset
dates over the Indian subcontinent, recently, the India
Meteorological Department (IMD) has observed the onset
over Northwestern parts of India is slightly earlier, 81" July,
compared to the previous date of 15" July. The onset of
ISM is characterized by significant changes in convection
and circulation over the Indian subcontinent and its
surrounding regions (Rao, 1976; Hastenrath & Greischar,
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L.1991; Fasullo & Webster, 2003; Kripalani et al, 2003;
Wang et al., 2009; Gadgil, 2018). The main source of
convection over the Indian subcontinent is due to the
presence of two oceanic maxima, located in the Arabian
Sea (AS) and the Bay of Bengal (BOB), respectively. The
monsoon circulation over the South Asia in zeroth order is
essentially an atmospheric response to the temperature
contrast between land and ocean induced by the movement
and heating of the sun, leading to significant variability
(Wang & Ding, 2008). Some studies confirmed that intense
solar heating and associated thermodynamical conditions
produce sufficient convection resulting in the poleward
shifting of the Intertropical Convergence Zone (ITCZ)
(Privé & Plumb 2007; Gadgil, 2018), which plays a
significant role in influencing the wind shear and
circulation patterns and, consequently, the onset of the ISM
(Lenka et al., 2024).

To comprehend the dynamics of the monsoon onset,
it is essential to grasp the significance of various factors,
(such as thermal gradient, vertical wind shear etc.) that play
a pivotal role in molding weather patterns (Li and Yanai,
1996, Duan et al., 2008). Earlier, studies have shown the
impacts of thermal gradients (Weldeab et al., 2022) and
wind shear in shaping the timing of the monsoon onset. In
addition, Strong vertical wind shear can hinder the
development of the monsoon by disrupting convergence
and low-level jet formation and its variability is essential
for initiating and maintaining the monsoon circulation
(Wilson & Mohanakumar, 2020). Numerous studies, used
indices, based on wind shear to precisely quantify and
analyze the dynamics of the monsoon. For example, the
Webster Yang Index (WYI), reflects the intensity of both
the low-level westerly jet and the upper-level easterly jet.
(Webster & Yang, 1992). Later, Goswami et al., (1999)
studied the Monsoon Hadley Circulation Index MCI,
computed wind shear using the winds at two levels (850
and 200 hPa) and averaged over a broader region extending
further north (10°-30° N) and east (70°-110° E). In another
study, Douglas (1992) identified the average easterly wind
shear, was a crucial parameter for the northward
advancement of the monsoon convection band. A
modified version of the MCI, namely the Shinu-Mohan
index (SMI), excluding the topographical influences on the
zonal wind pattern is utilized (Wilson & Mohanakumar,
2020). The importance of shear and its strong coherence
with rainfall over the monsoon shear domain (MSD) is
elaborately studied by Gouda and Goswami (2016).
Numerous other studies have also highlighted the
significance of the vertical wind shear in the context of the
ISM (Parthasarathy and Yang., 1995; Prasad and Hayashi,
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2005; Sahana et al., 2015; Gouda & Goswami, 2016;
Athira et al., 2023). Thus, understanding wind shear
and its interaction with key meteorological variables
and dynamical processes is essential for predicting
the timing and behaviour of the monsoon onset and
progress, this forms one of the scientific issues of the
present study.

Another crucial aspect which dictates the monsoon
onset is the ENSO and Indian Ocean Dipole (IOD)
teleconnections. Observational evidence of the ENSO-
monsoon rainfall connection reveals that the enduring
association between the Indian and tropical pacific region
SST (Ashok et al., 2004; Roy et al., 2016; Lenka et al.,
2022;). The abnormal rise in pre-monsoon temperatures
disrupts the land-ocean thermal gradient (Devi et al., 2022,
2023), potentially contributing to the development of
large-scale climate phenomena e.g.,, ENSO, I0OD.
This disruption can thereby influence the ISM onset and
rainfall distribution (Ashok et al., 2003; Yamada et al.,
2022).

