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A Wind Profiling Radar-Based Dynamical Index
for Tracking India’s Monsoon Onset
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Abstract — The Indian summer monsoon onset is a
critical climatic event with widespread impacts on agricul-
ture, water resources, and weather systems. Traditional
onset detection methods, which primarily rely on precipita-
tion and broad circulation features, often miss the subtle
atmospheric transitions that preceded the arrival of the mon-
soon. In this study, we present a wind-based Monsoon
Onset Index (MOI) derived from high-resolution 205-MHz
very-high-frequency radar observations (2017-2024) and
ERAS reanalysis data (2000-2024) over Cochin, Kerala
(10.04°N, 76.33°E). The MOI integrates the following five
key variables: the intensities of the low-level jet and the
tropical easterly jet, the depth of the westerlies, the vertical
wind shear, and the vertical velocity. Two independent onset
detection strategies-quantile thresholding and change point
detection-are employed. Validation against IMD onset
records confirms the index’s robustness and scalability. A
Gated recurrent unit—long short-term memory neural model
trained on atmospheric variables (2000-2022) forecasted
post-May wind dynamics for 2023 to 2024, enabling MOI-
based onset detection within =3 days of IMD dates, high-
lighting the predictive strength of wind signals.

1. Introduction

The Indian summer monsoon (ISM) is one of the
most significant and complex weather systems, driven
by the thermal contrast between the heated Asian land-
mass and the cooler Indian Ocean. The arrival of the
monsoon is not just a meteorological phenomenon;
rather, it dictates agricultural cycles, water resource
management, and economic stability across the Indian
subcontinent. Despite its importance, defining its exact
onset remained a challenge due to the lack of a univer-
sally accepted robust criterion. Traditionally, the mon-
soon onset is identified based on a shift in wind patterns
and an increase in rainfall; however, these surface-level
indicators often fail to capture the underlying atmo-
spheric dynamics that govern monsoon evolution.

Over the years, various methods have been devel-
oped to determine the onset of the monsoon, relying on
rainfall thresholds [1], vertically integrated moisture trans-
port [2], wind speed anomalies [3], and atmospheric tem-
perature variations [4]. However, precipitation-based
detection is inherently reactive, limiting its usefulness for
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early warning systems. Wind is a fundamental driver of
monsoon progression, controlling heat transport, moisture
convergence, and convective activity, yet its role in onset
detection remains underused.

This study focuses on the monsoon low-level jet
(LLJ), a powerful cross-equatorial flow in the lower tropo-
sphere, which plays a pivotal role in monsoon moisture
transport [5]. The strength and position of the LLJ influ-
ence the active and break phases of the monsoon [6], mak-
ing it an ideal parameter for detecting the onset. Previous
research by Joseph and Raman [6] and Kalapureddy et al.
[7] has demonstrated the importance of wind profilers in
characterizing the MLLJ; however, systematic attempts to
develop a scalable, wind-based onset detection framework
remain limited.

While radiosonde data and reanalysis datasets have
been extensively used for monsoon studies they often suf-
fer from a coarse temporal resolution and limited real-time
applicability. On the other hand, ultra-high-frequency and
very-high-frequency (VHF) wind profilers provide high-
resolution vertical profiles of three-dimensional wind, mak-
ing them invaluable for studying wind shear, turbulence,
and monsoon onset dynamics [7, 8, 9]. Research in both
mid- and high-latitudes regions and tropical areas [9] has
demonstrated their effectiveness; however, the potential of
these models for detecting the onset of a monsoon in India
remains largely unexplored.

To address this gap, our study develops a unified
wind-based Monsoon Onset Index (MOI), capturing transi-
tions in LLJ, tropical easterly jet (TEJ), vertical motion,
and depth of westerly winds (DoW). This index is
designed to scale from point observations to regional appli-
cations. By leveraging high-resolution wind radar data
(2017-2024) and ERAS reanalysis data (2000-2024), we
develop a MOI that is not only dynamically constructed
but also objectively interpreted using statistical threshold-
ing methods such as quantile-based detection and change
point analysis. Further, it is evaluated using a gated recur-
rent unit (GRU) and long short-term memory (LSTM) neu-
ral network trained on historical MOI sequences.

