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Abstract

The wind circulation over Indian sub-continent is driven by the differential heating and cooling
of the landmass and the ocean. There are two main monsoon seasons: the Southwest Monsoon in
summer and the Northeast Monsoon in winter. This circulation is also influenced by global
factors like Inter-Tropical Convergence Zone (ITCZ), jet streams and local winds. Wind patterns
in India, dominated by the monsoon system, are vital for the country's climate, agriculture, and
economy. The seasonal reversal of these winds dictates wet and dry seasons, profoundly
influencing water resources, food security, and power generation. ERAS is a global atmospheric
reanalysis dataset that provides estimates of wind vectors at several pressure levels, a crucial
parameter for atmospheric studies. Thus, this study investigates the spatial and temporal trends
of wind patterns over the Indian subcontinent using ERAS reanalysis data spanning 2000 to
2019.

Wind circulation was examined through the U-component (zonal wind, east-west) and V-
component (meridional wind, north—south), which together define the horizontal wind vector.
Assessing these components across pressure levels provides insights into large scale circulation,
monsoon variability, and regional climate processes. To capture the vertical structure, multi-level
wind data between 500-1000 hPa were analysed, representing the middle to lower troposphere.
Hourly ERAS5 datasets were processed to extract wind fields, and barbs were employed for
visualization of both wind speed and direction. The big-data analytics are implemented on the
re-analysis products to address the variability of wind patterns in different locations and over
various time scales. The findings enhanced the understanding of wind climatology and provide
valuable inputs for monsoon prediction, aviation, renewable energy planning, and regional
climate adaptation strategies.
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over India.

1. Introduction

India's climate and economy are profoundly influenced by its complex wind circulation patterns,
primarily governed by the monsoon system. The monsoons, characterized by seasonal reversals
in wind direction, bring vital rainfall during summer (Southwest Monsoon) and influence dry
conditions during winter (Northeast Monsoon). These wind patterns are driven by differential
heating between the landmass and adjoining oceans and are modulated by global atmospheric
phenomena such as the Inter-Tropical Convergence Zone (ITCZ), jet streams, and local wind
systems.

Understanding the spatio-temporal variability of these wind patterns is essential for multiple
sectors, including agriculture, water resource management, renewable energy, and disaster
preparedness. With the advent of advanced reanalysis datasets like ERAS, which offer
high-resolution, multi-decadal atmospheric data, researchers can now analyse large volumes of
data to discern patterns and trends that were previously difficult to quantify.

This study leverages big-data analytics techniques to analyse ERAS reanalysis data spanning
over two decades (2000-2019), focusing on the variability of wind vectors at different pressure
levels across India as in fig.1. By examining the zonal and meridional components of wind, this
research aims to deepen the understanding of the spatial and temporal dynamics of wind
circulation, which are crucial for improving monsoon prediction, climate modelling, and
planning for renewable energy projects.

Fig.1
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Research Objectives and Methodology

1. To analyse the spatio-temporal variability of wind patterns over India, using ERAS reanalysis
data from 2000 to 2019, focusing on both seasonal and inter annual scales.

2. To investigate the vertical structure of wind circulation between 500 and 1000 hPa pressure
levels, capturing the behaviour of winds in the middle to lower troposphere.

3. To identify notable trends and changes in wind speed and direction across different regions
and time periods, utilizing big-data analytics techniques for efficient processing and
visualization.

4. To assess the implications of wind variability for monsoon dynamics, regional climate
variability, and associated socio-economic factors such as agriculture, water resources, and
renewable energy potential.

5. To provide insights and data-driven inputs that can enhance monsoon forecasting, regional
climate adaptation strategies, and renewable energy planning initiatives in India.

2. Literature Survey

The research's key innovation lies in seasonally stratifying 20 years of data into four distinct
climatic periods: monsoon, pre-monsoon, summer, and winter. It computes and visualizes
high-resolution average wind patterns for each hour of every month at multiple pressure levels.
This granular, season-specific approach moves beyond typical broad trend analyses, providing
detailed insights into intra- and inter-seasonal wind variability.

