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ABSTRACT
This study examines the changes in the linear trends of the precipitable water content (PWC) associated with the Indian summer 
monsoon rainfall using the ERA-5 datasets. The study period of 63 years (1959–2021) is divided into two time periods P1: 1959–
2001 and P2: 2002–2021. In the recent period (P2), we observe a significant rise in the statistically significant linear trend of the 
mean JJAS PWC leading to a significant positive difference of P2 − P1 over most of India. This change is found to be largest in the 
middle troposphere, where the rotational component of the moisture flux is strengthened in P2 relative to P1. This modulation is 
attributed to the non-uniform rate of change of tropospheric air temperature in the lower and middle troposphere in P2 from the 
rising land–ocean thermal contrast. This results in stabilising the atmosphere. Consequently, we also observe an increase in the 
fraction of stratiform precipitation in P2 relative to P1. This increase in stratiform precipitation is associated with enhanced mid-
atmospheric diabatic heating and mid-tropospheric southwesterly moisture flux, which enhances PWC in P2 compared to P1.

1   |   Introduction

The Indian summer monsoon rainfall (ISMR) is crucial to 
meet the agricultural and domestic water demand and to re-
plenish the groundwater reservoirs (Asoka et  al.  2017; Gadgil 
et  al.  1999). The Indian summer monsoon (ISM) system ac-
counts for 80% of the total rainfall in India (Bollasina et al. 2014; 
Mooley and Parthasarathy 1984). The analysis of moisture flux 
and its variations to understand the changing rainfall patterns 
is necessary, given the significant influence of moisture flux 
and precipitable water on ISM (Misra et  al.  2012; Trenberth 
et al. 2005). In the context of ISM, the associated variation in 
precipitable water, moisture flux and its divergence (source) and 
convergence (sink) have been studied by numerous researchers 

(Chakraborty et al. 2006; Jin and Wang 2017; Ratna et al. 2014; 
Roxy et al. 2017; Ruprecht and Kahl 2003; Trenberth et al. 2005; 
Ullah and Gao 2012). In this study, we intend to examine the 
variations of the ISMR by splitting the moisture flux vector 
into its rotational and divergent components (DCs), which in-
form on the moisture transport and its source/sink, respectively. 
This analysis will be conducted over the Indian homogeneous 
rainfall regions (IHRRs; Figure S1), which are so designated by 
similarities in their rainfall features following Parthasarathy 
et al. (1996).

Several studies have been carried out to explain the relationship 
between moisture and rainfall over the Indian region. For exam-
ple, using backward trajectories, Pathak et al. (2017) identified 
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20 terrestrial and seven oceanic moisture sources for the pre-
cipitation over the Indian landmass using the ERA-I data and 
a Dynamic Recycling Model. They reported a maximum and 
continuous moisture contribution for ISMR from the western, 
central, northern Indian Ocean, Ganga River Basin (maximum 
terrestrial moisture contributor) and the Red Sea including the 
neighbouring gulf. However, cross-equatorial moisture sources 
related to ISMR have also been reported to be important in 
Ramesh Kumar et al. (1999). Similarly, Roxy (2017) also indicate 
the role of excess moisture supply through low-level jets from 
the Arabian Sea, which sometimes contribute to a threefold 
rise in extreme rainfall events in central India (CI). Likewise, 
Kumari et al. (2022) showed that low-level jet is the dominating 
factor for very high rainfall events, while the availability of con-
vective available potential energy plays a vital role in light rain 
events. They also indicated a decrease and an increase in the 
frequency of light and heavy to extreme rainfall events in the 
period from 1951 to 2015, respectively. However, local moisture 
recycling also plays a vital role in sustaining the ISMR for ex-
tended periods (Pathak et al. 2014).

A few studies also reported an increase in the mean ISMR trend 
during the initial decades of the 21st century (Jin and Wang 2017; 
Ratna et al. 2014). Ratna et al. (2014) have linked the recent in-
crease in mean ISMR to rising atmospheric moisture levels over 
the Arabian Sea. This is believed to be a result of higher SST 
during the period of 2003–2012 compared to the previous de-
cade (1993–2002). They suggest that the increased moisture sup-
ply from the Arabian Sea to the Indian mainland during this 
time frame led to a relative increase in precipitation over India 
in the 2003–2012 period relative to 1993–2002. Similarly, using 
multiple observational datasets, Jin and Wang (2017) showed a 
positive trend of ISMR of 1.34 mm day−1 decade−1 since 2002. 
They attributed this rising trend to the increasing land–ocean 
temperature gradient. In a review article, Singh et al. (2019) in-
dicate that a growing consensus from modelling studies of the 
ISM is that the ISM will intensify by the end of the 21st century 
due to an increase in moisture convergence despite a weakening 
of the monsoon circulation.

This study investigates the variations in the seasonal mean pre-
cipitable water content (PWC) over the ISMR region in recent 
decades compared to previous decades, offering an explana-
tion for the corresponding changes. Some studies have shown 
a recent increase in PWC in both terms of trends and climatol-
ogy on different spatial–temporal scales (Krishnan et al. 2025; 
Sarkar et al. 2023; Tomar et al. 2024), which, however, do not 
provide any idea regarding the possible mechanism behind this 
change, rather giving a single argument of global warming. In 
our approach, we tried to provide a possible mechanism for 
how the recent non-symmetric tropospheric warming results 
in a strengthened rotational component (RC) of moisture flux, 
which causes more moisture incursion over the region, espe-
cially in the middle layer of the troposphere. Hence, the novelty 
of our study stems from the fact that we provide the dynamical 
mechanism of how the PWC is increasing over time and space. 
These changes to the PWC of the ISMR with the possible mech-
anism have, heretofore, not been reported elsewhere. The analy-
sis will focus on the mean changes in moisture transport, as well 
as the sources and sinks of moisture, across these multi-decadal 
periods. Additionally, the study will explore the changes in the 

distribution of convective and stratiform precipitation during 
these periods. The analysis consequently provides a unique per-
spective to long-term changes in ISM. In the following section, 
we describe the data and methodology, followed by a discussion 
of results in Section 3 and conclusions in Section 4.