From the earlier studies, it is evident that wind shear
and thermal gradients are essential in studying monsoons,
as they significantly influence the development, strength,
and variability of these systems (Webstar et al., 1998). By
analyzing the combined effect of the wind shear, and
thermal gradients during the ENSO phases over the Indian
subcontinent during the monsoon onset, will shed light on
1) the atmospheric dynamics and the thermodynamical
aspects which help in understanding and quantifying the
contribution of the physical drivers of monsoon and its
onset, 2) the dynamical impact of the large-scale process
i.e. ENSO phenomenon on vertical wind shear and thermal
gradient over the study region, which in turn affect the
monsoon onset and its circulation both in space and time.
This examination aims to contribute to a better scientific
understanding of the complex dynamical impact of various
atmospheric parameters on ISM onset. This insight is
significant as the accurate and timely forecasting of
monsoon patterns can exert substantial influence on
planning, productivity, and overall socio-economic
stability. The paper is structured as follows, in Section 2,
an overview of the data sets used in this research and
methodology employed for computing vertical wind shear,
thermal gradient, ISM-length along with the TDE are
presented. The results are discussed in the section 3
followed by summary and conclusion in section 4.

2. Data and methodology

2.1. Reanalysis data

In the present work, we have used the 5" generation
European Center for Medium-Range Weather Forecast
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Reanalysis (ERA5) with a spatial resolution of
0.25° (approximately 28 km), having 27 pressure
levels between 100 and 1000 hPa for the study
period 1981-2020 (40) years is utilized (Hersbach et al.,
2020). ERA5  estimated daily zonal and
meridional (u, v) winds along with Temperature
(T) and vertical p-velocity (w) is also utilizes.
In addition, we have also used the monthly surface 2 m
temperature.

2.2. Rainfall observations and ISM characteristics

In the present study the rainy season length, referred
as ISM-length is used following the procedure by
Lenka et al., 2024. The duration of the monsoon
season is calculated for each year instead of confining
the fixed June-September (i.e., JJAS, 122 days).
The duration between the onset and withdrawal date of
ISM is defined as the rainy season length (ISM-length)
and ISM onset and withdrawal are
calculated using cumulative rainfall anomaly technique
(Lenka et al., 2024). For the computation of ISM
length, India Meteorological Department (IMD)
0.25 deg gridded daily data also used for the period
from 1951-2020. For more details about the IMD
rainfall data please refer to Pai et al., 2014. i.e.

ISM-length (i, j, day, year) = WD (i, j, year)-OD (i, j,
year) 1)

where, WD represents the withdrawal date, and OD
represents the onset date at the grid point (i, j) in any given
monsoon season. A pentad analysis (p0) of the composite
average of various meteorological parameters over 40 years
are computed. The onset pentad (p0), includes the onset
date along with the 2 preceding and 2 following days. The
domain averaged wind shear and thermal gradient over the
said two domains are considered for the present analysis.
The pentad (p0) analysis has been conducted to assess the
influence of the ENSO on wind shear, thermal gradient,
geopotential height and the onset of the ISM. In addition,
we defined the onset categories (e.g late and early) based
on one standard deviation (o) from the climatological mean
onset date (IMD declared onset dates). Years with onset
dates greater than +1c were classified as late onset, while
those earlier (than —1c) were classified as early onset.
The normal onset years fall within +1 ¢ of the mean onset
date.

2.3. Methodology

In this section, a detailed description of the parameters
used to study the onset characteristics are given, they
include 1) Thermal gradient, 2) vertical wind shear, and 3)
the thermodynamic energy equation is given.
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(i) Thermal gradient

In the current study, the central difference method is
employed to compute the thermal gradient of the
temperature at a given point x, is computed as

d _ T(x+A4x)-T(x—-Ax)
dx 24x

)

Here, T(X) represents temperature at point x, and Ax
is the grid spacing between neighboring data points. Both
the zonal and meridional thermal gradient is computed
using the above-mentioned method.

