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In this study, we examine the transitions in the monsoon phases (onset, active, break and the withdrawal)
during an entire monsoon season. This makes use of a host of observational tools that come from GPM
(Global Precipitation Measurement) and TRMM (Tropical Rainfall Measuring Mission) satellites for
precipitation estimates, the vertical structure of rain, hydrometeors and cloud types from TRMM and
CloudSat datasets. During onset, the mean moisture convergence, especially over west and south-west
coast of India is 2 9 10�4 kg m�1 s�1; however, it carries much higher value of[4 9 10�4 kg m�1 s�1

during the active phase over central eastern India. Much lesser moisture convergence (\1 9 10�4

kg m�1 s�1) is noted over Western Ghats area during the break phase. However, there are northeasterly
moisture fluxes present over southern part of India during withdrawal phase. The tall cumulonimbus
clouds that extend out to 16 km are illustrate during onset, the active phase is dominated by alto stratus
and nimbostratus type clouds that are somewhat shallower. In general, we noted an absence of such
clouds during the break and the withdrawal phases. Those structures were consistent in a number of
derived fields such as the moisture convergence, moisture fluxes, the energy conversions between the
rotational and the divergent kinetic energy and the corresponding phases of the intra-seasonal
oscillations.

Keywords. Intra-seasonal phases of the monsoon; structure of the monsoon; kinematic and dynamical
features of the monsoon phases.

1. Introduction

This is a two-part study on the structure and
mechanisms that control the intra-seasonal phases
of an entire summer monsoon season. The monsoon
phases relate to the following: the onset, active,
break, revival and the withdrawal, of summer
monsoon over South Asia covering an entire sea-
son. This two-part study is a sequel to an earlier
study, Krishnamurti and Biswas (2006), on the

transitions of the surface energy balance during the
life cycle of an entire monsoon season. The working
definitions of the monsoon phases have been
described in Rao (1976). India Meteorological
Department (http://www.imd.gov.in) prepares the
dates of these phases on an annual basis from the
surface rain-gauge based rainfall estimates. There
are currently close to 2500 rain-gauge sites well
distributed all over India (Rajeevan et al. 2005)
that provide precipitation estimates on a daily
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basis. In recent several studies, Roja Raman et al.
(2008), Deshpande and Goswami (2014), Sahu
et al. (2014) and Revadekar et al. (2016) address
the relationships between intra-seasonal monsoon
variability and the rainfall pattern, heavy rainfall
events, atmospheric circulation, and various com-
ponents of atmosphere over Indian region. The
study conducted by Deshpande and Goswami
(2014) described the diurnal cycle of the rainfall
over India significantly affected by the active and
break phases of the Indian summer monsoon rain-
fall. Their study shows that there was delay in the
occurrence of the afternoon peak in the rainfall
intensity over central India during break phases of
monsoon. Roja Raman et al. (2008) discussed the
variation of the Hadley cell with the monsoon
activity from the Gadanki mesosphere, strato-
sphere, and troposphere (MST) radar observations.
Their study noticed that the Hadley cell extend
towards north during active monsoon phases, and
it extends towards south during the break phases.
Sahu et al. (2014) address a couple of heavy rainfall
events over north India associated with the active
phases of Indian summer monsoon and their mod-
elling study. During heavy rainfall events, large
magnitude of the heat content anomaly excites the
thermodynamical wave trains (Krishnamurti et al.
2016). This wave train carries large amount of heat
from monsoonal region to the Arctic Ice
region. Revadekar et al. (2016) discuss the distri-
butions of CO2 over Indian region in response to
the atmospheric circulations during active and
break phases of Indian summer monsoon. Their
study illustrated that anomalous circulation pat-
tern during active and break phases of monsoon,
which shows resemblance with high and low values
of CO2. Many of the studies describe the role of
cloud microphysics and net annual radiation bud-
get, but not for the monsoonal cycle (Wonsick et al.
2009; Hazra et al. 2017). Further, some of the
studies considered only a few aspects of active and
break of the monsoonal cycle, to understand the
characteristics of the clouds and their interaction
with circulation and convection (Krishnamurti and
Kishtawal 2000; Kiran et al. 2009; Pillai and Sahai
2014). The present study carries out a complete
diagnostic analysis of most of the physical and
thermodynamic variables to describe the intra-
seasonal variability of the Indian summer monsoon
(onset, active, break and withdrawal).
Figure 1 shows the daily averaged all India

rainfall during the 2014 summer monsoon season
(that extends from June to September). The

present study examines the vertical structures of
clouds and cloud types that dominate during these
monsoon phases and how they impact the differ-
ences in the surface energy balance during a mon-
soon season. The present study also addresses the
w (stream function)–v (velocity potential) inter-
actions during the transition of monsoon phases. In
the previous study, Krishnamurti and Biswas
(2006) noted that the pre-onset phase was quite
different from the break phase of moisture. That
was largely in the prolonged dryness of the pre-
onset phase and the large retention of soil moisture
during the break phases that followed an active
(rainfall) phase. The role of clouds or cloud types
was not addressed in that previous study. Cloud
radiation impacts the surface temperature and the
long wave radiation alters the surface energy bal-
ance, hence the prevailing cloud structures during
the monsoon phases are quite important. This new
study utilizes vertical structures from a host of
recent satellite datasets, those include the Tropical
Rainfall Measuring Mission (TRMM) precipitation
radar, the global constellation of satellites Precip-
itation Measurement Missions/Global Precipita-
tion Measurement (PMM/GPM) and the GPM
radar, and cloud structure datasets from CloudSat.
A number of kinematic and dynamical fields that
exhibit large transitions from one phase to the next
are illustrated. The phases of the monsoon were
known for nearly 100 years (Rao 1976). These
phases have now been linked to intra-seasonal
oscillations (Waliser et al. 2003; Waliser 2006;
Kulkarni et al. 2011). Chakraborty and Nanjun-
diah (2012) noted that a strong linear relationship
is obtained between the center/scale of convective
wave bands and intensity of monsoon precipitation
over Indian land on the inter-annual time scale. In
part 1 of this study, we display and discuss several
local features over South Asia for these respective
phases. Part 2 of this study is on the remote tele-
connections of the monsoon rainfall variability on
the intra-seasonal time scale as it relates to remote
forcing such as MJO (Madden–Julian Oscillation),
PDO (Pacific Decadal Oscillation), NAO (North
Atlantic Oscillation), Eurasian snow and ice cover
and the influences of the southern Indian Ocean. A
striking feature that distinguishes these phases is
the exchange of energy from the divergent to the
rotational kinetic energy. When the monsoon
becomes active, a large exchange of divergent
kinetic energy to the rotational kinetic energy
(strengthening the monsoon) is noted and the
converse is seen during the break and the
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withdrawal phases. Mapping of those features
during the transitions are included here. Other
aspects of the transitions include, precipitation,
soil moisture, vertically integrated moisture
transport vectors and the related convergence of
flux of moisture, the vertically integrated heat
content (moist static energy) anomalies and the
vertically integrated cloud liquid water, as inferred
from satellite datasets, all of these features show
striking contrast among the intra-seasonal phases
of the summer monsoon. These are all local fea-
tures mapped over South Asia. Although these are
illustrative of local contrasts, the mechanisms of
the phases require us to examine outside of the
south Asia domain that is addressed in part 2 of
this study.