The visualizations will elucidate the wvertical structure of wind fields and complex
spatial-temporal patterns over the Indian subcontinent. These detailed findings hold significant
implications for enhancing the accuracy of climate modelling, improving monsoon prediction
capabilities, and informing renewable energy planning. The study thus offers a comprehensive,
data-driven methodology that substantially advances existing knowledge of regional atmospheric
dynamics

3. Methodology

In this study, ERAS monthly averaged reanalysis data for pressure levels from 1940 to present
was utilized, with a focus on the period from 2000 to 2019. The data included zonal (U) and
meridional (V) wind components at specific pressure levels (700, 750, 800, 850, 900, 950 hPa).
For each year and pressure level, wind vector data were processed to generate corresponding

visualizations (PNG files) depicting wind speed and direction. The data spanning 20 years were
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then categorized into four seasonal groups: monsoon, pre-monsoon, summer, and winter. Within
each group, the wind data were further aggregated to compute average wind patterns for each
hour of each month across all years in that group, enabling a detailed analysis of seasonal and

intra-annual variability.

4. Experimental Setup and Implementation

Data Acquisition: Downloaded ERAS5 monthly averaged wind data (U and V components) at
specified pressure levels (700-950 hPa) for the period 2000-2019.

Data Processing: Extracted U and V components, combined to form wind vectors, and
visualized as PNG images for each year and pressure level.

Seasonal Grouping: Sorted the data into four seasonal categories—monsoon, pre-monsoon,
summer, and winter—based on the month.

Averaging: For each season, computed the mean U and V wind components for every hour of
each month, across all years within that season, to obtain representative seasonal wind patterns.
Analysis: Analysed the resulting averaged wind vectors to identify patterns, trends, and
variability across different seasons and pressure levels.

Tools and Technologies: Utilized scripting for data handling, averaging, and visualization;
big-data analytics tools were employed to efficiently process large datasets and generate insights.

5. Result Analysis

The analysis of the aggregated wind data at multiple pressure levels across the four seasonal
groups revealed distinct patterns in the zonal (U) and meridional (V) wind components. The
seasonal averaging of wind vectors at each pressure level demonstrated pronounced variations in
wind speed and direction, indicating the influence of seasonal atmospheric circulation. During
the monsoon season, strong south westerly winds at lower pressure levels (700-850 hPa) were
apparent, consistent with the onset and progression of monsoon circulations. Pre-monsoon
periods showed a gradual intensification of wind patterns, while the summer season exhibited
more diffused wind directions with relatively lower magnitudes, reflecting the transition phase.
Winter patterns displayed dominant northerly and north westerly flows at higher pressure levels,
indicative of the winter monsoon circulation.

The hour-by-hour and month-by-month averaging across 20 years provided insights into
intra-seasonal variability, highlighting periods of maximum wind activity aligned with typical
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seasonal climate behaviour. Spatial visualization of these patterns identified regions of recurrent
wind convergence and divergence, which correlate with known monsoon dynamics and regional
climate phenomena. The multi-year consistency of these trends underscores the reliability of the
seasonal wind patterns derived from the ERAS5 dataset, and the detailed visualizations serve as

valuable tools for further climate modelling and atmospheric studies.

Quality checks:
Before
After
ERAS Wind Magnitude (sqrt(U*+V?)) over India
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Here, fig.2 contains erroneous wind vector values that obscured the true atmospheric pattern.
fig.3 represents the corrected data, demonstrating the integrity and coherence of the wind field
after a necessary quality control procedure was applied.

Conclusion

This study successfully developed a comprehensive methodology for analysing seasonal wind
variability at multiple pressure levels over India, utilizing multi-decadal ERAS reanalysis data.
By grouping 20 years of data into four distinct seasons and averaging wind patterns on an hourly
and monthly basis, we captured detailed seasonal and intra-seasonal circulation behaviours. The
results reaffirm established atmospheric circulation patterns associated with the Indian monsoon
and seasonal transitions, while also providing high-resolution visualizations that enhance
understanding of regional wind dynamics. The approach demonstrates the potential of large-scale
climate datasets combined with advanced visualization techniques to inform climate research,
weather prediction, and sustainable energy planning. Future work can extend this framework to
incorporate additional variables, such as temperature and humidity, and explore climate change
impacts on seasonal wind patterns over longer temporal scales.
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