Meridional Thermal Gradient (MTG): MTG gives the
rate of temperature change per unit of latitude

p ar()
=1 dx

MTG(i,j,t) ==X 3)

Zonal Thermal Gradient (ZTG): The ZTG gives the rate of
temperature change per unit of longitude

Q dar(j)

=1 ary)
ZT6 =30,

(4)

where, dT(i) =T(i,j)-T(i+1,j) and dT()=T(ij)-T(i,j+1)

The zonal and meridional averaged thermal gradient is
obtained using the following equations

MTG(t) = 55 27, TFy MTG (i), 0) (5)

ZTG(8) = 56 27y Sia 276 (1), ) ®)

(if) Vertical Wind Shear

The vertical shear of horizontal wind is computed by
taking difference between the upper reference vertical level
is fixed at 200 hPa, while the examination encompasses the
850 hPa and 1000 hPa levels as potential lower reference
level.

Vertical wind shear at lower pressure level | (1000
hPa or 850 hPa) with respect to the upper vertical pressure
level u (200hPa) for each day of a particular year at each
grid point (i, j) is computed as

Ws(i,j, t) =

J (UG ), ) = Uy, D) + (VG ), ) = V(i j, )
©)
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where U,(i,j,t) represent the low level (1000/850 hPa)
zonal wind at latitude i, longitude j and time tand U, (i, j, t)
represent the upper level (200 hPa) U wind at latitude i,
longitude j and time t. Similarly, the same notation used for
the meridional wind i.e. V;(i,j, t) and V, (i, j, t).

Two distinct domains i.e. monsoon core and onset
region, have been selected for the analysis of wind shear
and thermal gradient. MSD extending in the region of 65°-
100° E longitudes and 5°-40° N latitude following the
earlier study (Gouda & Goswami, 2016) KD representing
the monsoon onset zone extending in longitudes 74.5°-
77.5°E and latitudes 8°-13° N.

The daily domain averaged vertical wind shear
WsD(t) computed at two vertical levels for the day ‘t’ is
calculated as follows

1 ..
WSD(t) = EZ}(:l Zf:l WS(I’I]J t) (8)

where X and Y corresponds to the count of number of
grid points in the meridional and zonal direction in the
respective domains

(iii) Heat and moisture equations

In the present work, the dry static energy that
represents the total energy content of a unit mass of dry air
in the atmosphere is used for analyzing and understanding
atmospheric  stability, vertical motion, and other
thermodynamic aspects of the atmosphere. By employing
the mass continuity, heat energy, and moisture continuity
equations, the atmospheric energy and moisture budget
equations can be derived (Yanai et al.,, 1973). The
atmospheric apparent heat source (Q1) can be calculated as
following.

Q1=q1-Cp=CpZ2— Cp(wo =V - VTy,)
)

where, Q1 represent the net heat source and net moisture
sink. Cp = specific heat at constant pressure (Cp=1004.64
J(Kkg)); Tm = Mean air temperature; ® = Vertical wind
velocity; ¢ = Static stability; V (u, v) = Horizontal wind
velocity.

The vertically integrated forms of Q1 can be
expressed as (Q1)

700hPa

Q1) == [ " *(Q1)dp

p (10)

The initial term on the right-hand side of Equation
9 signifies the local temperature tendency. 2" term
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Figs. 1(a-f). Climatological (1951-2022) 2-meter surface temperature (K) during March, April, May, June, July and August from NCEP

reanalysis-|

represents the static stability whereas the last term
corresponds to the horizontal advection. The residual term
of Eq. (9) i.e. Q1 has been noted as diabetic heating term.
Diabetic heating increases due to four components, namely
outgoing long wave radiation (OLR), incoming shortwave
radiation, latent heating, and turbulent mixing of air.

(iv) Composite analysis

In the manuscript, some of the figures are prepared
using the composite technique, and it is briefly given
below: Composite spatial and temporal maps were
prepared by averaging the anomalies of selected variables
over the categorized years (e.g EI-Nino and La-Nina), with
spatial averaging carried out over the specified domain.

3. Result and discussion

3.1. Mean state
()

In this section, the climatological (1981-2020)
evaluation of the 2-m temperature during March - August
(regarded as the pre-monsoon, pre-onset and monsoon
periods) has been examined and it is presented in Fig. 1.
The monthly spatial distribution illustrates a consistent
increase in temperatures over the Indian subcontinent and
the Tibetan Plateau (TP) region from March to August.