2. Data and methodology

To analyze the variations of the physical and
thermodynamic variables during the intra-seasonal
monsoon phase transitions, we have utilized the
satellite remote sensing observations, reanalysis
datasets, as well as numerical model simulations.
The satellite remote sensing observations from
Tropical Rainfall Measuring Mission (TRMM),
Global Precipitation Measurement (GPM), and
CloudSat are used to analyze the spatial and ver-
tical distributions of the precipitation, radar

reflectivity and cloud types over Indian region. The
ERA Interim reanalysis datasets (Dee et al. 2011)
from the European Centre for medium-range
weather forecasts (ECMWF) are utilized to ana-
lyze the physical and thermodynamic variables
described in section 4. The Indian summer mon-
soon season 2014, was selected for this study in
favour of the overlapping data availability year for
both TRMM and GPM satellites inter-comparison
study.
Our choice of the phases is based on common

practice, i.e., pre-onset, onset, active, break, revi-
val and withdrawal. The onset and withdrawal
phases are derived from the India Meteorological
Department (IMD) criteria for onset and with-
drawal, while the active and break spells were
identified based on Rajeevan et al. (2010). These
are best seen in the histograms of daily rains pre-
pared from the all India summer monsoon rainfall
datasets, such as those used in the present study.
In this study for Indian summer monsoon 2014
season, the onset (6–10 June 2014), active, break
and withdrawal (24–29 September 2014) phases are
chosen based on the daily rains prepared from the
all India summer monsoon rainfall data. Here, four
active and four break spells have been selected
from entire monsoon season of 2014 as shown in
figure 1. The active and break spells are illustrated
in figure 1 with Ai (i = 1,…,5) and Bi (i = 1,…,5) symbols
respectively for the clarity. The active and break
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Figure 1. Evolution of all-India daily area-weighted mean rainfall (mm/day) during the monsoon 2014. The onset (O), active
(A), break (B), and withdrawal (W) phases are chosen based on the daily rainfall time series.

J. Earth Syst. Sci. (2020) 129:29 Page 3 of 23 29



spells identified were derived from TRMM and
GPM daily rainfall data, based on Rajeevan et al.
(2010). The composite of the four spells of active
and break phases has been estimated to analyze the
intra-seasonal phase transitions. The composite
analysis has been performed for all of the physical
and thermodynamic variables except the variables
derived from the satellite swath datasets. The
satellite swath datasets are extracted from the
scanning followed by the satellite orbital path,
which does not have an overlapping geo-location
over Indian region for the above-mentioned all four
spells of active and break phases. The intra-sea-
sonal phase transitions of the vertical structure of
rain rate are examined from TRMM precipitation
radar data (TRMM 2A25). Similarly, the vertical
profiles of radar reflectivity (2B-GEOPROF) and
cloud types (2B-CLDCLASS) are analyzed from
CloudSat data. It has been selected specific active
and break spells for the intra-seasonal phase tran-
sitions analyses of TRMM 2A25, 2B-GEOPROF,
and 2B-CLDCLASS datasets. A version of the
WRFV3.7.1 model is used in this study to carry
out the simulation to analyze the vertical struc-
tures of the hydrometeors during the monsoon
phase transitions.

2.1 TRMM/GPM datasets

The precipitation radar was built by the Japan
Aerospace Exploration Agency (JAXA) as part of
its contribution to the joint US/Japan Tropical
Rainfall Measuring Mission (TRMM) (Nakagawa
et al. 2011). TRMM and GPM datasets are the
most representative of the spatial distributions of
rainfall and vertical structures of rain elements,
over tropical region (Simpson et al. 1996; Huffman
et al. 2007, 2010; Neeck et al. 2014; Huffman et al.
2015a, b). These datasets (TRMM and GPM) are
used in this paper to analyze the spatial distribu-
tions of rainfall and vertical structures of clouds,
during the monsoon phases of summer monsoon
season 2014. The geographical distributions of
rainfall are derived from the TRMM 3B42 datasets
(figure 2a–d), provided at a horizontal resolution of
25 km at time interval of 3 h (Simpson et al. 1996).
The GPM rainfall maps are derived from the
Integrated Multi-satellitE Retrievals for GPM
(IMERG) (figure 2e–h), those are available at a
horizontal resolution of 10 km at half hourly time
intervals (Huffman et al. 2015a, b). The vertical
distributions of rain rate are derived from