2   |   Data and Methodology

The European Centre for Medium-Range Weather Forecast's 
(ECMWF's) advanced ERA-5 atmospheric reanalysis (Hersbach 
et al. 2019) has been used for the following variables: specific 
humidity (q), zonal (u) and meridional (v) components of wind, 
tropospheric air temperature, total, convective and stratiform 
precipitation. The monthly rainfall data are obtained from the 
India Meteorological Department (IMD; Kishore et  al.  2016). 
Several studies have used these datasets to study the ISM and 
other weather-associated phenomena (Kumar et  al.  2023; 
Sharma et  al.  2024). Both datasets have a finer resolution of 
0.25° × 0.25° from 1959 to 2021 with monthly averaged values. 
The entire study period has been divided into two periods: P1 
(1959–2001) and P2 (2002–2021). Many studies have acknowl-
edged 2002 to be a change point in the linear trends of the ISMR 
(Amarjeet et al. 2023; Jin and Wang 2017; Ratna et al. 2014).

Given the associated uncertainties of the moisture analysis in the 
reanalyses (Bengtsson et al. 2004; Trenberth et al. 2011), we have 
examined the fidelity of PWC in ERA-5 relative to sonde data from 
19 locations (Figure S1; Table S1) over India using the Integrated 
Global Radiosonde Archive (IGRA) version 2.0 provided by 
National Centers for Environmental Information (NCEI-NOAA; 
Durre et al. 2006, 2018). In Figure S2, the mean JJAS PWC from 
ERA-5 shows a good correspondence with the IGRA dataset. 
However, there is a general underestimation of PWC in ERA-5 rel-
ative to IGRA, with the largest dry bias in the last 3 years of 2019, 
2020, and 2021. This verification provides a reasonable justifica-
tion for using the PWC of ERA-5 for the study of the ISM.

The study has been carried out only for two seasons: the pre-
monsoon season of March–April–May (MAM) and the mon-
soon season of June–July–August–September (JJAS). The 
pre-monsoon season is included to show the seasonality of 
the reported change. Figure  S1 shows the IHHRs following 
Parthasarathy et  al.  (1996), which are north-western India 
(NWI), central north-eastern India (CNEI), north-eastern India 
(NEI), CI and peninsular India (PNI).

The PWC, rotational (ψ) and divergent (χ) components of the 
moisture flux are calculated following Chakraborty et al. (2006).

We calculate the zonal (u) and the meridional (v) components of 
moisture flux as:

(1)PWC =
1

g
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where, Q = Qu·î + Qv·ĵ. Moisture flux vectors, Q is further de-
composed into its rotational and DCs (Rosen et  al.  1979) by 
writing in terms of stream function (ψ) and velocity poten-
tial ( χ):

The rotational and DC of moisture flux is calculated from 
Equation  (4) using the spectral method (Krishnamurti 
et  al.  2006). The Helmholtz decomposition using the spectral 
method entails using Legendre polynomials in the meridional 
and Fourier decomposition in the zonal direction as basic func-
tions to solve for the irrotational (��⃗Qd) and non-divergent (��⃗Q r) 
moisture flux vectors (Haltiner and Williams  1980). The irro-
tational (��⃗Qd) and non-divergent (��⃗Q r) moisture flux vectors are 
calculated from � and � , respectively as:

where q is specific humidity; g is the acceleration due to gravity; 
u and v are zonal and meridional wind components, respectively; 
Ps is the pressure at the bottom of the air column; Pt, pressure at 
the top of the air column.

The equation used to calculate the rate of heating due to the ap-
parent heat source Q1 is derived from Yanai et al. (1973):

where Cp is the specific heat at constant pressure; T is air 
temperature; V  is the horizontal wind vector; � is vertical p-
velocity; and s is dry static energy. The bar shows the horizon-
tal averages.

The non-divergent or RC represents moisture transport, while 
the irrotational or DC emphasises the source or sink region 
of the moisture. The linear trend analyses are performed using 
the Mann–Kendall significance test (Hirsch and Slack  1984). 
We investigate the moisture flux over different vertical atmo-
spheric layers of the IHRRs following Chakraborty et al. (2006). 

Therefore, we have divided the troposphere vertically into three 
layers: lower (1000–850 hPa), middle (850–500 hPa) and upper 
(500–100 hPa) troposphere.

3   |   Results

3.1   |   Temporal and Spatial Variation in PWC

The time series of all India averaged PWC in Figure 1 for the 
JJAS season shows very clearly that 2002 serves as a change 
point in their linear trends. JJAS shows a weak, statistically 
insignificant negative trend (−0.014 mm/decade) in P1, which 
changes to a statistically significant positive trend of 2.2 mm/de-
cade in P2 (Figure 1). A similar feature in the trends of all India 
averaged annual mean PWC is also seen with the year 2002 ap-
pearing as the change point when the time series spans across 
all seasons of the year (Figure S3). Similarly, these features of 
the linear trends of PWC over India are also observed in the 
March–April–May (Figure S4a), October–November–December 
(Figure S4b) and January–February (Figure S4c) seasons, albeit 
with different slopes and statistical significance. In the rest of 
the paper, however, we will focus on the JJAS season, which 
conforms to the ISM.

