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What advances monsoon onset over India?
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Abstract. In the monsoon regions, atmospheric convection is typically stronger over the oceans than over land. Rainfall over
land is potentially affected by the dynamic response of the atmosphere to deep convection over the adjacent oceans. Here,
we show, in the case of the Indian summer monsoon, that enhanced atmospheric deep convection over the Bay of Bengal ~2
weeks before onset, advances monsoon onset over India. Since the sea surface temperature of the Bay of Bengal is already
hot during spring, warm anomalies further enhance convection that drives a convergence of low-level winds. A part of this
circulation response blows from central India to the Bay of Bengal. It paves the way for monsoon circulation over India
and advances the onset of monsoon. We tested this hypothesis using an atmospheric model forcing it by warm sea surface
temperature anomalies over the Bay of Bengal 10-15 days before monsoon onset. Although the experiments with warm sea
surface temperature anomalies over the Bay of Bengal does not reproduce earlier onset, which we attribute to uncertainties

linked to the parameterization of convection, it does show a circulation response consistent with our hypothesis.

1 Introduction

The long-term mean onset date of the Indian summer monsoon is June 1%. Nonetheless, there is considerable interannual
variability. From 1948-2020, in India, the earliest monsoon onset recorded by the India Meteorology Department (IMD) was
on May 14™ (in 1960), and the latest is on June 18" (in 1972) (Satish and Suneetha, 2022). The standard deviation of the onset
date is seven days, as per the IMD’s definition of monsoon onset, which is associated with sudden and vigorous rainfall activity
for several days in the Kerala state situated on the southwestern coast of India. For a monsoon season lasting approximately
four months, from June to September, a standard deviation of 7-days arguably leaves a margin of error for forecasters, further
because the Indian monsoon exhibits considerable internal variability (Ajaya Mohan and Goswami, 2003). It underscores
the need to understand the monsoon dynamics better, for there is a tremendous socio-economic consequence of an accurate
monsoon onset forecast for the one-sixth of the global population living in India.

Designing an objective definition of monsoon onset is difficult (Wang et al., 2009; Bombardi et al., 2020). IMD’s definition
of monsoon onset criteria depends on a combination of rainfall over Kerala, winds, and outgoing long-wave radiation. This
definition is known as the monsoon onset over Kerala (MOK) (Ananthakrishnan and Soman, 1988). Meteorologically, the
monsoon activity starts in the Bay of Bengal (Wu and Zhang, 1998; Mao and Wu, 2007). What is intriguing to note, however,
is that the onset of monsoon over Kerala has exhibited a delaying trend (Sahana et al., 2015; Sabeerali and Ajayamohan, 2017)

while that over the Bay of Bengal advancing in the recent past (Wei-Dong et al., 2012). We do not intend to provide a unified
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explanation for this contrasting monsoon onset behavior over India and the Bay of Bengal. Nonetheless, these observations
suggest a potential influence of the Bay of Bengal on the progress of monsoon.