TRMM-2A25 datasets as shown in figure 3(a–d).
The TRMM precipitation radar has a horizontal
resolution at the ground of about 3.1miles (5 km) and
a swath width of 154 miles (247 km). One of its
most important features is its ability to provide
vertical profiles of the rain and snow from the
surface up to a height of about 12 miles (20 km).
The Precipitation Radar is able to detect fairly
light rain rates down to about 0.027 inches
(0.7 mm) per hour. At intense rain rates, where the
attenuation effects can be strong, new methods of
data processing have been developed that help to
correct this effect. The Precipitation Radar is able
to separate out rain echoes for vertical sample sizes
of about 820 feet (250 m) when looking straight
down. It carries out all these measurements while
using only 224 watts of electric power—the power
of just a few household light bulbs.
During onset (early June) of the monsoon

season, most of the precipitations are observed over
southern Arabian Sea, off the Kerala coast, and
slowly triggers towards the Indian landmass
(figure 2a and e). In mid-July, the monsoon trade
winds fully covered the whole Indian landmass and
having heavy spells of precipitation over central
India during active phases of monsoon as shown in
figure 2(b and f). The dry spell of the monsoon
following the active phases is called the break
phase. During the break phase, central India region
receives the least precipitation as shown in
figure 2(c and g). The northern India starts with-
drawing the southwest monsoon trade winds early
September and slowly it is withdrawing from the
central India and southern peninsula (figure 2d
and h). There is almost no precipitation over
northern and central India during withdrawal
phase. The significant variations between TRMM
and IMERG estimated precipitation over both
landmass and ocean are very straight forward
because of the sensors used in both the datasets are
different from each other, also TRMM has lesser
number of sensors than IMERG (Liu 2015). How-
ever, the algorithms used to derive the precipita-
tion for both the datasets are different from each
other. IMERG precipitation datasets include the
zenith angle-correction and, inter-calibrated IR
fields merged from several geostationary satellites
(Janowiak et al. 2001). Figure 3(a–d) depicts the
vertical structure of rain hydrometeors from
TRMM satellite. The TRMM 2A25 data are cho-
sen from archives for the selected days closest to
each of the transitioning phases of monsoon 2014
season and are analyzed here. Figure 3(a) shows
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deep overshooting cumulonimbus reaching almost
6–7 km during the onset phase. During active
phase, the nimbostratus and cumulonimbus are
dominant (figure 3b). During break phase, weak
nimbostratus clouds are still present (figure 3c).
Figure 3(d) shows the rainfall during withdrawal
phase.

2.2 CloudSat datasets

The Cloud Profiling Radar (CPR) onboard the
CloudSat (Stephens et al. 2002) is a 94-GHz nadir-
looking radar which measures the power backscat-
tered by clouds as a function of distance from the
radar. The CloudSat CPR operating at 94-GHz
(*3 mm) measures the backscattered power from
the cloud- and precipitation-size particles. The CPR
resolution is 1.5 km cross-track by 2.5 km along-
track of radar footprint. The CPR pulse width is
*3.3 ls and thus has a vertical resolution of
*480 m. The CPR data oversamples at *240 m.
Details about the CloudSat measurements are given
in http://cloudsat.atmos.colostate.edu. Figures 4
and 5 depict the vertical distributions of rain
hydrometeors and cloud classifications from 2B-
GEOPROF and 2B-CLDCLASS products respec-
tively, derived from the CloudSat satellite measure-
ments. A radar reflectivity (dbz) factor from the
CloudSat, 2B-GEOPROF data is shown in

figure 4(a–d) for the onset, active, break and
withdrawal phases respectively. The satellite pass
locations are shown in the inset diagram (top left
corner of each panel). Figure 4(a) shows a narrow
vertically stretched intense radar reflectivity during
this onset period at around 12�N latitude. During the
active phase in July a much wider latitudinal band of
intense convection is shown by the radar reflectivity
that stretches between 16� and 25�N latitudes. The
height of radar reflectivity is confined below the 13-km
level during active phase, whereas during the onset
phase the reflectivity suggested rather deep clouds
stretched up to 16 km. These features are absent
during the break and the withdrawal phases.
CloudSat also provides an inventory product 2B-

CLDCLASS, which classifies cloud types. Those
datasets for the same satellite pass as of 2B-
GEOPROF are shown in figure 5(a–d). The seg-
ments of the satellite path, which lie over the
Indian landmass are chosen from its orbital track.
The segment-17 (latitude 5.5–17.1�N) and seg-
ment-18 (latitude 17.1–28.6�N) mostly cover the
active monsoon regions of Indian landmass from
south to north. Segment-17 is chosen for the onset
cloud classification, since during the onset period
the monsoon clouds are mostly covered the regions
below 20�N of the Indian landmass. During end of
June and early July, monsoon clouds mostly cover
the central and northern India, which help to

Onset Ac�ve Break Withdrawal

(a) (b) (c) (d)

(e) (f) (g) (h)

Figure 2. The TRMM (a–d) and GPM/IMERG (e–h) derived rainfall (mm/day), for onset, active (composite), break
(composite) and withdrawal phases for monsoon 2014.
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choose segment-18 for rest of the monsoon phases.
The onset phase is characterized by deep cumu-
lonimbus clouds; to the north and south of this
region, the satellite pass shows a wide stretch of
Alto stratus clouds. During the active phase, a
predominant stretch of cumulonimbus clouds is
noted over most of India. A near total absence of
such deep cloud, along the satellite pass, are noted
during the break and withdrawal phases.

2.3 ERA-interim datasets

Datasets like wind fields, moisture flux, geopotential
height, temperature and specific humidity used in this
study are obtained from ECMWF’s ERA-Interim
reanalysis (Dee et al. 2011). ERA-Interim project was
initiated to provide a better quality reanalysis product
by improving on certain key aspects of ERA-40, such
as representation of the hydrological cycle, quality of
the stratospheric circulation, and handling biases and

new observing systems. ERA-Interim reanalysis
datasets have relatively good horizontal, vertical and
temporal resolutions as compared to other available
reanalysis datasets. The system includes a 4-dimen-
sional variational analysis (4D-Var) with a 12-h anal-
ysis window. The spatial resolution of the dataset is
approximately 80 km (T255 spectral) on 60 vertical
levels fromthe surfaceupto0.1 hPa.Daily, amillionof
observational datasets acquired from various sources,
e.g., aircraft, balloons, satellite, and ground stations
are assimilated to create reanalysis ERA-Interim
datasets.