Differential heating
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A noticeable seasonal transition from the pre-monsoon
period to the monsoon period is observed, indicating an
increase in temperature not only over the TP but also over
the Indian landmass. The surface temperature over the
Indian Ocean consistently remains warm during March-
July, exhibiting large spatio-temporal variations. Further,
the analysis of the land-ocean thermal gradient shows a
notable gradient during the months of May and June (ISM
onset months, Figure not shown). During summer, the land
undergoes more rapid heating compared to the adjacent
ocean attributing to the land's smaller specific heat and
shallower depth. Varied heat capacities of land and water
result in differential heating, with land heating up more
quickly than the ocean. As there is approximately a fourfold
difference in the specific heat between the dry land and
water (Abu-Hamdeh, 2003).

The monthly tendency (Figure not shown) also
illustrates a consistent increase in the intensity of land
surface warming during the pre-monsoon period. The land
surface of the Indian subcontinent exhibits higher
temperatures in April and May compared to March and
April, respectively. Gradually, the land surface temperature
begins to decrease in June. This decrease in land
temperature transitions from Southern India to the central
part of India, resulting in a decline in surface temperature
over this region from June to July. A comparable pattern of
tendency is also observed in the Tropical Indian Ocean.
The ocean surface temperature experiences an increase in
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Fig. 2. Spatial distribution of wind shear climatology (1951-2022) at (a) 850hPa. The map is prepared by,
averaging the wind shear data during onset pentad (see details in section 2)
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Figs. 3(a&b). Spatial distribution of (a) zonal and (b) meridional thermal gradient climatology (1951-2022). The map is
prepared by, averaging the thermal gradients during onset pentad (see details in section 2)

warming intensity in April and May compared to
March and April, respectively. Conversely, there is
a decrease in temperature during June and July
compared to May and June, respectively. The plots
suggest that the warming intensity and temperature
change are more pronounced over land than in the ocean.
A distinct temperature shift occurs from the
pre-monsoon phase to the onset and progress of
ISM phases.

(i) Wind shear

The wind shear conditions can vary from one
monsoon region to another (e.g., Indian Summer Monsoon,
West African Monsoon, East Asian Monsoon) and exhibits
a pronounced interannual variability. Low-level jet
streams, characterized by their concentrated and robust
wind patterns at lower altitudes, have the potential to
impede the initiation of monsoons by obstructing moist air
progression. Frequently, during the onset phase, there is a
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tendency for these jet streams to weaken or shift position
(Belmecheri et al., 2017). Fig. 2 represents the lower
tropospheric pentad vertical wind shear averaged at 850
hPa. A clear decrease in vertical wind shear is visible,
which is generally favorable for the onset of ISM. Wind
shear can lead to the formation of shear lines, which are
boundaries where winds of different directions and speeds
converge. These shear lines can act as focal points for the
initiation of convection and rainfall (Webster et al., 1998),
creating a conducive environment for the onset of ISM.

(iii) Thermal gradient

Another important aspect is the thermal gradient, the
zonal and meridional gradients (ZTG and MTG) play
crucial roles in the dynamics of the onset of ISM. For
instance, the strong ZTG influences the establishment of
the monsoon trough, a quasi-permanent low-pressure
system responsible for drawing moist air from the Indian
Ocean towards the Indian subcontinent (Fig. 3(a)). Thus, a



LENKA et al.: ASSESSING THE DYNAMICS AND THERMODYNAMICS OF MONSOON ONSET: THE IMPACT OF ENSO

o
[a
<
L 700
3
[72]
7]
2
a

850

1000

0 30N 60N
2 0 2 4 6 8 10 12

Fig. 4. Latitude-height profile depicting the mean meridional stream
function (kg/s) for the onset pentad. Positive (negative) values
signify the ascending (descending) branch of the Hadley
circulation. The profile is computed by averaging the data
between longitudes 60°-100° E

strong zonal gradient can help in creating the necessary
conditions for the monsoon trough to form. The MTG can
lead to the formation of Hadley cells, which are important
components of the Earth's general circulation. Also, this
gradient contributes to the movement of the ITCZ, which is
closely associated with the monsoon onset (Fig.3(b)). This
affirms the influence of wind shear in modulating the ITCZ,
which further impact the timing and onset of monsoon
rainfall, which will be discussed briefly in the following
section.