The year 2002 has been viewed as a change point of the ISM in 
previous studies (e.g., Amarjeet et al. 2023; Jin and Wang 2017; 
Ratna et al. 2014). We also tracked the rolling decadal trends of 
the mean JJAS PWC starting out from each year of 1959–2010 
(Figure  S5), which shows a gradually rising trend to reach 
2.2 mm/decade by 2002, after which the decadal trends begin to 
vary significantly. Similarly, we also computed linear trends of 
the mean JJAS PWC in segments of 20 years (Figure S6). The last 
20-year segment, corresponding to 2002–2021, showed a statis-
tically significant trend of 2.2 mm/decade at a 1% significance 
level relative to statistically insignificant trends in the other two 
segments (Figure S6).

The spatial patterns of these linear trends of PWC in Figure 2 
show an extensive change across India. During P2, a signif-
icant positive trend ranging between 1.2 and 3.6 mm/decade 
develops over most of India in JJAS, except in the hilly re-
gions and the north-western edge of NWI (Figure 2b), which 
is in contrast to insignificant trends over most of India in P1 
(Figure 2a).
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FIGURE 1    |    Time series of all India average of PWC in JJAS season. The legend indicates the slopes of the trends in mm/decade for P1 and P2, 
where * shows significance at 10% significance level following the Mann–Kendall test. The red and black (dashed) lines show the 5-year running 
mean and slope of the trends, respectively. [Colour figure can be viewed at wileyonlinelibrary.com]
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3.2   |   Rotational Component (RC) of Moisture Flux

The seasonal climatology of the RC of moisture flux in the various 
atmospheric layers is analysed separately over the ISM region (in-
cluding IHRRs) for the entire period including P1 and P2. Figure 3 
illustrates the PWC (integrated over the three atmospheric layers 
separately), which shows more PWC in the lower and middle tro-
posphere while far less in the upper troposphere. In JJAS, over the 
IHRRs, the PWC varies up to and over 36 mm in the lower to mid-
dle troposphere (Figure 3a,b). The cross-equatorial southwesterly 
RC of the moisture flux is apparent in the lower (Figure 3a) and 
middle (Figure 3b) troposphere. A notable feature is the cyclonic 
RC of the moisture flux vectors over the NEI region in Figure 3a–c. 
This coincides with the climatological monsoon trough, which 
results in significant moisture incursion in the region, leading 
to a PWC maximum. It is also interesting to note that the PWC 
is higher in the middle troposphere (Figure 3b) compared to the 
lower troposphere (Figure 3a).

The changes in the seasonal mean PWC between periods P2 and 
P1 (shown in Figures 1 and 2) are further explained in Figure 4, 
which illustrates the changes in PWC and RC of the moisture flux 
across the different atmospheric layers. The change in PWC is 

largely positive, with the largest and smallest changes in the mid-
dle (Figure 4b) and the upper (Figure 4c) troposphere, respectively. 
However, this change is not confined to the IHRRs only but is also 
observed across the South Asia region, which consists of the sur-
rounding ocean and the neighbouring countries of India. The ver-
tical variation of the change in PWC is, however, not uniform. In 
the lower layers, this change in PWC is maximum over NWI and 
the surrounding regions, including parts of the Arabian Peninsula, 
supported by a strengthened southwesterly flank of RC of moisture 
flux from the Arabian Sea and southeasterly flow from the Bay of 
Bengal that transports more moisture towards NWI (Figure 4a).

Interestingly, the changes in PWC and RC of moisture flux are 
largest in the middle troposphere during JJAS (Figure 4). In the 
middle troposphere, an increased accumulation of PWC is ap-
parent over IHRRs (with a maximum over NWI). In fact, this in-
crease spans from the Bay of Bengal to parts of the Arabian Sea 
and the equatorial Indian Ocean (Figure 4b). This recent decade's 
relative increase of PWC in the middle troposphere is associated 
with the corresponding strengthening of the RC of moisture flux 
in P2 during JJAS. The latter strengthening reflects the increased 
moisture incursion over the Indian land mass and the nearby re-
gions in the recent decades in the middle troposphere (Figure 4b), 

FIGURE 2    |    The linear trends of mean JJAS PWC at each grid point during (a) P1, (b) P2 and (c) P2 − P1 periods. The stippled regions show signif-
icance at the 5% significance level following the Mann-Kendall test. [Colour figure can be viewed at wileyonlinelibrary.com]

FIGURE 3    |    The climatological JJAS PWC (shaded; unit: mm) overlaid with the rotational component (RC) of moisture flux (vectors; unit: 
kgm−1 s−1) for (a) lower (1000–850 hPa), (b) middle (850–500 hPa) and (c) upper (500–100 hPa) layers of the troposphere. [Colour figure can be viewed 
at wileyonlinelibrary.com]

https://onlinelibrary.wiley.com/
https://onlinelibrary.wiley.com/
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which exceeds the corresponding change in the lower troposphere 
(Figure 4a). Our finding of increased PWC in recent decades cor-
roborates similar findings of Patel and Kuttippurath (2022). They 
suggested that a higher evaporation rate from warming surround-
ing oceans, along with higher surface air temperature over land 
that enhanced the land–ocean contrast, led to increased PWC over 
India in recent decades.