2. Data and Methodology

This study examines the onset of the monsoon
over Cochin (10°04'N, 76°33'E), Kerala, the gateway
to the Indian summer monsoon. A 205-MHz VHF sys-
tem installed at the Advanced Centre for Atmospheric
Radar Research provides high-resolution vertical pro-
files of zonal (u), meridional (v), and vertical (w) wind
components from 0.315 to approximately 20 km. Data
are available from 2017 to 2024, sampled at 45-m inter-
vals in the lower troposphere and 150-m intervals in
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upper levels. The analysis focuses on the period from
March 1 to June 30, ensuring comprehensive coverage
of the pre-monsoon and onset-phase dynamics required
for training the model. To ensure temporal extension
and robustness, we also use ERAS reanalysis data from
the European Centre for Medium-Range Weather Fore-
casts for the period of 2000 to 2024. The daily mean
profiles of wind variables were extracted over Cochin,
matching the radar vertical extent and resolution.

The MOI is formulated by combining five primary
atmospheric variables that characterize monsoon onset as
follows: the mean intensity of westerlies (representative of
LLJ); the mean intensity of TEJ (representative of TEJ);
the DoW, defined as the maximum altitude where zonal
winds (u) are westerly; the vertical shear of horizontal
winds (Upg;-Uy 1 #AZ); and the mean vertical velocity (w)
up to DoW capturing the convective ascent. These vari-
ables were selected to provide a dynamic representation of
the evolving atmospheric conditions that preceded the
arrival of the monsoon.

To ensure the objective and accurate identification
of monsoon onset, individual thresholds were applied to
each variable based on its climatological significance. Fur-
ther, wind shear was multiplied by DoW (to have the
same unit of m s~/ of all the other three variables) with a
threshold of 3.5; LLJ intensity was constrained to values
exceeding 5 m s, vertical velocity (w) was filtered to
retain values above 1.5 m s~ , and a threshold of 15 m st
for TEJ. The final MOI was computed as follows:

MOI = logyo[|LL] | +w + (DoW X AUJAZ) + | TEJ |]

Two independent methods were employed to
detect the monsoon onset from the MOI time series.
The first was quantile thresholding, where onset was
identified as the first day on which the MOI exceeded
the 60" percentile for at least three consecutive days
during the pre-monsoon window (May—June). The sec-
ond method involved change point detection (CPD)
using the PELT algorithm with a radial basis function
kernel implemented via the ruptures package. This
approach objectively captured abrupt shifts in MOI
trends, which were interpreted as dynamic transitions
indicative of monsoon onset.

In addition to the dynamical MOI framework, a
GRU and LSTM hybrid model was trained on the time
series of constituent meteorological variables (2000—
2022) to evaluate its predictive utility. Using a sliding
window of 65 days (March 1-May 5) as input, the
model forecasted the evolution of the five key MOI var-
iables-LLJ, DoW, vertical shear, vertical velocity, and
TEJ-extending into the monsoon onset phase. From
these forecasts, MOI was reconstructed for 2023 and
2024, and the onset was detected using the same objec-
tive criteria. This hybrid approach integrates real-time
diagnostics with Al-based foresight, offering an
advanced tool for operational monsoon forecasting.
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Figure 1. Contour plot of zonal wind (m s~') with DoW being
overlaid, showing wind transitions leading to monsoon onset from
(a) radar and (b) ERA-5.

3. Results and Discussion

The MOI was evaluated using high-resolution
wind profiler data (2017-2024) and ERAS reanalysis
(2000-2024) to detect monsoon onset over Cochin.
The analysis includes the following: (1) comparison
with IMD-reported onset dates, (2) regional valida-
tion using gridded ERAS data, and (3) evaluation of
onset predictability using both statistical methods
(quantile thresholding, CPD) and Al-based forecast-
ing (GRU-LSTM).

A crucial characteristic of the monsoon transition is
the gradual but systematic shift from pre-monsoon easter-
lies to strong westerlies. Figure 1 presents the evolution of
zonal wind and DoW derived from wind profiler (205-
MHz VHF radar) observations and ERAS reanalysis data.
The black dashed line represents DoW, marking the alti-
tude at which zonal wind shifts from westerly to easterly.

A clear transition from upper-level easterlies to
deepening lower-level westerlies is observed around the
MOI-identified onset date. TEJ intensification is also evi-
dent in the upper troposphere (>10 km) preceding onset,
consistent with the hypothesized vertical coupling within
the troposphere. The vertical coherence between DoW
(1000—600 hPa) and TEJ position (200—100 hPa) provides
a robust dynamical signature of monsoon transition.