3. Cloud resolving model (WRF)

A version of the WRFV3.7.1 model carrying the
following physics/microphysics options was used to
examine the vertical structure of clouds covering the
different phases of the monsoon during the summer
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Figure 3. Vertical structure of rain rate (mm/h) from TRMM 2A25 PR datasets for selected satellite pass during (a) onset (06
June 2014), (b) active (22 July 2014), (c) break (17 August 2014) and (d) withdrawal (24 September 2014) phases of monsoon
2014.
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monsoon season of 2014. The WRF model carries
three nests (1, 3 and 9 km) with 46 vertical levels.
Goddard microphysics (Lin et al. 1983 as modified by
Tao et al. 2009); the precipitation processes for the
inner two nests that are non-hydrostatic and are -
cloud resolving. The outer nest (9-km horizontal
resolution) carries the Kain–Fritsch cumulus
parameterization scheme (Kain and Fritsch 1993).
The long wave radiative transfer utilizes the rapid
radiative transfer scheme based on Mlawer et al.
(1997). The short wave radiative transfer utilizes the
scheme proposed in Dudhia (1989). The cloud spec-
ifications for radiative transfer are based on the
diagnostic clouds that are threshold relative humid-
ity dependent. The planetary boundary layer in this
model is based on the Yonsei University’s PBL
scheme (Hong et al. 2006). Initial conditions for the
model are derived from the GFS (Global Forecast

System) analysis which upon space time interpola-
tion, provides time-dependent lateral boundary con-
ditions following the time steps of the WRF model.
This was the same version of the model that was
recently used for studies of extreme rains over India
(Krishnamurti et al. 2016). For the model output
parameters, we followed a recent study by Tao et al.
(2016) to extract vertical structures of cloud and
hydrometeors. Several model runs were made during
each phase of the monsoon transitions.

3.1 Vertical structures of hydrometeors
from cloud resolving model

The cloud resolving model, described in section 3
was used to make many 2-day long experiments
during each phase of the Indian summer monsoon
2014 to extract the vertical structure of model

Figure 4. The 2B-GEOPROF radar reflectivity (dbz) from CLOUDSAT satellite measurement along the satellite track passes
over Indian landmass (inset) during the (a) onset (8 June 2014: Granule No.: 43153), (b) active (22 July 2014: Granule No.
43794), (c) break (18 August 2014: Granule No. 44187), and (d) withdrawal (24 September 2014: Granule No. 44726).

J. Earth Syst. Sci. (2020) 129:29 Page 7 of 23 29



implied radar reflectivity and the vertical profiles
of hydrometeors such as snow, ice, rain, graupel
and cloud. In this presentation, we followed the
study of Tao et al. (2016). Such experiments were
also carried out for other years to confirm the
representative nature of the results of the 2014
season. Figure 6(a–d) shows the model-base-
d radar reflectivity for the onset, active, break and
withdrawal phases of monsoon 2014. It shows the
vertically tall cumulonimbus-like structures (ex-
tending vertically to almost 16 km) during the
onset phase and more of altostratus/nimbostratus
type structures (extending up to 10 km) during the
active phase. As expected, the vertically extended
clouds are not seen during the break and with-
drawal periods.
The vertical structure of hydrometeors can be

examined using a microphysical cloud resolving
model following Tao et al. (2016). The WRF model
is used to examine the vertical structures of rain,

snow, cloud, ice and graupel over central India
(20–27.5�N and 75–82.5�E) during the transition
phases of the monsoon. Figure 7(a–d) shows these
respective results for the onset, active, break and
withdrawal phases. The units along the abscissa for
all graphs are in kg/kg. It must be noted that the
scale along the abscissa is not the same in all panels
of figure 7. The largest magnitudes are seen for the
active (composite) phase (figure 7b) where the
numbers are multiplied by 10�4, whereas the other
panels are smaller, and the multiplication factor is
10�5. The vertical scale in all panels are height in
kilometers. What stands out in these illustrations
is the active phase, when the rain below 10 km has
robust values of the order of 2.0 9 10�4 (figure 7b).
Ice and graupel carry their importance above the
9-km level from the anvils of the upper troposphere
during the active phase and the other phases over
central India. The graupel is also large during the
onset phase (figure 7a), but in an order of

Figure 5. The cloud classifications from 2B-CLDCLASS data product from CLOUDSAT satellite measurements during the
(a) onset (8 June 2014: Granule No.: 43153), (b) active (22 July 2014: Granule No. 43794), (c) break (18 August 2014: Granule
No. 44187), and (d) withdrawal (24 September 2014: Granule No. 44726). The segments are selected from the corresponding
satellite orbital tracks as shown in figure 4 for 2B-GEOPROF radar reflectivity. The segment-18 (Lat: 17.1–28.6) and segment-17
(Lat: 5.5–17.1) are chosen based on their geographical pass over Indian landmass.
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magnitude smaller than the active phase
(figure 7b). The break (composite) phase does
show some rains but is not robust in any other class
of hydrometeors (figure 7c). The withdrawal phase
in general has much smaller values. The other
model simulated variables, such as wind and rain-
fall are coherent with reanalysis dataset. It may be
noted that, we have shown only few figures from
model simulation in this manuscript.

4. Monsoon phase transitions in various
parameters

4.1 Wind streamlines at 850 hPa level

The flow field at 850 hPa level shows rather
striking contrasts among the onset, composite active,
composite break and withdrawal phases during the
2014 season derived from ERA-Interim datasets.
The respective streamlines of the 850 hPa level
flow field are shown in figure 8(a–d). The onset
phase (figure 8a) shows an onset vortex over the
Arabian Sea (Krishnamurti et al. 1981), and this

feature shows up during onset in 2 out of 3 years.
The westerlies to the south of the vortex bring in
moist winds and the onset of monsoon rains over
Kerala; to the north of the vortex northwesterly
dry air prevails during this period. The active
phase shown here carries strong (moist) monsoon
westerlies south of 20�N from the Arabian Sea
(figure 8b). This period was also characterized by a
monsoon depression over the eastern part of India.
That feature brought in rains and moist air from
the Bay of Bengal. These circulation features are
rather typical of the active phase of the monsoon.
The break phase shows weaker westerlies over
most of India with a small northerly wind compo-
nent over most places (figure 8c). The withdrawal
phase carries some very striking features such as
the stronger northerly wind components over most
of India (figure 8d). During this late September
period, the rainfall activity moves south from the
eastern foothills of the Himalayas towards Myan-
mar. Almost every year these daily map features
during the phases of monsoon show similar
transitions.
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Figure 6. The profiles of vertical structures of radar reflectivity (dBZ) derived from cloud resolving model (WRF) simulation
during (a) onset, (b) active (composite), (c) break (composite) and (d) withdrawal phases of monsoon 2014.
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4.2 The ISO fields at 850 hPa level