3.3   |   Variation in Tropospheric Air Temperature

This enhanced PWC in the lower and middle troposphere fol-
lows previous studies, which reported strengthening of the west-
erlies, attributed to the strengthening of the land–ocean thermal 
contrast (Jin and Wang 2017; Ratna et al. 2014; Roxy et al. 2017). 
In this study, we are interested in examining the vertical varia-
tions in these changes between the two epochs. We aim to look 

into the recent changes (P2 − P1) in the tropospheric tempera-
ture during MAM (Figure  S7) and JJAS (Figure  5) seasons at 
several pressure levels between 1000 and 500 hPa to understand 
the reason for the unequal change of PWC in the lower (less) and 
middle (more) troposphere. During the pre-monsoon season of 
MAM, we observe intense warming for the majority of the study 
region except over most of India at 800, 900 and 1000 hPa, which 
exhibit cooling in P2 relative to P1 (Figure S7a–c). This cooling 
over the Indian landmass weakens the land–ocean thermal con-
trast. This could be a potential reason for diverting the lower 
troposphere RC of moisture flux towards the North-western part 
of India and Pakistan, where relatively stronger land surface 
warming is seen. However, a relatively uniform warming across 
the domain is observed at 700–500 hPa (Figure S7d–f).

We similarly examined the difference for P2 − P1 for JJAS in 
Figure  5. We found statistically significant changes in each 

FIGURE 4    |    The climatological mean JJAS change (P2 − P1) of PWC (shaded; unit: mm) overlaid with the rotational component (RC) of mois-
ture flux (vectors; unit: kgm−1 s−1) for (a) lower (1000–850 hPa), (b) middle (850–500 hPa) and (c) upper (500–100 hPa) layers of the troposphere. The 
red rectangle shows the region selected to study the linear changes in zonal RC of the moisture flux, explained in Section 3.3. [Colour figure can be 
viewed at wileyonlinelibrary.com]

FIGURE 5    |    Seasonal mean JJAS climatological change (P2 − P1) in tropospheric air temperature at (a) 1000, (b) 900, (c) 800, (d) 700, (e) 600 and (f) 
500 hPa. The stippled regions show significance at a 5% significance level following the Student's t-test. The cyan rectangles show the regions selected 
to study the thermal contrast between land and ocean. [Colour figure can be viewed at wileyonlinelibrary.com]

https://onlinelibrary.wiley.com/
https://onlinelibrary.wiley.com/
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level from 1000 to 500 hPa, but with a uniform positive change 
in air temperature over land and ocean in 500 and 600 hPa 
only (Figure  5d,e). At lower levels or higher pressure levels 
(800–1000 hPa), similar to MAM, cooling is observed (albeit 
largely insignificant) over the Indian region, with a maximum 
over NWI and the neighbouring areas. However, this cooling 
pattern extends up to 500 hPa in regions northwest of India 
(Figure 5a–f). It is evident from Figures S7 and 5 that in recent 
decades, over the Indian region, there has been cooling in the 
lower troposphere, while over the ocean, a warming condition 
has prevailed. Furthermore, we have shown that compared to 
the middle troposphere (850–500 hPa), the lower troposphere 
(1000–850 hPa) change in PWC is much less in recent decades 
(Figure 4a,b). Such non-uniform PWC changes might be attrib-
utable to non-uniform changes in the air temperature at differ-
ent pressure levels.

To further examine these changes, we have computed the tropo-
spheric air temperature linear trends at each grid point for the 
two epochs (P1 and P2) for both seasons (MAM and JJAS) and 
at all six pressure levels between 1000 and 500 hPa (Figures S8 

and 6). The temperature trends in the two epochs for MAM are 
significantly different (Figure S8). The P1 period displays a rel-
atively weak cooling rate of up to −0.3°C/decade from 1000 to 
700 hPa (Figure S8c–f). In contrast, P2 shows significantly en-
hanced cooling rates (−0.6°C to −0.9°C/decade from 1000 to 
500 hPa) and a larger spatial extent covering the whole Indian 
subcontinent except PNI (Figure S8g–l). The warming rates over 
the surrounding oceans and the tropical Indian Ocean in MAM 
have, however, significantly strengthened in P2 compared to P1. 
These pre-monsoonal cooling rates over land and warming over 
the ocean could potentially affect the evolution of the JJAS mon-
soon and its overall intensity (Roxy et al. 2015).

Similarly, Figure 6 shows the JJAS tropospheric temperature 
linear trends for the same pressure levels as in Figure S8. In 
P1, a weak cooling rate is visible over the northern Indian sub-
continent in 1000–700 hPa levels (Figure 6c–f), while in 600 
and 500 hPa (Figure 6a,b), it shifts further west. Notably, the 
temperature trends in P1 over CI and PNI are positive at all 
levels during P1, which may indicate a slightly favourable con-
dition of land–ocean thermal contrast for the ISM evolution in 

FIGURE 6    |    The linear trend of mean JJAS tropospheric air temperature at each grid point at (a and g) 500 hPa, (b and h) 600 hPa, (c and i) 
700 hPa, (d and j) 800 hPa, (e and k) 900, and (f and l) 1000 hPa for (a–f) P1 and (g–l) P2 periods. The stippled regions indicate significance at the 5% 
significance level according to the Mann–Kendall test. [Colour figure can be viewed at wileyonlinelibrary.com]

https://onlinelibrary.wiley.com/
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P1. In contrast to P1, P2 shows a drastic change in these trends 
with slopes > 0.3°C/decade over both land and oceanic regions 
at all pressure levels above 800 hPa (Figure 6g–i). In the lower 
levels, over the Indian landmass, the trends exhibit a negative 
slope during P2 period (Figure  6j–l). Interestingly, the 500–
600 hPa levels show higher warming rates over land regions 
than the ocean (Figure 6g,h). This temperature trend changes 
between the two epochs could affect the monsoon strength 
by altering the thermal contrast between land (15° N–30° N, 
70° E–90° E) and ocean (10° S–10° N, 50° E–90° E). These re-
gions are outlined in Figure  5. Roxy  (2017) indicates that a 
warmer land than the ocean strengthens the monsoon by 
strengthening the thermal contrast between land and ocean. 
The monsoonal winds (westerlies) maximally supply moisture 
from the west to east direction in the mean, which occurs by 
the zonal component (u). Since we are using RC of moisture 
flux to study water transport, we consider its zonal part 