3.2 Evolution of MOI

Figure 2 compares the evolution of the MOI
trends for 2023. Radar-based MOI for 2023 exhibits a
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Figure 2. (a) Radar- and (b) ERA-5-based MOI evolution with
precipitation.

sharp increase beginning on June 4, indicating a sudden
intensification of the LLJ, deepening of westerlies, and
enhanced vertical shear. The CPD method identifies this
transition on June 5, while quantile thresholding detected
onset on June 7 and IMD onset on June 8, providing rea-
sonable agreement.

The ERAS-based MOI shows a similar rise
beginning on June 5, with CPD detecting the onset on
June 7 and quantile detection occurring slightly later on
June 9. Although the transition in ERAS is smoother
due to coarser resolution, the overall pattern matches
well with radar and IMD.

Together, these results demonstrate that MOI
captures the dynamical onset with high fidelity. Radar
offers sharper detection due to real-time vertical resolu-
tion, while ERAS ensures long-term consistency-both
supporting the robustness of the framework across
observational and reanalysis domains.

3.3 Performance of Onset Detection Methods
Across Years

The robustness of the MOI was evaluated over
25 years (2000-2024) using two independent detec-
tion strategies as follows: quantile thresholding and
CPD. Figure 3 displays MOI evolution for each year,
with IMD-declared onset dates (red), CPD-based
(orange), and quantile-based (blue) detections overlaid.
The MOI consistently rises before or near IMD onset in
most years, with both methods capturing the key dynamical
transition with high fidelity. In years such as 2000 and
2021, CPD detected earlier onsets, indicating sensitivity to
abrupt atmospheric regime shifts, even when rainfall was
delayed.

Hybrid MOI and Onset Detection with CPD & Quantile (2000-2024)

Figure 3.  Annual MOI evolution from 2000 to 2024 with overlaid
monsoon onset dates detected by CPD (orange), quantile thresholding
(blue), and IMD (red).

Figure 4 presents the difference between IMD-
reported onset dates and those identified by MOI using
change point detection (CPD, orange) and quantile
thresholding (blue) from 2000 to 2024. The CPD
method frequently detects onset earlier than IMD, particu-
larly in 2000 and 2021, highlighting its sensitivity to
abrupt dynamical shifts in wind fields that may precede
surface rainfall. In contrast, the quantile method gener-
ally exhibits a positive bias, predicting onset later than
IMD in years such as 2001 and 2007 due to its reliance
on sustained MOI elevation. While both methods show
deviations in select anomalous years, most predictions
fall within a =5-day window, indicating strong agree-
ment with operational onset. These results suggest that
CPD may offer early-warning advantages in dynamically

Difference Between IMD and Predicted Onset Dates (2000-2024)
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Figure 4. The difference in monsoon onset dates between IMD and
MOI-derived detection using quantile thresholding (blue) and CPD
(orange) methods from 2000 to 2024.
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Figure 5. Predicted and actual MOI for 2023 and 2024 using the
GRU-LSTM model trained on 2000 to 2022 data. The predicted
MOI (orange) and actual MOI (green). Quantile-based (blue) and
CPD-based (orange dashed) onsets are also shown for reference.

active years, while quantile-based detection provides con-
sistent alignment during smoother transitions.

3.4 Artificial Intelligence-Based Prediction of
Monsoon Onset

A GRU-LSTM model was trained using 23 years
(2000-2022) of pre-onset sequences (March 1-May 5) of
the five core MOI variables to forecast their evolution into
the onset period (May—June). This approach avoids directly
training on onset dates, instead leveraging learned dynamics
to reconstruct post-May atmospheric behavior. For both
2023 and 2024, the model successfully predicted the five
variables, from which MOI was computed and analyzed
using the same CPD and quantile-based methods. The pre-
dicted MOI (orange) closely follows the pattern of the
actual MOI (green), capturing both the timing and structure
of the onset transition.

As shown in Figure 5, in 2023, the model antici-
pates the onset around June 6, two days before the
IMD-declared onset (June 8), aligning well with CPD
(June 6) and preceding quantile-based detection (June
8). In 2024, the model detects the onset around May
29, again matching CPD and leading to IMD onset by
2 days.

