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Abstract:

Planetary Boundary layer height refers to the depth of the lowest layer of the atmosphere,
which is directly influenced by the Earth’s surface processes such as friction, heat, and
moisture. This height is not constant; it varies significantly by time of day and season,
reaching its maximum during warm, sunny days and its minimum on cool nights. Variations
in boundary layer height affect the vertical dispersion of pollutants and moisture in the
atmosphere. Because of highly diverse topography of India sub-continent, understanding the
variability of planetary boundary layer height (PBLH) is intriguing in the light of climate
change issues. ERAS is a global atmospheric reanalysis dataset that provides estimates of
atmospheric boundary layer height (BLH), a crucial parameter for atmospheric studies, but its
accuracy varies significantly by location and time of day, often overestimating daytime BLHs
while performing well for nocturnal stable layers in winter. While ERAS fills a critical gap in
long-term BLH data where observations are lacking, studies consistently show that its
estimates require validation and can benefit from corrections using observational data like
ceilometers, radiosondes and soon, especially in areas with complex terrain or specific
atmospheric conditions, such as the Amazon, Arctic sea-ice, industrialized regions and Indian
region. Therefore, this study investigates the spatial and temporal variability of PBLH over
the Indian subcontinent using ERAS reanalysis data spanning nearly four decades during
2000 to 2019. Hourly ERAS datasets were processed to extract PBLH and the big-data
analytics are implemented on the re-analysis products to address the variability of boundary
layer in different locations and over various time scales. The combined approach, integrating
high-resolution reanalysis data with multi-scale statistical evaluation, reveals long-term
spatial and temporal variability of PBLH across the Indian subcontinent. The results have
important implications for atmospheric modelling, climate variability studies, urban air
quality assessments, and renewable energy planning, while also contributing to improved
understanding of boundary layer dynamics in a rapidly changing climate.

Keywords: Big-Data analytics, Re-analysis data products, Spatio-temporal trends, Planetary
Boundary Layer height over India
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1. Introduction:

The Planetary Boundary Layer (PBL) is the lowest part of the atmosphere and plays a key role in
controlling how heat, moisture, gases, and pollutants move between the surface and the sky. Its height
(PBLH) strongly affects air quality and weather conditions, especially over a geographically complex
country like India. During the decade 2000-2009, India experienced rapid urban growth,
industrialization, and increasing vehicle use, which significantly influenced air pollution levels.
Winters in this period often showed shallow PBLH, particularly over the Indo-Gangetic Plain, leading
to severe haze and smog events. At the same time, summers and pre-monsoon months had deeper
PBLH due to stronger heating, which improved mixing but also carried pollutants higher into the
atmosphere. Using ERAS reanalysis data for (2000-2009), combined with Python-based big-data
analysis, helps capture daily, seasonal, and yearly variations in PBLH across India. This focused
decade provides valuable insights into how urbanization and climate processes together shaped air
quality and boundary layer dynamics. The results are important for understanding past pollution
challenges and for building strategies for sustainable city planning and climate adaptation in India.

Figl

Research Objectives and Methodology:
e Mapping PBLH - To study and map how the Planetary Boundary Layer Height (PBLH)

changes across different parts of India using ERAS reanalysis data.

e Seasonal & Daily Variations — To analyze how PBLH behaves during different seasons
(Winter, Pre-Monsoon, Monsoon, Post-Monsoon) and times of the day.

e Data Processing with Python — To use Python-based big-data tools for handling ERAS
data, extracting key information, and creating graphs, maps, and time-series plots.
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e Urban & Regional Trends — To identify differences in PBLH between regions,
especially over urban, industrial, and land-use change areas, where pollution and heat
are major factors.