(

Qr
u

)

 
as the primary contributor to moisture incursion during ISM 
season. The region for calculating Qr

u is outlined in Figure 4 
and covers a domain of 0° N–20° N and 55° E–95° E. This re-
gion is chosen based on the maximum westerly component 
of the moisture flux passing over India. Beyond 20° N, these 
monsoonal winds turn into south-easterlies as part of the 
monsoon trough over the Indo-Gangetic Plain. Thus, we se-
lected this region only to investigate the changes in westerlies.

Figure S9a,b illustrate the time series of the vertically integrated 
Qr
u in the lower (1000–850 hPa) and middle (850–500 hPa) tropo-

sphere with thermal contrast (computed over the boxes) outlined 
in Figure 5 of the lower (900, 1000 hPa) and middle (500, 600, 
700 and 800 hPa) levels of the troposphere. The corresponding 
correlations of the thermal contrast at the various pressure lev-
els with the RC of moisture flux from Figure S9 are indicated in 
Table 1. The positive correlations in Table 1 for period P1 at 500 
and 600 hPa suggest that the warming or cooling of land relative 
to the ocean increases or decreases the RC of the moisture flux 
in the area outlined in Figure 4, respectively. It may be noted 
that the land–ocean contrast in reference to the ISM is strongest 

in the middle and upper troposphere owing to the upper-level 
heat source of the Tibetan Plateau (Noska and Misra 2016; Yanai 
et al. 1992). But in this period of P1, the temperature trend at 
these pressure levels is that of cooling over northern India while 
the ocean is warming (Figure 6a,b), which weakens this contrast 
and would, therefore, reduce the RC component of the moisture 
flux. Conversely, in the P2 period, these pressure levels exhibit 
a warming trend (Figure 6g,h) that would increase the contrast 
and increase the RC of the moisture flux. However, the relation-
ship between RC of the moisture flux and the thermal contrast 
weakens in the mid-troposphere in P2 relative to P1.

In Figure  7a, we show the linear trends of the mean JJAS all 
India averaged stratiform precipitation for the two epochs. 
They are significantly different in the two periods, with a de-
creasing trend in P1 at −0.16 mm day−1 decade−1 while a rising 
trend of 0.3 mm day−1 decade−1 is observed for P2. In both these, 
significant. This rising trend in P2 could be a result of the cor-
responding stabilisation of the atmospheric lapse rate from the 
warming of the mid-troposphere seen earlier (Figure 6g,h). The 
spatial distribution of the linear trends for stratiform precipi-
tation for P1 in Figure 7b indicates that the decrease is wide-
spread across India and the surrounding oceans. However, in 
P2, there is a drastic change with the rising trend over most of 
India and the surrounding oceans except for some of the hilly 
regions of India (Figure 7c,d). These changes to the fraction of 
stratiform precipitation in the ISMR have a huge implication 
for the mid-troposphere circulation of the ISM (Choudhury 
and Krishnan  2011). Stratiform precipitation has a unique la-
tent heating profile with maximum heating at a lower pressure 
level than deep convective heating and also has a characteristic 
cooling in the lower troposphere (Houze Jr 2004; Mapes 1993; 
Schumacher et al. 2004). In a set of idealised modelling exper-
iments, Choudhury and Krishnan (2011) show that changes in 
the fraction of stratiform and convective rainfall in ISMR have 
a profound influence on the mid-tropospheric flow of the ISM, 
which is spatially very extensive. This is a result of the forced 
Rossby wave response that disperses westward from the mon-
soon trough, a major source of the latent heating at mid-levels 
from stratiform precipitation of the ISMR. These findings are 
consistent with earlier studies which indicate that the ele-
vated vertical gradient of heating from stratiform precipitation 
is more effective in strengthening the upper tropospheric re-
sponse of the tropical Walker and Hadley circulations as com-
pared to deep convective precipitation with a single peak in the 
mid-troposphere (Mapes  1993; Schumacher et  al.  2004). We, 
therefore, suggest that in addition to the increased land–ocean 
thermal contrast, the enhanced RC of the moisture flux seen 
in the mid-troposphere in P2 relative to P1 in Figure 4e is also 
a result of the enhanced stratiform precipitation in P2. These 
conclusions are justified from the changes in the diabatic heat-
ing (Q1 following Yanai et al. 1973) profile shown in Figure 8a, 
wherein, P2 shows enhanced mid-tropospheric heating com-
pared to P1 period. Furthermore, we also see differences in the 
diabatic heating between P2 and P1 in the mid-tropospheric 
pressure levels in Figure 8b–f, which clearly indicate an increase 
in the latter period over most of peninsular and western India. 
In Figures S10 and S11, we show similar panels as in Figure 7 
for convective and total precipitation, respectively. The decreas-
ing trends of the convective precipitation over the Arabian Sea, 
Bay of Bengal and NEI in P2 are significant, while over PNI, 

TABLE 1    |    Correlation analysis of different tropospheric level's 
land–ocean thermal contrast (TC) with zonal (Qr

u
) part of the rotational 

component (RC) of moisture flux for the middle (500–800 hPa) and 
lower (900–1000 hPa) levels of the troposphere.