The ISO which describes the intra-seasonal oscil-
lations during a season are one of the most robust
features of the monsoon. This can be mapped
rather easily using a band passed filter, of the wind
field, to extract the ISO time scale winds, that
reside in the same time scale as the MJO, i.e.,
30–60 days (Krishnamurti and Subrahmanyam
1982). Those fields at the 850 hPa level show the
clear northward passage of these waves, alternating
between cyclonic and anticyclonic lobes. The rate
of meridional propagation is around one-degree
latitude per day and the meridional wave length is
around 3000 km. Figure 9(a–d) illustrates the ISO
wind field of onset, composite active, composite
break and the withdrawal phases respectively
during the monsoon season 2014 derived from
ERA-Interim datasets. The onset period
(figure 9a) during June sees two major cyclonic

lobes providing southwesterly flows into southern
India, these winds carry an amplitude of 1–3 m/s
and that contributes to an enhancement of the
monsoon circulation. These are called a parallel
mode during the onset when the ISO and the cli-
matology both enhance the south-westerly mon-
soon circulation over south-east India. In contrast,
during the break phase (figure 9c) the ISO time
scale winds are anti-parallel to the climatology and
they weaken the monsoon. During the active phase
(figure 9b), the cyclonic lobes (that were seen
during the onset) have moved farther north and
provide a parallel mode for the climatology and
enhance the south-westerly flow over most of
southern India where moisture from the Arabian
Sea contribute to the rains of the active period.
During this same active phase, the flows north of
the cyclonic lobes of the ISO bring in moisture from
the Bay of Bengal that contribute to heavy rains

Figure 7. The profiles of the vertical distributions of domain averaged (Central India: 20–27.5�N and 75–82.5�E) rain, snow,
cloud, ice and graupel derived from cloud resolving model (WRF) simulations during (a) onset, (b) active (composite), (c) break
(composite) and (d) withdrawal phases of summer monsoon 2014. The abscissas show mixing ratio with units kg/kg.
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over central and northern India. The direction of
the winds of the ISO during the withdrawal phase
(figure 9d) are essentially opposite to that of the
active phase and these contribute to a weakening of
the summer monsoon.

4.3 Surface energy balance

Figure 10(a–d) shows the model-based computa-
tion of the variations in the surface energy balance
during the transitions of phases of the life cycle of
Indian summer monsoon season of 2014. Here in
figure 10, DL˙Rad, UL˙Rad, US˙Rad, LH˙Flx,
SH˙Flx and DS˙Rad represent Downward Long-
wave Radiation, Upward Longwave Radiation,
Upward Shortwave Radiation, Latent Heat Flux,
Sensible Heat Flux and Downward Shortwave
Radiation, respectively. The vertical bars in this
illustration show the upward and downward
directed short- and long-wave radiation reaching
the earth’s surface over central India, enclosed

between 20 and 27.5�N latitudes and 75–82.5�E
longitudes. It also includes bars for the surface
fluxes of latent and sensible heat. The onset,
composite active, composite break and withdrawal
phases are illustrated here (figure 10a–d). The
downward directed shortwave radiation during
onset, active, break and withdrawal phases are 325,
230, 310 and 280 W/m2, respectively. The larger
values during the onset and the break phases are
clearly due to the much lower cloud cover com-
pared to the active and the withdrawal phases. The
reflected short-wave radiation for these respective
phases are 81, 57, 78, and 72 W/m2 based on a
surface albedo over central India of close to 0.4.
The upward long-wave radiation, depends on the
surface temperatures, these respective surface
fluxes are 540, 430, 490, and 460 W/m2. The
warmest surface temperatures over central India
are a carryover from the pre-onset surface heating.
The downward directed long-wave radiation at the
earth’s surface carried the values during the

Figure 8. Spatial patterns of the wind streamlines at 850 hPa over Indian region during (a) onset, (b) active (composite),
(c) break (composite), and (d) withdrawal phases of monsoon 2014 derived from ERA-Interim datasets.
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respective monsoon phases are 430, 440, 420, and
370 W/m2. The active phase carries the larger
values because of the warm troposphere below the
Tibetan high circulations.
The upward flux of sensible heat during these

respective phases are 130, 5, 120 and 15 W/m2.
During the active phase the surface maximum
temperatures in raining regions go down to values
as low as 26 �C as compared to the onset phase,
when many parts of the domain still carry surface
temperatures as high as 40 �C. The low values of
the withdrawal phase relate to the location of the
overhead Sun in September when that is close to
the equator. The upward flux of latent heat is a
strong function of soil moisture, those respective
values are 25, 145, 50 and 155 W/m2 during onset,
active, break and withdrawal phases, respectively.
The overall soil over the central India domain is
still quite dry during the onset and latent heat
fluxes are small, the large fluxes during active

phase are related to the increase in soil moisture.
During break phase, latent heat flux is larger than
the onset phase due to the retention of soil mois-
ture from the active phase, which carries during
the break phase. The season long rains and the
accumulated soil moisture accounts for large latent
heat fluxes as the withdrawal continues. Overall
cloud cover and soil moisture are most important
factors for the transitions in the surface energy
fluxes during these respective phases.

4.4 Soil moisture

The geographical distribution of soil moisture
anomaly is estimated from the ERA-Interim
reanalysis (Dee et al. 2011) during the monsoon
phase transitions for the onset, composite active,
composite break and the withdrawal phases are
shown in figure 11(a–d), respectively. These illus-
trations show large changes in soil moisture during

(a) (b)

(c) (d)

Figure 9. Streamline isotachs at 850 hPa from Butterworth low pass filter (30–60 days) estimated from ERA Interim datasets
during (a) onset, (b) active (composite), (c) break (composite) and (d) withdrawal phases of monsoon 2014 derived from ERA
Interim datasets. The solid red line marked the counterclockwise circulation of monsoon axis and dashed red line marked the
clockwise circulation of monsoon axis.
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these phase transitions. The lowest values of the
soil moisture at the onset phase (figure 11a) are
clearly related to months of dry spring season prior
to the onset. The soil moisture increases as the
onset occurs and continues to increase drastically
during the successive active phases (figure 11b).
The first break phase comes too soon after the first
short active spell and sees quite low values of soil
moisture (not shown here). By the second break
phase, the soil moisture decreases some, but due to
the retention of water in the soil for periods of a
week (Bounoua and Krishnamurti 1993), the soil
moisture does not revert to the onset or to the first
break phase values (figure 11c). During the with-
drawal phase (figure 11d) of mid-September, the
retention of the soil moisture from season long
rains, continues to hold large values compared to
the onset or even the first break period values. The
larger values of soil moisture during the second

break usually helps the next revival phase (not
shown here), where the revival includes some small
recycling of surface water, most of the moisture
supply to account for the revival rains however
comes from lateral eddy flux convergence of
moisture.