(iv) 1TCZ

To get insight into the ITCZ and ISM onset, the
pentad mean meridional stream function presented in Fig.4.
Although, a comprehensive understanding of the dynamics
of evolving ITCZ regime to monsoon regime is out of the
scope of the present work, for completeness, here we
briefly describe the ITCZ and monsoon onset
characteristics emphasizing the meridional stream function.
In general, the location of ITCZ is determined by the
presence of stream function, which reaches zero over a
particular region. The positive and negative values of the
mean meridional stream function, denoting the ascending
and descending branches of the Hadley circulation
respectively, offering a visual representation of the
latitudinal extent of the ITCZ relative to the pressure
level. From Fig.6 it is seen that the width of the ITCZ
a key determinant of monsoonal rainfall intensity in
tropical regions, is positioned around 30° N during this
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Figs. 5(a&b). The daily variation of zonal and meridional
temperature gradient and vertical wind shear at 1000hPa and
850hPa (computed with respect to 200hPa) over the MSD
domain (a) the Kerala domain (b). The period of analysis is
1951-2022. Different colors in the legend indicates temporal
evolution of different variables

period over the Indian landmass. This observation strongly
suggests that the presence of the ITCZ, is positioned around
30° N plays a crucial role in initiating and advancing the
monsoon across India.

3.2. Onset variability
(i) Role of wind shear and thermal gradient

The daily averaged vertical shear of horizontal wind,
both in the zonal and meridional directions, at 1000 hPa and
850 hPa levels, relative to the 200 hPa level, is presented
for both domains MSD and KD (Fig.5). Along with the
shear, the annual cycle of the zonal and meridional
component of thermal gradient averaged across both the
domain is also presented. This indicates a robust divergence
in the annual cycles in the two domains, with a distinct and
clear depiction of the changing seasons observed
specifically within the MSD domain (Fig.5(a)) in
comparison to the KD region (Fig.5(b)). For both the
domains, the shear value is minimal during the pre-
monsoon season, while it significantly decreases during
the onset period. After the onset, the value rises
considerably during the rainy season. Subsequently, the
value gradually decreases indicating the withdrawal phase
of ISM. The MTG conforms to a Gaussian distribution,
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Figs. 6(a&b). Climatological (1951-2022) vertical wind profile averaged
across various time scales i.e. annual, seasonal (ISM-length) and
onset Pentad (p0) analyzed over (a) MSD and (b) KD

while the ZTG exhibits a nearly linear pattern in MSD
domain. This suggests that the horizontal thermal gradient's
variability is more pronounced in the latitudinal direction
compared to the longitudinal distribution. However, in the
KD domain, both the MTG and ZTG exhibit a similar
pattern (Fig.5(b)).

The daily area averaged ISM rainfall, over the
complete period has a strong coherence with the vertical
wind shear and thermal gradient, averaged over the
extensive spatial regions. The correlation analysis of
thermal gradient and wind shear across MSD is provided in
Tablel, encompassing annual and seasonal (ISM-length)
scales. The correlation analysis during the onset of ISM
over KD as well as MSD also computed for p0. It's evident
that at the annual scale, there is a robust positive correlation
between the ZTG and wind shears, while a notably strong
negative correlation is observed between the MTG and
wind shear. However, during the monsoon season, this
relationship is reversed, with a positive correlation
emerging between the MTG and wind shear, leading to
increased convection. The analysis over MSD and KD
indicates a negative (positive) relation between zonal
(meridional) thermal gradient & wind shear at both the
vertical levels.