Warming of the climatologically warm waters of the Bay of Bengal (BoB) can generate a dynamic response in the atmosphere
(Goswami et al., 2021). The atmospheric response to the warm SST that we find 10-15 days before monsoon onset (detailed
in section 3) can result in two situations. Before discussing these two possibilities, we note that in either, it will arguably
enhance deep convection in the region. This enhanced convection will drive low-level convergence. The monsoon low-level jet
(LLJ) is a profound feature of these low-level winds (Joseph and Sijikumar, 2004). The LLJ is a lifeline of monsoon since it
plays a dominant role in carrying the moisture that fuels the monsoon rainfall. Winds at 850hPa can reliably represent the LLJ
(Thapliyal, 2023). Convection over the Bay of Bengal is known to steer the LLJ over the Indian Ocean during pre-monsoon and
monsoon seasons (Joseph and Sijikumar, 2004; Wilson et al., 2019). Recall that our observations are essentially pre-monsoon.
During this time, the LLJ winds are climatologically westerly, blowing from the eastern coast of Somalia to the southern Bay of
Bengal. The first possibility is that the enhanced convection over the BoB may drive a tighter low-level convergence and delay
the migration of this pre-monsoon westerly LLJ to a monsoon south-westerly LLJ from the Arabian Sea to the Indian landmass
thereby delaying the monsoon onset over India. A second possibility is, on the contrary, enhanced convection centered over
the BoB might draw low-level winds from central India to BoB, and help the migration of the pre-monsoon LLJ northward to
advance the onset over India. Since we found warm SST anomalies over BoB for the early-onset years, we suspect the second
possibility to be dominant. We analyzed meteorological variables of the period starting when we detected warm SST anomalies
in the BoB until monsoon onset and found circulation patterns (Fig. 3i) that suggest the second possibility to be primary. It
should be noted that convective activity in monsoon region is not only sensitive to SSTs, and shear may also play a role (Hsiao
et al., 2024). While we do not rule out the role of shear, in this study we document the response of the atmosphere to the
positive SST anomalies noted over the northern BoB. Based on our results, we propose a hypothesis schematically depicted in
Fig. 1. Warm SST anomalies over BoB for early-onset cases enhance convection locally and drive converging circulation. As
part of this circulation, winds that flow from India to BoB pave the path for forthcoming monsoon circulation.

To better our understanding of the Indian monsoon onset, we adopt a known methodology. We contrasted the remarkably
early monsoon onset years against the late-onset ones. We computed composites of the two categories of years to suppress the
interannual variations in the data. In composite analysis, since all onset dates are aligned, interannual variations are suppressed
and it yields a common picture of onset evolution across the different years. We used the large-scale tropospheric temperature
gradient index of Xavier et al. (2007) to identify the early and late-onset years. It is noteworthy that there exist multiple
definitions of monsoon onset (e.g., Table 1 of Chevuturi et al., 2019). However, we chose the tropospheric temperature gradient
index of Xavier et al. (2007) because of its ability to represent the large-scale thermodynamic forcing and because it does not
depend on any arbitrary thresholds (a detailed list of different monsoon indices large-scale, regional, and local can be found in
Bombardi et al. (2020) and Li et al. (2024)). We find, which we shall discuss in detail in Results to follow, a clear warm patch
of SST in the Bay of Bengal for years with early onset, 10-15 days before onset. It is the only outstanding patch of ocean in the
northern hemisphere in this context (Supplementary Fig. S1). We say outstanding because for the early-onset years, compared

to the late-onset years, the sun is in a relatively southward position; hence northern hemisphere oceans are expected to be
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Figure 1. Schematic of the hypothesis. (a) Warm SST anomalies (red disk) enhance convection over the2BaBeks before onset).

(b) Convection gradually peaks up and about a week before the onset, the strengthening convection tends to do two things: 1) drives the
convergence of winds and, 2) reduces incoming solar radiation by cloud shading (gray). (c) SST is cooling down. The converging winds
(depicted only the winds from India to BoB; green arrows) pave the path for the monsoon ow a few days before onset. In all panels: The
red circular patch indicates positive SST anomalies that weaken from left to right panels; grey circular patches indicate convection that
strengthens from left to right panels. In the the rightmost panel: green arrows indicate 850 hPa winds aligned in favor of monsoon low-level
ow; red streamlines indicate mean circulation for May (essentially pre-monsoon) and blue streamlines indicate mean circulation for June

(essentially monsoon), at 850 hPa. In (c), our hypothesis means that green arrows help red streamlines to transition to blue streamlines.

colder if they were to be heated only by solar radiation. This observation naturally raises two questions: What is the cause of
this warm patch of SST in the Bay of Bengal, and what is the effect of it? We shall not investigate the drivers of the SST warm
anomaly in this study and only mention some possibilities in Discussion later for future investigations. As for effect, we shall
report, analyzing observations and performing modeling experiments on how this warm patch of SST advances monsoon onse
over India.