4.5 Moisture flux

The vertically integrated moisture transport
vectors and convergence of flux of moisture transport
over south Asia show major differences in the
geographical distributions during the monsoon
phase transitions. The detailed formulation of
moisture transport is given in ‘‘Appendix’’. The
moisture fluxes across the west coast of India
undergo large variations in relation with active/
break cycle of the monsoon (Cadet and Greco
1987a, b). The following illustration for the onset,
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Figure 10. Surface energy balance during the (a) onset, (b) active (composite), (c) break (composite) and (d) withdrawal phases
of monsoon 2014 derived from the cloud resolving model (WRF) simulation. All the variables are domain averaged over central
India (20–27.5�N and 75–82.5�E). Here DL˙Rad, UL˙Rad, US˙Rad, LH˙Flx, SH˙Flx and DS˙Rad represent Downward
Longwave Radiation, Upward Longwave Radiation, Upward Shortwave Radiation, Latent Heat Flux, Sensible Heat Flux and
Downward Shortwave Radiation respectively.
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active, break, and the withdrawal phases of the
2014 monsoon season are shown in figure 12(a–d).
During the onset phase, the moisture transport

vectors are from south-westerly and westerly
direction over the Arabian Sea facing the Kerala
coast with some maxima in the moisture
convergence belt with values as high as
2 9 10�4 kg m�1 s�1 (figure 12a). Similarmoisture
transport vectors from the south-westerlies are also
prevalent over the Bay of Bengal. Those are related
to the Myanmar monsoon’s moisture belt. During
active phases, there are strong westerlies all over
Arabian Sea from south to north and an anticlock-
wise circulation over central and eastern India,
carrying much higher moisture convergence
([4 9 10�4 kg m�1 s�1) over central and eastern
India (figure 12b). Similar pattern of westerly
moisture fluxes is seen all over the Indian landmass
and Bay of Bengal. Also, there are higher moisture

convergence ([2 9 10�4 kg m�1 s�1) over Bay of
Bengal and north-eastern India as compared to
onset, break and withdrawal phases. This active
phase during 2014 was anomalous, in that rainfall
was deficient over some parts of Indo-Gangetic
plains and West Bengal. During the break phases,
there are westerly moisture fluxes over south of
Kerala coast, however, the westerlies are much
weaker over northern Arabian Sea and Gujarat
coast, as compared to active and onset phases
(figure 12c). Much lesser moisture convergences
(\1 9 10�4 kg m�1 s�1) are also noted over
Western Ghats area during the break phase.
Westerlies are also prevailed over Bay of Bengal,
however with lesser moisture convergences
(\1 9 10�4 kg m�1 s�1) as compared to active
phase. During withdrawal, there are northeasterly
moisture fluxes present over southern part of India,
and an anticyclonic circulation prevailed over

Figure 11. Spatial distribution of anomaly of soil moisture during (a) onset, (b) active (composite), (c) break (composite) and
(d) withdrawal phases of monsoon 2014 derived from ERA Interim datasets.
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southern peninsular India (figure 12d). The
moisture convergences over the Western Ghats are
now lower in magnitude (\1 9 10�4 kg m�1 s�1) as
compared to onset, active and break phases. North-
easterly moisture transport vectors prevail over the
north-east India and northern Bay of Bengal.

4.6 Moist static energy

The vertically integrated moist static energy is a
measure of the heat content. That field is extremely
important for studies of monsoonal link with the
extra-tropics (Krishnamurti et al. 2016). Figure 13
shows the anomaly of the vertically integrated moist
static energy during the onset, active, break and
withdrawal phases of monsoon 2014. The biggest
change in this field occurs between the onset phase
and the active phase of the monsoon, especially in the

western foot hills of the Himalayas (figure 13a and
b), where the heat content anomaly goes from the
largest negative values to large positive values. This
transition in the values of the anomaly of the verti-
cally integrated gZ þ CpT þ Lq arise largely from
the transition of a dry to a very wet atmosphere
during the active phase. The product of the moist
static energy and the wind is a measure of the heat
transport at any point in the atmosphere in the
direction of that wind. The convection of the active
phase has a large amount of buoyancy that results in
the generation of large potential energy (gZ), as the
giant Tibetan high forms. That potential energy
largely comes from a loss of sensible heating (CpT)
during the buoyant ascent of parcels. A local moist
adiabat is a very interesting nonlinear triad, where
the mutual exchanges of energy among these three
components, during moist adiabatic ascent, is very

Figure 12. Spatial distribution of vertically integrated moisture flux (vector) and moisture convergence/divergence [+ve/–ve
(kg m�1 s�1): shaded] derived from ERA Interim datasets during (a) onset, (b) active (composite), (c) break (composite) and
(d) withdrawal phases of monsoon 2014.
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revealing on the role of latent heating (Lq). Latent
heating provides some energy to the sensible heating;
however, it is the buoyancy provided by changes on
cloud virtual temperatures that facilitates the largest
exchange from sensible heating to the potential
energy. Krishnamurti et al. (2016) have discussed the
implications of large heat content anomalies during
the active phase, resulting from extreme rain events.
The extreme rain events lead to sudden increase of
the positive values of the heat content anomaly that
excite the formation of a thermodynamical wave
trains which traverses around the Tibetan high to the
north of the Himalayas and rides along the jet (this
jet located north of the Himalayas) starts at around
30�N and moves as far north as 50�N by 120�E lon-
gitude. These features provide a major link for the

monsoonal link for the recent rapid Arctic ice melt.
The intensity of the monsoon of the active phase is
important for such extratropical links (Krishnamurti
et al. 2016). The break phase and especially the
withdrawal phase of the monsoon do not show any
such large positive heat content anomalies.