The climatological (1981-2020) vertical wind
profiles, spatially averaged over the MSD and KD across
various time scales is presented in Fig.6. The vertical
structure of daily wind, averaged over annual, seasonal
(ISM-length), monthly (June) and during the onset pentad
(P0), highlights the distinct characteristics of daily vertical
shear as the wind at 200 hPa reaches the maximum value of
about 20 m/s. June is regarded as the initial month of the
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monsoon season, as the climatological onset of the
monsoon is defined as the 1% of June. It is also observed
that, in June the surface wind remains high compared to
other time scales considered and the same analysis during
onset pentad indicates that the value is higher above the 600
hPa. Similarly, during the onset, to know the vertical
circulation pattern the analysis over KD indicates that the
pO0 time averaged wind is much stronger along with the June
value, whereas the strength is lower in the annual and
seasonal scale. This indicates the higher wind intensity
resulted in wind shears below the low-level jet core and the
onset prevails in KD region. So, the impact of wind shear
and thermal gradient is more prominent during the onset
phase compared to the annual and 1SM-length time scales
and so the KD region is considered for onset analysis.

(if) Thermodynamic aspects during ISM onset

To obtain a more profound understanding of the
predominant physical processes during monsoon onset,
each parameter of the TDE has been examined thoroughly.
The combined effects of both horizontal & vertical
advection of air parcels, in addition to the impact of
radiation flux in the air column between 700 hPa to 250 hPa
is depicted (Fig.7). The horizontal advection in the TDE,
represented by Eq. 9 indicates cold air from both the
western & eastern regions of Indian landmass, is propelled
by the horizontal advection of air parcels carried by the
westerly winds at lower tropospheric levels (Fig.7(a)).

The values are notably stronger over the Indian
landmass region and this robust advection drives the flow
of moisture-laden air masses (Figure not shown) from the
ocean towards the landmass, playing a pivotal role in
shaping the moisture content and precipitation patterns,
particularly during the onset of the monsoon. The
combination of vertical advection and adiabatic warming is
identified as the static stability (term 2 in Eq .9). The static
stability remains constant, resulting the variations in the
vertical velocity (Fig.7(c)) which is mainly balanced by the
temperature advection (Fig.7(b)) and diabatic heating
(Fig.7(d)). It is also demonstrated that, in the tropical
regions the balance among the TDE terms are primarily
dominated by diabatic heating, while the horizontal
advection mainly influences the balances in extratropical or
temperate regions, where horizontal gradients play a major
role (Mohanty et al., 1983; Hoskins & Karoly, 1981). The
upward motion observed in Indian Ocean, AS and BoB
(Fig.7(c)) appears to be in corroboration with the diabatic
heating (Fig.7(d)) occurring in those regions. The vertical
advection of daily mean temperature (Fig.7(c)) exhibits a
notably negative value over the ASand southwest coast
of Indian region, signifying the robust convergence of air
parcels. Simultaneously, a relatively low negative values of
static stability parameter in TDE signify the omnipresence
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TABLE 1

Correlation analysis of thermal gradient and wind shear across MSD for the period of 1981-2020. The
correlation values presented in the Table are 90% significant.

Time scale dt/dx vs dt/dy vs dt/dx vs dt/dy vs
1000 hPa shear 1000 hPa shear ~ 850 hPashear 850 hPa shear
Annual-MSD 0.56 -0.85 0.53 -0.72
Seasonal (ISM-length)-MSD -0.14 0.90 -0.21 091
Onset Pentad-MSD -0.31 0.12 -0.27 0.14
Onset Pentad-KD -0.51 0.25 -0.21 0.20

of instability (Fig.7(c)). These competing dynamical
conditions contributes to the overall monsoon circulation
over the Indian region. The elevated vertical advection
values over northern India is also correlated with diabatic
heating (Fig. 7(d)).

3.3. ENSO impact on onset
0]
In the above sections, a comprehensive discussion of
monsoon onset and its characteristics by utilizing the

various dynamical (shear) and thermodynamical (TDE) is
presented. Now, for better understanding the impacts of

SST
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ENSO on ISM onset is present here, as ENSO modes
serves as a large-scale predictor for extended range
and seasonal prediction of monsoon and associated
rainfall over south Asia regions through teleconnections.
Thus, we anticipate that the results obtained from the
current analysis will enhance our understanding of the
ENSO-monsoon relationship. It is widely recognized that
the warming of sea surface temperatures (SSTs) in the
equatorial Pacific is a significant factor influencing the
progression and development of the monsoon over the
Indian subcontinent. However, in recent decades studies
have identified that the warming is not only confined to
eastern pacific regions but also spread towards central
pacific (CP) regions too. Recent studies also reported that
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the effect of CP warming is more over Indian ocean, which
in-turn impacts the monsoon progression. Therefore, in the
present work, along with the CP El Nino events and La
Nifia events, the influence of CP warming events on
monsoon onset is also discussed.