Air-sea interactions in the Indian monsoon domain are complex. Therefore, a concern regarding the warm SST that we nd
10-15 days before monsoon onset (Fig. 3a) might be if it is a consequence of atmospheric processes as opposed to our argume
that the atmosphere responds to it. Reportedly, in intraseasonal time-scale during the Indian summer monsoon the ocean play
an active role in the northern BoB (Xi et al., 2015). The northern BoB region emphasized in Fig. 2a of Xi et al. (2015) is
consistent with the positive SST anomalies in the BoB we found in our analyses. It instills more con dence in our hypothesis.
Further, the reported lag of 6 days in the rainfall response to underlying SST in the same study (Xi et al., 2015) is another
piece of evidence that is consistent with our hypothesis. However, it should be noted that growing convection (schematically
represented by the growing gray circles from Fig. 1a to ¢, and depicted as rainfall anomalies in Fig. 3b, e, and h) interact with
and modify surface winds and also interrupt the incoming short-wave radiation which then affects the SST as we shall discuss
in detail in the Results section while reporting Fig. 3.

We tested our hypothesis by performing modeling experiments. We forced the Community Atmospheric Model (CAM)
with positive SST anomalies over BoB. Since the Indian monsoon is an atmosphere-ocean coupled phenomenon, an SST
forced atmospheric modeling approach arguably would have serious limitations. Nonetheless, it has been instrumental in
providing insights into the role of Indian Ocean SST on the Indian monsoon. For brevity and in the interest of not diverging
from the narration of our research, we mention a minuscule number of the studies that used the SST-forced atmospheric
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modeling approach successfully to understand the role of Indian Ocean SST on the Indian monsoon, e.g., the studies by Shukl:
(1975); Washington et al. (1977); Yamazaki (1988); Zhu and Houghton (1996); Chandrasekar and Kitoh (1998); Chung and

Ramanathan (2006); Roxy et al. (2015); Goswami et al. (2021); Goswami (2022), etc. While we shall discuss the experiment
details and the model responses in the following sections, it is worth mentioning that we found the atmospheric model responds
with an advanced annual cycle of rainfall over India, that is, early onset of monsoon, when warm SST anomalies over BoB are

imposed 10-15 days before the model onset date.

2 Data and Methodology
2.1 Onset criteria and Observation data

A brief discussion of various monsoon onset indices can be found in Pai et al. (2009) and Pradhan et al. (2017). Excellent
reviews of various onset indices can be found in Bombardi et al. (2020) and Li et al. (2024). These reviews demonstrate that all
indices have advantages and disadvantages and no one index is superior then the other. Nonetheless, they considerably correlz
with each other. We used the tropospheric temperature gradidnt ) index of Xavier et al. (2007) to de he monsoon onset.
Although monsoon onset is realized via synoptic activities, we chose e considering the large-scale dynamics and
thermodynamics of the monsoon. The transition §f T from negative to positive values, indicating a huge latent heat release
over the Indian monsoon region, is a widely accepted metric to identify monsoon onset. We used the temperature data from
the National Centers for Environmental Prediction (NCEP) reanalysis product (Kalnay et al., 1996) to comut®©nce
we de ned monsoon onset dates using th& T index, we identi ed the years that are early or late by more than 60% of
their standard deviation from the mean onset date and called them early or late-onset years, respectively. We found our result:
generally largely immune to reasonable changes in this de nition. For the early and late years, we contrasted composite SST
(obtained from the Optimum Interpolation Sea Surface Temperature (OISST) v2 (Banzon et al., 2016) provided by the National
Oceanic and Atmospheric Administration (NOAA)) and different dynamic and thermodynamic elds (obtained from NCEP)
for different time leads (in days) from the onset date.

In our analysis, we have used rainfall data from the India Meteorological Department (IMD) (Rajeevan et al., 2010; Pai et al.,
2015) and the Tropical Rainfall Measurement Mission (TRMM) Multi-Satellite Precipitation Analysis (TMPA) 3B42 Version
7 product (Huffman et al., 2007).