TC levels (hPa)

Qr
u
 (middle 
layers)

Qr
u
 (lower 

layers)

P1 P2 P1 P2

500 0.71*** 0.45** — —

600 0.47*** 0.27 — —

700 −0.14 −0.15 — —

800 −0.50*** −0.23 — —

900 — — −0.44*** 0.16

1000 — — −0.39*** 0.12

Note: Here, the middle and lower layers represent the vertically integrated values 
of RC across 850–500 and 1000–850 hPa, respectively.
*** and ** show significance at 1% and 5% significance levels following the 
Mann–Kendall test, respectively.
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the trends are rising (Figure S10). The difference in total pre-
cipitation between P2 and P1 in Figure S11d is a combination of 
the corresponding differences in the stratiform (Figure 7d) and 
convective (Figure S10d), respectively.

At higher pressure levels (900–1000 hPa), the correlations in 
Table  1 become negative and albeit weaker. At higher pressure 
levels, evaporative flux from the warmer oceans under the prevail-
ing southwesterlies leads to a greater buildup of the moist entropy 

FIGURE 7    |    (a) Time series of the mean JJAS all India averaged stratiform precipitation from ERA5 with the legend indicating the slopes of the 
trends for P1 and P2 in mm day−1 decade−1, where * shows significance at 5% significance level following the Mann–Kendall test. The red and black 
(dashed) lines show the 5-year running mean and slope of the trends, respectively. The spatial distribution of the linear trends of mean JJAS strat-
iform precipitation from ERA5 for (b) P1 and (c) P2, and (d) the corresponding differences P2 − P1. The stippled regions indicate significance at 5% 
significance level according to the Mann–Kendall test. [Colour figure can be viewed at wileyonlinelibrary.com]

FIGURE 8    |    (a) The diabatic heating (Q1 following Yanai et al. 1973) profile averaged over all India for P1 and P2 and the differences in the diabatic 
heating at pressure levels of (b) 700, (c) 600, (d) 500, (e) 400 and (f) 300 hPa. The units are in deg/day. The stippled regions in (b–f) indicate signifi-
cance at the 5% significance level following Student's t-test. [Colour figure can be viewed at wileyonlinelibrary.com]

https://onlinelibrary.wiley.com/
https://onlinelibrary.wiley.com/
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in the boundary layer, triggering and sustaining terrestrial mon-
soonal convection (Ma et al. 2019), which could possibly explain 
the negative correlations of the thermal contrast with Qr

u in the P1 
period (Table 1). Interestingly, these correlations become weaker 
in the P2 period, which could be the result of the decreasing trend 
of convective precipitation over the oceans and NEI in P2 relative 
to P1 (Figure S10). These weak correlations in Table 1 suggest a 
weakening relationship of the RC of the moisture flux with the 
land–ocean thermal contrast in the middle and lower troposphere.

3.4   |   Divergent Component of Moisture Flux

Figure 9 illustrates the seasonal climatology of the DC of mois-
ture flux during the JJAS season for the entire period, including P1 
and P2. In JJAS, all IHRRs display a strong moisture convergence 
in the lower troposphere (Figure 9a). In comparison to the lower 
troposphere (Figure  9a), the DC of moisture flux in the middle 
troposphere in JJAS is more discontinuous, with CNEI and NWI 
regions exhibiting moisture divergence amidst moisture conver-
gence in other IHRRs (Figure 9b). In the upper troposphere, how-
ever, the DC of moisture flux is largely divergent (Figure 9c).

The convergence and divergence of moisture flux vectors in 
Figure 9 are construed as moisture sink and source, respectively. 

The moisture source for the ISMR rainfall from Figure 9a,b is 
the Arabian Sea, the Indian Ocean to the south of the equator 
and the Bay of Bengal. However, the Bay of Bengal is the weak-
est of these in terms of moisture sources, corroborating previous 
studies (e.g., Pathak et al. 2017; Roxy et al. 2017).

Figure 10 illustrates the changes between the two epochs (P2 − P1) 
in the climatological seasonal mean DC of moisture flux for the 
JJAS season. During the JJAS season, the moisture source in the 
lower troposphere (Figure 10a) just north of the equatorial Indian 
Ocean is enhanced, while the moisture sink is enhanced over the 
Indian Ocean south of the equator. Interestingly, Gokul et al. (2024) 
report that the anomalous changes at sub-seasonal scales in the 
low-level cloud fraction of the Mascarene High, south of the equa-
tor, are precursors to changes in moisture flux convergence in the 
monsoon trough region at sub-seasonal scales. This leads us to 
speculate that an increased moisture sink on these decadal scales 
could be a reflection of the enhancement of low-level cloud frac-
tion over the Mascarene High that could eventually be related to 
a sustained increased strengthening of the ISM. Furthermore, in 
JJAS, this sinking is extended over NWI, CI and PNI parts of the 
Indian landmass, which possibly results in increased rainfall over 
these regions (Figure 10a). In most other regions and atmospheric 
layers, the differences in the DC of moisture fluxes are relatively 
incoherent spatially (Figure 10b,c).