Fig. 8 exhibits the spatial composite of SST anomaly
pattern considering the March-April-May anomalies
together during El Nifio and CP warming years. From
Fig.8(a) it is apparent that the eastern pacific warming
especially along the south American coast is relatively
weaker, during the MAM composite. In contrast the spatial
anomalies are stronger and more spread towards central
pacific regions during the CP events or years. It is
interesting to see the SST anomalies over the Indian ocean
is also large during the CP events compared to El Nifio
events. Similar spatial patterns are also seen during the DJF
composite maps (Figure not shown), with an enhanced SST
magnitude. This affirms the influence of SST anomalies
over Indian ocean during the EI Nifio and CP warming
periods. The ISM onset and its associated rainfall are
strongly influenced by the ENSO.

(if) Rainfall and winds

The analysis of onset pentads clearly indicates that the
warm phase of ENSO (CP El Nifio) leads to decreased
rainfall in comparison to the cold phase (La Nifia) (Fig.
SF1). During the onset of the ISM in La Nifa (El Nifio)
years, the west coast of India experiences an abundance
(deficit) of rainfall along with extensive (limited) spatial
distribution. To improve understanding, the present
analysis identifies years of late onset linked with CP El
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Nifio and years of early onset associated with La Nifia.
To assess the shear-onset dynamics the wind
shear composite over the CP El Nifio and La Nifia
years separately are computed and presented in Fig. SF2.
The analysis indicates that during El Nifio (La Nifia)
years, the wind shear conditions during the monsoon
onset phase typically exhibit increased (decreased)
shear, which can be characterized by higher (lower)
values. During EI Nifio years, the intensification of
easterly winds at higher altitudes can result in
increased wind shear in the South Indian Ocean region
and the northern part of the Indian subcontinent.
This phenomenon can hinder both the onset
and progression of the ISM (Fig. SF2). On the
other hand, during La Nifia years, the opposite occurs.
La Nifa is characterized by weaker easterly winds at
higher altitudes, which results in reduced wind shear.
This reduction in wind shear is conducive to
the development and progression of the ISM, often leading
to an earlier and more active monsoon season with
increased rainfall (SF 2b). It is evident that during El Nifio
years, the shear line tends to shift downward, while in La
Nifa years, the shear line is more prominent over the Indian
subcontinent, extending in a northward direction resulting
good rainfall. El Nifio-related late onset years and La Nifia-
related early onset years are also included in the analysis to
enhance comprehension. A notably pronounced positive
wind shear anomaly is observed over the northern side of
the Indian subcontinent and the western Indian Ocean
during EI Nifio-associated late onset years. Conversely,
during La Nifa-associated early onset years, a distinct
negative anomaly extends across the entire Indian region
(SF4(a) and SF4(b)-upper panel).
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(iii) Thermodynamic aspects during CP EIl Nifio

To further test the linkage between convection and
temperature tendency, various TDE terms are examined
during CP EIl Nino years (SF3). During these years the
diabatic heating is less prominent over KD (SF 3d) also a
weaker temperature advection is visible over the Middle
East and North Africa. So, from different thermodynamic
terms like temperature advection and vertical motion the
circulation during onset period can be well understood and
the strength of the onset can be well examined.

Geopotential height and wind shear patterns during
ENSO events together influence the timing and intensity of
ISM onset. The analysis clearly defines that the
combination of higher geopotential heights and increased
wind shear during CP El Nifio resulted in a delay in the
onset. These atmospheric conditions make it less conducive
for the establishment of the monsoon circulation and the
associated rainfall. Elevated geopotential heights can also
create atmospheric stability and suppress convection. This
stability can delay the onset of the ISM by inhibiting the
ascent of moist air parcels, which is essential for the
development of monsoon rainfall. It is observed that the CP
El Nifio resulted in elevated geopotential heights in specific
regions (Fig.SF4(a)-lower panel) along with Rossby-like
circulation in wind, while conversely, La Nifia years tend
to exhibit the opposite pattern (Fig.SF4(b)-lower panel).