4.7 Exchange from the divergent
to the rotational kinetic energy
(w–v interactions)

The salient terms for the energy exchange from the
divergent kinetic energy into rotational kinetic

energy are expressed by frw � rv and frw � rv
(where f ¼ r2w), respectively the 1st and 2nd term

Figure 13. Spatial distribution of anomaly of vertically integrated moist static energy (gz + CpT + Lq) derived from ERA
Interim datasets during (a) onset, (b) active (composite), (c) break (composite) and (d) withdrawal phases of monsoon 2014.
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derived from the energy equation o
ot Kw (Krishnamurti

et al. 2006) and given by:

o

ot
Kw ¼ frw � rvþ frw � rvþr2v

rwð Þ2

2

2
4

þxJ w;
ov
op

� �#
þ Fw

ð1Þ

where ðÞ denotes integration over a three-dimen-
sional (x, y, p) closed domain. The terms within
the brackets on the right-hand side of Eq. (1)
involve both w and v, and provide the interaction
between the rotational and divergent parts of the
wind (i.e., w�v interactions). The first and second
terms in the bracket are the most important terms
for energy exchange. The third and fourth terms
were calculated and found much smaller in
magnitude as compared to the first two terms,

the same was noted in the Krishnamurti and
Ramanathan (1982). rw and rv are important
vectors in the energy exchange from the diver-
gent to the rotational kinetic energy. These vec-
tors measure the gradients of the stream function
and the velocity potential, their mutual orienta-
tions (i.e., the angle between these two vectors)
are important. If the angle is[0� and\45�, then
the exchange from the divergent to the rotational
kinetic energy would be large. The converse is
true if the angle is [135� and \180�. The net
exchange from divergent to the rotational kinetic
energy also depends on the magnitude of the
absolute vorticity that multiplies the dot product
of these two vectors.

The sum of term 1 and term 2 (frw � rvþ
frw � rv) was mapped at the 850 hPa level for the
onset, active, break and withdrawal phases for

Figure 14. Spatial distributions of the sum of term 1 and term 2 (m2 s�3) from w�v interactions described in Eq. (1), i.e.,

(frw � rvþr2wrw � rv) at 850 hPa during (a) onset, (b) active (composite), (c) break (composite), and (d) withdrawal phases
of monsoon 2014 derived from ERA Interim datasets.
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2014 summer monsoon. The exchange from the
divergent to the rotational kinetic energy for four
phases of the monsoon season during 2014 are
shown in figure 14(a–d). These illustrations show
very striking contrasts among the phases of the
monsoon. The onset phase (figure 14a) shows a
buildup of the rotational kinetic energy along the
west coast of India having much higher magnitude
up to 0.004 m2 s�3. That reddish colouring, for the
buildup of the rotational kinetic energy spreads
over central and northern India during the active
phase of the monsoon (figure 14b) having magni-
tude as high as up to 0.003 m2 s�3. The break
phase (figure 14c) sees a large spread of very small
and negative values all over Indian landmass, i.e.,
the drop in the rotational kinetic energy of the
monsoon as the monsoon weakens. The withdrawal

phase (figure 14d), in early September, sees a
spread of very small and negative values over most
of the central and northern India. Southern tip of
India and Sri Lanka starts seeing an enhancement
of the rotational kinetic energy in September when
the overhead sun has reached 10� north latitude,
this is a tag for the start of the winter monsoon.
The spatial distributions of the angle between

rw and rv vectors at 850 hPa level are illus-
trated in figure 15(a–d). The display here for the
exchange from the divergent to the rotational is
given by the reddish colour, whereas the converse
uses bluish color. During the onset (figure 15a) an
anticyclonic circulation is nearly always prevalent
over the Arabian Sea (that feature is shown by
arrows), the reddish color over south of the
Kerala state depicts that where the onset is just

Figure 15. Spatial distribution of angle (x) between rw and rv vectors at 850 hPa during the (a) onset, (b) active (composite),
(c) break (composite), and (d) withdrawal phases of monsoon 2014 derived from ERA Interim datasets. The reddish color shows
where 0 B x B 45, which represents the energy exchange from divergence to rotational kinetic energy and the bluish color shows
where 135 B x B 180, which represents the rotational kinetic energy losing energy to divergent energy.
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occurring. During the active phase (figure 15b),
the rotational kinetic energy receives energy from
the divergent kinetic energy over north central
India. The break phase (figure 15c) is character-
ized by bluish colour implying the rotational
kinetic energy is losing energy to the divergent
kinetic energy. The withdrawal phase
(figure 15d), shows an extension of bluish colour
over northeast India that extends into the
northern Bay of Bengal. This shows that the
velocity potential and the stream function
undergo rather fascinating changes during the
phases of the monsoon, especially the point by
point mutual orientation of the vectors rw and
rv. The reddish colour generally implies a
strengthening of the monsoon circulation and the
bluish colour implies its weakening.

4.8 Wind trajectories

We did ask a question, ‘Where do parcels, as
determined from three-dimensional back trajecto-
ries come from, that ended up over India, during
the onset, active, break and withdrawal phases of
the monsoon’. That is an important philosophical
question, since that might provide some clue for
the seeming quasi-periodicity of the intra-seasonal
behaviour of rains during these phases of the
monsoon. These trajectories, based on the NOAA
HYSPLIT computational algorithm (Stein et al.
2015; Rolph et al. 2017), for these transition phases
are shown in figure 16(a–d). These illustrations
show three dimensional trajectories that terminate
at the 1500 m above ground level (AGL)
(*850 hPa level), the inset diagram, within each

Figure 16. Four-day back trajectories during the (a) onset, (b) active (composite), (c) break (composite), and (d) withdrawal
phases of monsoon 2014 derived from ERA Interim datasets using the NOAA HYSPLIT computational algorithm.
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panel, carries the height of the parcel. What these
shows are the following: During the onset phase
over Kerala, the parcels are back tracked to the
south-west towards Africa and southward over the
Arabian Sea. The active phase invites parcels from
both the Arabian Sea and the Bay of Bengal
towards central India. The break phase brings in
dry air from the deserts to the northwest of India
and the northern Arabian Sea. The withdrawal
phase brings in north-westerly parcels from north
and north-west towards central India.