FIGURE 9    |    The mean JJAS seasonal climatology (computed over the entire period including periods P1 and P2) of the divergent component of 
moisture flux (10−4 kgm−2 s−1; shaded) overlaid with the corresponding divergent moisture flux vectors (kgm−1 s−1) in (a) lower (1000–850 hPa), (b) 
middle (850–500 hPa) and (c) upper (500–100 hPa) layers of the troposphere. [Colour figure can be viewed at wileyonlinelibrary.com]

FIGURE 10    |    The JJAS seasonal climatological change (P2 − P1) of the divergent component of moisture flux (10−4 kgm−2 s−1; shaded) overlaid 
with corresponding changes in divergent moisture flux vectors (kgm−1 s−1) in (a) lower (1000–850 hPa), (b) middle (850–500 hPa) and (c) upper (500–
100 hPa) layers of the troposphere. [Colour figure can be viewed at wileyonlinelibrary.com]

https://onlinelibrary.wiley.com/
https://onlinelibrary.wiley.com/
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The mean differences in evaporation and precipitation between 
the two epochs (P2 − P1) for JJAS are shown in Figure S12. The 
regions of moisture convergence and divergence in the lower 
troposphere in Figure 10 are coincident with negative (moisture 
sink) and positive (moisture source) values of the mean differ-
ence between evaporation and precipitation fields in Figure S12, 
respectively. For example, the surplus mean rainfall over NWI, 
CI and PNI and a deficit of over NEI and the western CNEI in 
the JJAS season (Figure  S12b) are nearly coincident with cor-
responding moisture flux convergence and divergence in the 
lower troposphere, respectively (Figure 10a).

3.5   |   Analysis of Rainfall

In order to further analyse the impact of the changes mentioned 
above in moisture flux components between the two epochs, 
we examined the corresponding changes in the linear trends of 
the mean JJAS rainfall (Figure S13). In the recent epoch (P2), 
a strong positive trend ranging up to 2 mm day−1 decade−1, with 
a statistical significance level of 5%, is observed for all IHRRs 
except the western and eastern flanks of CNEI and the NEI, 
where a declining trend of up to 2mm day−1 decade−1 is observed 
(Figure  S13b). The strongest trend is seen over parts of NWI 
and CI in P2 (Figure S13b). At the all India average level, in P1, 
an insignificant negative trend of −0.064 mm−1decade−1 is ob-
served in the JJAS mean rainfall (Figure S13c). However, in P2, 
contrary to P1, a statistically significant positive trend of the all 
India average of mean JJAS rainfall of 0.3 mm day−1 decade−1 is 
seen (Figure S13c). However, compared to the trends shown in 
Figure S13a,b, the temporal trend of rainfall averaged over all 
of India seems to be diluted due to a strong positive trend over 
NWI, CI and PNI with a negative trend over CNEI and NEI. 
Similarly, Jin and Wang  (2017) have reported a positive trend 
in ISMR (measured as area averaged over CI) since 2002 using 
multiple observational/reanalysis datasets.

4   |   Conclusion

The study provides a unique perspective to the rising trend of 
the PWC in the recent decades (2002–2021; P2) relative to prior 
decades (1959–2001; P2) of the ISMR. We analyse these changes 
in the lower (1000–850 hPa), middle (850–500 hPa) and upper 
(500–100 hPa) troposphere separately. The analysis included 
examining changes in moisture flux patterns which were par-
titioned into their RCs and DCs that inform on the moisture 
transport and moisture source/sink, respectively. We also exam-
ined changes in precipitation between the two periods and their 
partitioning between convective and stratiform precipitation. 
Such analysis in the context of the current revival of the ISM is 
unique to this study.

The linear trends of PWC are observed to increase significantly 
in the recent P2 period relative to P1 over most of India during 
JJAS, with some exceptions over parts of northwest and hilly 
regions of India. In fact, the trends of the all India mean JJAS 
PWC over India in P2 become statistically significant at the 10% 
significance level in contrast to the statistically insignificant 
trends in the P1 period. The pre-monsoon season of MAM ex-
hibits a similar change but is smaller in magnitude in the linear 

trends of PWC and over a limited region confined to northwest 
India. The largest seasonal mean JJAS of PWC between P2 and 
P1 is observed in the middle troposphere with associated large 
changes in the RC of the moisture flux, which suggests an en-
hancement of the cross-equatorial southwesterly moisture flux 
of the ISM in P2. This enhancement of the RC of the moisture 
flux in the middle troposphere is also accompanied by increased 
land–ocean thermal contrast and an increase in the fraction of 
stratiform precipitation of the ISMR in P2 relative to P1. We sug-
gest that this latter change has a profound influence on enhanc-
ing the mid-tropospheric moisture flux and also on weakening 
its relationship with land–ocean thermal contrast.

The seasonal climatology of the DC of moisture flux in the 
JJAS season shows a moisture sink over IHHRs with deep 
convection over CI, PNI and NEI, except for CNEI and some 
parts of NWI. The seasonal climatology of the moisture diver-
gence (source) is observed over the Arabian Sea and over the 
equatorial Indian Ocean. The recent changes (P2 − P1) in the 
DC of the moisture flux reveal that the tropical Indian Ocean 
just north of the equator serves as a large moisture source for 
the strengthened (weakened) moisture sink over the equato-
rial Indian Ocean and the NWI, CI and PNI (CNEI and NEI) 
which, in turn, result in increased (decreased) rainfall trends 
over these regions.