2.2 Model con guration and Experimental design

We used the atmospheric model of the Community Earth System Model, version 2.1.3 (CESM 2.1.3) (Danabasoglu et al.,
2020), that is the Community Atmosphere Model, version 6 (CAM6) (Danabasoglu et al., 2020), developed and maintained
at the National Center for Atmospheric Research (NCAR), with longitude and latitude speci cations 1.25° and 0.9°, respec-
tively, and 32 vertical levels. We forced the model by HadISST1 climatological daily mean SST data provided by the Met
Of ce Hadley Centre (Rayner, 2003). Our simulations are performed with compset “F2000climo” in CESM terms. These are
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essentially atmospheric simulations forced by the climatological present-day climate. All simulations are 35 years long, and
we analyzed the last 30 years of each simulation, considering the rst5 years as spin-up and discarding. Five years is more thar
enough for an atmospheric model to spin. To its reputation, CAM is a state-of-the-art model, and its simulations, contributed
by NCAR, are used in the IPCC assessments.

We performed a simulation following the above speci cations that we deem our control (CTRL) simulation. We checked the
mean monsoon onset date in CTRL (we usedtfiel index to nd this mean onset date for CTRL). Let us call this dage T
We performed an experiment (EXPT), a carbon copy of CTRL, except for an added warming over BoB to the forcing SST, the
positive SST anomalies that we found contrasting early and late-onset years. We imposed this warming for 5 dayé¢%rom T
to To-10 days. To check the consistency of the model response with our hypothesis, we compared rainfall and 850hPa winds
in the CTRL and EXPT simulations.

To suit our narration, we shall use the word/phrase “monsoon” and “low-level winds” to mean Indian summer monsoon and

winds at 850hPa height, respectively, when it is evident reference to the context.

3 Results
3.1 15 days to onset

Figure 2 depicts the monsoon onset dates from 1985-2019. The mean onset daylis#eday (June ) of a 365-day year.

The consistency of this date with the climatological onset date as per the de nition of onset by IMD is intriguing because IMD's
monsoon onset de nition is formulated based on synoptic scale signals, and the index sSed¢e Methods) represents the
large-scale state over the monsoon region. There is considerable year-to-year variability among the onset dates. We calculate
composite for different meteorological variables for early and late-onset years, de ned as below and above 60% standard
deviation of the mean onset day, respectively. The early and late-onset years are marked by blue and red circles, respectively
in Fig. 2.

Figure 3 depicts anomalous composite elds for early-onset years compared to late-onset years of observed SST (top panels)
rainfall (middle panels), and 850hPa winds and convergence (bottom panels). The SST and wind data are from OISST and
NCEP, respectively, while rainfall is from TRMM (1998-2019). The early-onset composites are based on 10 cases (7 cases for
rainfall due to limited availability of TRMM data), and the late-onset composites are based on 12 cases (7 cases for rainfall).
The SST elds are averaged over 10-15 days, 5-10 days, and 1-5 days. The atmosphere over the warm SST of the BoB respond
with a local enhancement of rainfall (Goswami et al., 2021). We included a 2-day delay in the precipitation response to SST
anomalies to account for some lag in the precipitation response (Roxy, 2014; Xi et al., 2015). For example, precipitation elds
are shown for an average over 13 to 10 days before monsoon onset, corresponding to SST anomalies averaged over 15 t
10 days before monsoon onset, counting the monsoon onset day as day 0. The circulation responses are shown for the san
durations as precipitation. Analyzing low-level jet strength over the Arabian Sea, Joseph and Sijikumar (2004) reported that
LLJ strength over the Arabian Sea peaks 2-3 days after convection peaks over the BoB. This 2-3-day lag in the peaking of
LLJ strength over the Arabian Sea in response to convection over the BoB indicates that the local circulation responds to
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Figure 2. Onset dates. Monsoon onset dates were calculated using NCEP temperature data (1985-2019) based on the tropospheric tempe
ature gradient index of Xavier et al. (2007). The mean onset day is indicated by the black dotted line. The grey dotted lines indicate a 60%

standard deviation. The blue, black, and red circular markers indicate early, normal, and late-onset years, respectively.

atmospheric heating almost instantaneously. We performed this exercise for different lead times but show the results in Figure