Unlike earlier rainfall-based objective criteria,
such as those proposed by Pai et al. [10], or extended
range model forecasts, as in Pattanaik et al. [11], this
approach learns dynamic transitions from high-resolu-
tion wind profiles, offering a physically interpretable
and real-time onset prediction system. With a demon-
strated *3-day prediction accuracy, the artificial
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intelligence-enhanced MOI framework bridges the gap
between deterministic thresholds and operational fore-
cast systems, advancing the scope for short-lead mon-
soon onset alerts.

4. Conclusion

This study presents a wind-based MOI derived
from high-resolution radar and ERAS data to capture
the atmospheric transition leading to monsoon onset.
The index integrates five key variables, LLJ, DoW,
vertical wind shear, vertical velocity, and TEJ, and is
validated over 25 years (2000-2024) using two inde-
pendent methods-quantile thresholding and CPD.

The MOI framework shows strong agreement
with IMD onset dates, with most deviations within
*5 days, and often detects earlier dynamical transi-
tions missed by rainfall-based methods. A GRU-
LSTM model trained on historical MOI constituent
variables further demonstrated enhanced predictive
skill by forecasting the 2023 and 2024 onsets within
*3 days.

Together, these results establish MOI as a reli-
able, scalable, and machine-learning-compatible tool
for objective monsoon onset detection. Its ability to cap-
ture both sharp and gradual atmospheric transitions
offers significant potential for operational forecasting
and early warning systems.

5. References

1. R. Ananthakrishnan and M. K. Soman, “The Onset of the
Southwest Monsoon Over Kerala: 1901-1980,” Journal
of Climatology, 8, 3, 1988, pp. 283-296.

2. J. T. Fasullo and P. J. Webster, “A Hydrological Definition
of Indian Monsoon Onset and Withdrawal,” Journal of
Climate, 16, 19, October 2003, pp. 3200-3211.

3. K. Taniguchi and T. Koike, “Comparison of Definitions
of Indian Summer Monsoon Onset: Better Representa-
tion of Rapid Transitions of Atmospheric Conditions,”
Geophysical Research Letters, 33, 2, January 2006,
p. L02709.

4. V. S. Prasad and T. Hayashi, “Onset and Withdrawal of
Indian Summer Monsoon,” Geophysical Research Letters,
32,20, October 2005, p.L20715.

5. T. N. Krishnamurti, J. Molinari, and H. L. Pan, “Numerical
Simulation of the Somali Jet,” Journal of the Atmospheric
Sciences, 33, 12, December 1976, pp. 2350-2362.

6. P. V. Joseph and P. L. Raman, “Existence of Low-Level
Westerly Jet-Stream Over Peninsular India During July,”
Indian Journal of Meteorology and Geophysics, 17, 3,
1996, pp. 407-410.

7. M. C. R. Kalapureddy, D. N. Rao, A. R. Jain, and Y.
Ohno, “Wind Profiler Observations of a Monsoon Low-
Level Jet Over a Tropical Indian Station,” Annales Geo-
physicae, 25, November 2007, pp. 2125-2137.

8. P. Krishnan, P. K. Kunhikrishnan, and S. M. Nair,
“Time-height evolution of intraseasonal oscillations in
the tropical lower atmosphere: Multilevel wind observa-
tions using UHF radar,” Geophysical Research Letters,
32, 107805, 2005.



URSI RADIO SCIENCE LETTERS, VOL. 7, 2025

9. S. S. Das, A. K. Ghosh, K. Satheesan, A. R. Jain, and K.
N. Uma, “Characteristics of atmospheric turbulence in
terms of background atmospheric parameters inferred
using MST radar at Gadanki (13.5°N, 79.2°E),” Radio
Sci., 45, 4, 2010, pp. 1-14.

10. D. S. Pai, B. Arti, D. Sunitha, M. Madhuri, M. R.
Badwaik, et al., “Normal Dates of Onset/Progress and

11.

Withdrawal of Southwest Monsoon Over India,” Mau-
sam, 71, 4, 2020, pp. 553-570.

D. R. Pattanaik and M. T. Bushair, “Objective Method
of Predicting Monsoon Onset Over Kerala in Medium
and Extended Range Time Scale Using Numerical
Weather Prediction Models,” Discover Applied Sci-
ences, 6,7,2024, p. 368.