The attribution of the current revival of the ISM is a challenging 
task. It appears that the changing land–ocean thermal contrast 
is a result of changing greenhouse gas concentrations, which 
result in the mid-tropospheric changes observed in this study. 
However, it would be more conclusive by conducting special-
ised modelling experiments that examine the sensitivity of these 
changes of the ISM to radiative forcing from changing green-
house concentrations.
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Figure S1: Indian homogeneous rainfall regions (IHRRs): North-Western India (NWI), Central North-
Eastern India (CNEI), North-Eastern India (NEI), Central India (CI), Peninsular India (PNI), and Hilly 
Regions (HR). The cyan-filled circle shows the 19 locations (Table S1) throughout India for which the 
IGRA sonde-derived PWC data is obtained to validate the ERA-5 PWC. 
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Figure S2: The time series of JJAS mean PWC validation from ERA-5 reanalysis and the 
corresponding average of sonde observations over 19 locations across India from the Integrated 
Global Radiosonde Archive (IGRA v2.0). 

  



 4 

 

 
Figure S3: Time series of all India average of annual mean PWC. The legend indicates the slopes of 
the trends in mm/decade for P1 and P2, where ‘*’ shows significance at 10% significance level 
following the Mann-Kendall test. The red and black (dashed) lines show the five-year running mean 
and slope of the trends, respectively. 
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Figure S4: Time series of all India average of mean (a) MAM, (b) OND, and (c) JF PWC. The legend 
indicates the slopes of the trends in mm/decade for P1 and P2, where ‘*’ shows significance at 10% 
significance level following the Mann-Kendall test. The red and black (dashed) lines show the five-year 
running mean and slope of the trends, respectively. 
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Figure S5: Rolling linear decadal trends of the mean JJAS precipitation over India computed 
each year from 1959 to 2021. The decadal trends are shown only up to 2010 because of 
inadequate sample size to compute the trends beyond this year. 
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Figure S6: Linear trends for 20-year segments: 1962-1981 (First black dashed line; -0.27 
mm/decade), 1982-2001 (Second black dashed line; 0.9 mm/decade), and 2002-2021 (Red 
dashed line; 2.2 mm/decade). The trend in Segment 3 (2002-2021) is statistically significant at 
1% significance level, while the trends in other segments are statistically insignificant. 
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Figure S7: Seasonal mean MAM climatological change (P2-P1) in tropospheric air temperature at a) 
1000, b) 900, c) 800, d) 700, e) 600, and f) 500 hPa. The stippled regions show significance at a 5% 
significance level following the Student’s t-test.  
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Figure S8: The linear trend of mean MAM tropospheric air temperature at each grid point at (a, g) 500 
hPa, (b, h) 600 hPa, (c, i) 700 hPa, (d, j) 800 hPa, (e, k) 900, and (f, l) 1000 hPa for (a-f) P1 and (g-l) 
P2 periods. The stippled regions indicate significance at 5% significance level according to the Mann-
Kendall test. 

 

 



 10 

 

Figure S9: Time series of seasonal mean JJAS land-ocean thermal contrast at (a) 900 and 1000 hPa and 
(b) 500 – 800 hPa with the vertically integrated zonal rotational component (RC) of moisture flux (Unit: 
kgm-1s-1) in the (a) lower (1000-850 hPa) and (b) middle (850-500 hPa) tropospheric layers. 
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Figure S10: (a) Time series of the mean JJAS all India averaged convective precipitation from ERA5 
with the legend indicating the slopes of the trends for P1 and P2 in mmd-1decade-1. The red and black 
(dashed) lines show the five-year running mean and slope of the trends, respectively. The spatial 
distribution of the linear trends of mean JJAS stratiform precipitation from ERA5 for (b) P1 and (c) P2, 
and (d) the corresponding differences P2-P1. The stippled regions indicate significance at 5% 
significance level according to the Mann-Kendall test. 

 

Figure S11: (a) Time series of the mean JJAS all India averaged total precipitation from ERA5 with 
the legend indicating the slopes of the trends for P1 and P2 in mmd-1decade-1, where ‘*’ shows 
significance at 5% significance level following the Mann-Kendall test. The red and black (dashed) lines 
show the five-year running mean and slope of the trends, respectively. The spatial distribution of the 
linear trends of mean JJAS stratiform precipitation from ERA5 for (b) P1 and (c) P2, and (d) the 
corresponding differences P2-P1. The stippled regions indicate significance at 5% significance level 
according to the Mann-Kendall test. 
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Figure S12: The climatological seasonal mean (a) MAM, (b) JJAS, (c) OND, and (d) JF difference of 
evaporation and precipitation (E-P) for P2 - P1. 



 13 

 

Figure S13: The linear trends of the mean JJAS rainfall at each grid point over IHRRs for (a) P1 and 
(b) P2. The stippled regions show significance at 5% significance level following the Mann-Kendall 
test. (c) Temporal trend analysis of JJAS rainfall over IHRRs (India). The legend indicates the slopes 
of the trends in mm/decade for P1 and P2. The red and black (dashed) lines show the five-year running 
mean and slope of the trends, respectively. 

Table S1: List locations for which the PWC data is obtained from the Integrated Global Radiosonde 
Archive (IGRA v2.0) provided by NCEI-NOAA. 

Serial No. City Name Data Availability Period 
1 Ahmedabad 1967-2021 
2 Jodhpur 1967-2021 
3 Mumbai 1967-2020 
4 Cochin 1988-2021 
5 Thiruvananthapuram 1969-2020 
6 Chennai 1967-2021 
7 Visakhapatnam 1967-2021 
8 Hyderabad 1971-2002 
9 Bhopal 1983-2021 
10 Bhubaneswar 1971-2021 
11 Guwahati 1967-2021 
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12 Kolkata 1967-2020 
13 Patna 1983-2020 
14 Agartala 1978-2021 
15 Dibrugarh 1978-2021 
16 Lucknow 1967-2020 
17 New Delhi 1966-2021 
18 Bengaluru 1961-2020 
19 Goa/Panji 1971-2021 
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