3 since they are suf cient to emphasize the main features of the sequence of events we discuss. We note positive rainfall

anomalies in the Arabian Sea off the western coast of India, but they are not persistent and are not investigated further.
Positive SST anomalies can be seen over BoB 10-15 days before early monsoon onset (Fig. 3a). We learn from Fig. 2 that

the mean onset day for early-onset years is 144 (i.e., M&y 4Ad that for late-onset years is 158 (i.e., Jufig & means, in

essence, that Fig. 3a depicts the difference of SST averaged from Yay5t (for early-onset years) minus SST averaged

from May 24" to 29" (for late-onset years). It is noteworthy that, the exact dates for averaging SST are different for each year

and Fig. 3 is a difference-of-composites. Understandably under a larger solar angle, of-Bi&ytie northern hemisphere

oceans are colder than on May229" (Supplementary Fig. S1). Hence, the warm anomalies over BoB are intriguing (Fig.

3a and Supplementary Fig. S1). These anomalies are noticeable even when we remove the seasonal cycle from the SST da

(Supplementary Fig. S2). A preliminary analysis reveals that these warm anomalies are largely insensitive to the de nition of

monsoon onset. When IMD-declared monsoon onset dates are considered, SST warm anomalies over the BoB associated wit

early-onset cases remain evident (Supplementary Figure S2), although the anomaly distributions differ (more widespread) from

those shown in Figure 3a. Consistent with warm anomalies, enhanced rainfall is apparent over BoB (Fig. 3b). However, the

enhanced rainfall locations are not con ned only within warm SST anomalies. We can understand it by emphasizing springtime

mean SST in BoB. During spring, BoB SST is typically hot30°C) (Supplementary Fig. S2). It is the time of monsoon onset

over BoB (Wang and LinHo, 2002). For such warm SSTs, tiny warm anomalies, for example, seen over the north BoB for

the early-onset years (Fig. 3a), can generate considerable atmospheric responses (Palmer and Mans eld, 1984). However, th

resultant enhanced rainfall (Fig. 3b) is not strictly con ned to warm SST anomalies (Fig. 3b). Nonetheless, it is consistent with
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Figure 3. Early monsoon onset anomalies. The observed SET (top panels), rainfall (mm day (middle panels), and 850hPa winds (m
s1) and convergence (20n™) (bottom panels); anomalous composite elds for early-onset years compared to late-onset years: (a) 10-15
days, (d) 5-10 days, and (g) 1-5 days; and (b-c) 10-13 days, (e-f) 5-8 days, and (h-i) 1-3 days before monsoon onset date. The gray thick line

in panels (a), (b), (d), (e), (g), and (h) indicate zero-contour of the SST anomalies in (a).

the corresponding latent heat ux (LHF) anomalies. To understand why latent heat ux (LHF), and hence rainfall, does not
strictly follow the SST warm anomaly distribution, we recall that LHF is a measure of surface evaporation (Supplementary
Fig. S4) as a response to surface wind speed (Supplementary Fig. S4) and air-sea humidity difference. Thermodynamically,
warm SST anomalies enhance LHF. However, the dependence of LHF on surface wind speed adds complexity to this relation
(Zzhang and McFarlane, 1995). Observational evidence suggests that wind speed, and hence LHF, over high SST experienc
more dynamical control involving interaction between convection and large-scale circulation. To quote Zhang and McFarlane
(1995), “high SST unstable atmosphere/cumulus convectioarge-scale low-level convergente weak surface wind

low LHF." Therefore, over warm oceans (like BoB during May), warm SST anomalies might not always result in collocated
LHF anomalies because, due to convection growing, LHF is signi cantly affected by surface gust winds resulting from dry
and cold convective downdrafts. The complexity of the relative contribution of dynamic and thermodynamic control over
LHF over high SST (Kumar et al., 2017) explains why we see positive precipitation anomalies 10-15 days before an early
monsoon onset that match the corresponding LHF pattern reasonably well (Supplementary Fig. S4) but are not strictly con ned
within the positive SST anomalies (comparing the red shaded rainfall anomalies and the gray thick contour in Fig. 3b.) It is