4.  Conclusions

In the present study, mechanism involved in monsoon
onset and its progress over the Indian subcontinent is
studied emphasizing the different ENSO phases. Since, the
boreal summer monsoon mean state and variability over
Indian region is primarily driven by the interplay between
chaotic dynamics of regional and global phenomena, this
study reveals a robust connection between the thermal
gradient in both zonal and meridional directions and the
corresponding vertical wind shear both across the active
MSD and KD domain. This relationship varies across
different time scales i.e., annual, seasonal (ISM-length),
and onset pentad (p0), underscoring that the intensity of
monsoon convection hinges on the thermal gradient and
wind shear. The day-to-day variations in ISM rainfall are
frequently ascribed to the chaotic nature of atmospheric
dynamics. Particularly, the daily area-averaged ISM
rainfall exhibits a pronounced correlation with the vertical
wind shear and thermal gradient, averaged across
expansive spatial areas. Analysis distinctly reveals that,
during the ISM onset pentad, a positive correlation emerges
between the meridional thermal gradient and wind shear
over MSD and KD, leading to increased convection, with a
more coherent and robust value over KD compared to
MSD.
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Prior to the onset of the monsoon, these wind shear
conditions can disturb the convergence of moist air masses
arriving from various directions, creating challenges for the
establishment of the monsoon. The maximum wind height
seems to be coincided with the temperature inversion
height and the wind shear is observed in the low-level jet
region and helps in driving the monsoon. The wind shear
and thermal gradient variability also associated with the
boundary layer and the convergence processes resulting
convective rainfall.

Some of the key findings of the study are, 1) During
the ISM onset pentad, a positive correlation emerges
between the MTG and wind shear over MSD and KD,
leading to increased convection. So, a strong positive
correlation between MTG and wind shear is crucial for the
establishment of the monsoon trough. Again, the noted
correlation value is more robust in KD compared to MSD;
2) The time-height structure of daily wind, averaged over
the onset pentad, reveals that there is a significant wind
intensity leading to wind shears below the low-level jet core
during p0 in the case of KD. Hence, domain selection
proves to be crucial; 3) A weak vertical wind shear,
indicates a stable state and the presence of a significant
thermal gradient, characterized by minimal variations in
wind speed and direction at different altitudes, are critical
factors that facilitate the monsoon onset; 4) When the ITCZ
shifts northward because of the thermal difference, it can
alter wind shear patterns in the tropical regions. The
convergence of trade winds near the ITCZ often results in
weaker wind shear, creating a more favorable environment
for monsoon development; 5) El Nifio tends to increase
wind shear over the Indian subcontinent and leads to a
delayed monsoon onset. Elevated geopotential height
during an EI Nifio year indicates the existence of a high-
pressure region, which is an unfavorable condition for the
onset of the monsoon; 6) The robust diabatic heating linked
to monsoon generates a Gill-like Rossby wave response,
initiating thermodynamic interactions with midlatitude
westerly jet. This interaction results in subsidence and a
subsequent reduction in rainfall along with delay in
monsoon onset. The holistic understanding of these factors
contributes to a comprehensive comprehension of the
complex dynamics governing the onset of the ISM. This in-
depth spatiotemporal examination of the linkage between
various parameters and the monsoon onset serves as a
valuable driver for further research into the role of large-
scale atmospheric dynamics in shaping ISM onset patterns
over the Indian subcontinent. Furthermore, this study also
gives an indication of the influence of CP El Nino events
and its influence on monsoon characteristics, which needs
further exploration. Overall, this has a potential implication
for operational purposes, since the EINino and LaNina
composites are exhibiting the promising results as far as the
onset and its thermodynamics are concerned. The strong
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predictability signal of EINino and LaNina indicating that,
the work can be used for extended range prediction and
understanding the variability of monsoon onset over Indian
region.
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