5. Concluding remarks

This study illustrates the salient cloud structures
and atmospheric vertical profiles during the phase
transitions of the South Asian summer monsoon
from the onset to the withdrawal phase, during the
monsoon season of 2014. These findings obtained
from the use of diverse satellite products, reanaly-
sis and model datasets, such as precipitation, ver-
tical structures of rain rates, transitions in the
dominant cloud types, soil moisture, vertically
integrated moisture transports, vertically inte-
grated heat content (i.e., moist static
energy), vertical distribution of moisture, circula-
tion features such as the rotational wind, and the
divergent wind and the energy exchange from the
divergent to the rotational kinetic energy. Sharp
transition in these above fields are noted from one
phase to the next (such as onset, active, break,
revival and the withdrawal phases). A sharp con-
trast among all these features are seen during the
phases. The salient features that are seen here,
include the following:

(i) During the transition from an active to a break
phase the rainfall intensities over central India
go from magnitudes like over 60 mm/day to
less than 5 mm/day. These are of course well-
known features. Both the TRMM and the
GPM carry similar values during these
transitions.

(ii) The vertical distributions of clouds from
CloudSat, the vertical distribution of rains
from TRMM precipitation radar, the verti-
cal structure of radar reflectivity, the ver-
tical profiles of rain, snow, cloud ice and
graupel and the dominant cloud types dur-
ing transitions are very revealing and fea-
tures that were not mapped during the pre-
TRMM/GPM era. The active phase is
dominated by rains from nimbostratus,

whereas the onset phase sees the much
taller cumulonimbus contributing to rather
heavy local rains.

(iii) The soil moisture shows a spectacular change
from the onset to the active phase; the onset
values are akin to a semi-arid land and after
the active phase soil moisture increases to
values as high as � 0.12 to 0.1 m3/m3. The
break phase, that follows an active phase,
does not exhibit a dryness as high as the onset
stage because of the high retention of mois-
ture in the soil. The season long rains con-
tinue to show fairly high soil moisture during
the withdrawal phase.

(iv) The moisture transport vectors (at the
850 hPa level) show rather interesting
changes in amplitude and directions of mois-
ture transports, among the ocean basins,
during these transitions. The onset phase
carries moisture convergence mostly along
the west coast of India, whereas during this
time the active (or post onset) period of the
Myanmar coastal regions and the eastern Bay
of Bengal show significant moisture conver-
gence. However, most of central and northern
India shows weak to a neutral field of moisture
convergence. The active phase stands out
carrying a robust field of moisture conver-
gence along central and east coast of India
with strong supporting moisture flux from
Arabian Sea and Bay of Bengal. During this
active phase, a moist stream (moist river)
from the central Arabian Sea is clearly seen
bringing copious moisture for the heavy rains
all along the Western Ghats. In contrast,
during the break phase the overall field of
moisture convergence is weak and negative
over the central and northern India. The
withdrawal phase shows a moisture conver-
gence with very weak values over most of
India except for the Western Ghats region and
the southern tip of India.

(v) The most striking feature in the field of verti-
cally integrated anomaly of the moist static
energy is the large built-up of positive values
over most of India (especially over central and
northern India). Those are important features
in our understanding of monsoonal links to
regions outside south Asia. Another very strik-
ing feature is the wall of moisture that precedes
the Kerala Onset (Joshi et al. 1990), that
moisture in the southern Arabian Sea stand
out in the field of moist static energy.
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(vi) The evolution of the exchange of energy from
the divergent to the rotational kinetic energy
has a role in the strengthening of the monsoon
circulation and vice versa. The salient contri-
bution for this exchange come from the
orientation of the vectors, rw and rv (Kr-
ishnamurti and Ramanathan 1982). During
the phase transitions, clearly during the onset
phase, the southwest coast of India and the
Arabian Sea show large belts where the rota-
tional wind is strengthened by its orientation
with respect to the divergent wind. The active
phase is characterized by similar large
strengthening of the rotational wind over
most of Arabian Sea and most parts of India.
The break phase shows a rather prominent
exchange of rotational kinetic energy towards
the divergent kinetic energy over most of
central and northern part of South Asia
during this weakening phase of the monsoon.
During the withdrawal phase there are some
transformation of the divergent kinetic energy
into rotational kinetic energy over south of
Tamil Nadu and Sri Lanka, those features are
associated with the withdrawal of south-west
monsoon circulations.

(vii) We noted a strong positive relationship
between the rainfall totals during the phases
of the monsoon and the domain averaged
moisture convergence over central India. This
simply states that the intra-seasonal rainfall
variability relates rather closely to the moisture
convergence. These results are also confirmed
by the band pass filtered 850 hPa level winds
over India that show the passage of ISO and
show the passage of alternating parallel and
antiparallel anomalies, on the ISO time scale.
These features strengthen and weaken the
monsoon during the phases.

(viii) The information from trajectories itself
does not provide any answer to the quasi-
periodicity of the intra-seasonal behaviour
of rains over central India. The varying
structures of the atmosphere during the
different phases, as portrayed in this study,
are not adequate to explain why we have
this quasi-periodicity on the time scale of
ISO. That more fundamental question
must be tied to basic large-scale instability
(linear or more likely nonlinear, in space
and time) that invites outside air to behave
in the way it does. A second part of this
study examines the relationship between

monsoon rains of the intra-seasonal time
scale and remote factors.
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Appendix

The vertically integrated moisture transport vectors
and convergence of flux of moisture (MFC) transport
are estimated from the following formulations:

Mx
�! ¼ � 1

g

Z Ptop

Psuf
U~q dp;

is the total column zonal flux of moisture.

My
�! ¼ � 1

g

Z Ptop

Psuf
V~q dp;

is the total column meridional flux of moisture.

M~ ¼ i � Mx
�!þ j � My

�!
;

representation of vertically integrated moisture
transport vector.

MFC ¼ �1ð Þ � r~ �M~;

convergence of vertically integrated moisture
transport.

Here, g is the acceleration due to gravity, U~ and V~

are the zonal and meridional wind components, r~ is
the del operator, and q, the moisture parameter.
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