2. Literature Survey

The Planetary Boundary Layer (PBL) plays a crucial role in atmospheric dynamics, air quality,
and weather processes. Early studies by Stull (1988) and Garratt (1994) provided foundational
understanding of PBL structure and its classification into stable, convective, and neutral types.
Recent research emphasizes the spatio-temporal variability of PBL using observations, models,
and reanalysis datasets. Studies over India have highlighted strong seasonal and regional
differences in PBL height due to monsoon dynamics and land-use patterns. Radiosonde and lidar-
based observations have been widely used for validating PBL estimates from models. Reanalysis
datasets such as ERAS enable long-term monitoring of PBL trends at high spatial and temporal
resolution. Big-data analytics and machine learning approaches are increasingly applied to
capture complex PBL variability. Several studies have linked PBL dynamics to urbanization,
surface temperature anomalies, and aerosol loading. Despite progress, comprehensive multi-year
analyses over India remain limited, especially integrating big-data techniques. This motivates the
present study to systematically analyze spatio-temporal PBL variability using multi-year
reanalysis datasets.

3. Methodology

The study investigates the spatio-temporal variability of the Planetary Boundary Layer (PBL)
over India using multi-year reanalysis datasets. High-resolution reanalysis data from sources like
ERA5 are employed to capture long-term trends and seasonal variations. Big-data analytics
techniques, including Python-based data processing and parallel computation, are applied to
handle large datasets efficiently. The PBL height is computed using standard meteorological
parameters such as temperature, humidity, and wind profiles. Spatial mapping of PBL variations
is conducted using geostatistical and interpolation methods across different Indian regions.
Temporal analysis includes monthly, seasonal, and interannual variability assessments. Trend
detection is performed using statistical methods like Mann-Kendall and Sen’s slope analysis.
Correlation studies are carried out to examine the influence of surface temperature, vegetation,
and urbanization on PBL dynamics. Visualization tools such as GIS mapping and heatmaps are
utilized for effective representation. Finally, the results are validated against observational
radiosonde and flux tower measurements to ensure reliability.
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4. Experimental Setup and Implementation

e Data Acquisition & Processing: ERAS5 PBLH and meteorological data (2000—
2019) were downloaded; U and V wind components were extracted and
combined to compute horizontal wind vectors.

e Seasonal Classification: Data were grouped into pre-monsoon, monsoon,
post- monsoon, and winter seasons.

e Averaging & Analysis: Hourly PBLH and wind vectors were averaged for each
season; seasonal and interannual trends were analyzed using regression and
statistical tests.

e Feature Correlation & Visualization: Surface temperature, heat fluxes, and
wind speed were correlated with PBLH; spatial maps and trend plots were
generated using Python.

e Data Archiving & Validation: Processed time series were saved as CSV files
and compared with radiosonde/flux tower observations to ensure accuracy.

5. Result Analysis

The analysis of ERAS data for 2000-2019 revealed significant temporal variability in the
PBL height (PBLH) over India. Seasonal patterns showed maximum PBLH during pre-
monsoon and summer months, particularly over northern plains and the Indo-Gangetic Plain,
while minimum heights were observed during winter and monsoon seasons, especially over
the Western Ghats and Himalayan foothills. Diurnal variability was prominent, with daytime
convective mixing leading to higher PBLH and nighttime stability reducing its depth.
Interannual trends indicated a slight increasing tendency of PBLH in urbanized regions,
suggesting a link to surface heating and anthropogenic effects. Correlation analysis
highlighted that PBLH positively correlated with surface temperature and sensible heat flux,
while wind shear and latent heat flux showed moderate influence. Regional differences were
evident: the Indo-Gangetic Plain displayed higher variability compared to southern
peninsular India due to contrasting land-atmosphere interactions. Comparison with
radiosonde observations showed good agreement, with RMSE values generally below 500 m,
validating the ERAS5-derived PBLH. Trend maps indicated localized increases in PBLH over
northwestern India, while decreasing trends were observed over some coastal and forested
regions. Overall, the results highlight the combined influence of seasonal, diurnal, and
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surface-driven factors on PBL dynamics. The findings provide valuable insights for climate
modeling, air quality assessment, and regional weather prediction.
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Conclusion

This study established a comprehensive climatology and trend analysis of Planetary
Boundary Layer Height (PBLH) over India using 20 years of ERAS reanalysis data from
2000 to 2019. High-resolution datasets and a Python-based big-data framework enabled
efficient extraction of .dat time series and .png visualizations. The results highlighted a strong
diurnal cycle and distinct seasonal variability, with the highest PBLH during the hot pre-
monsoon season and the lowest during winter. These seasonal patterns influence regional air
quality, contributing to pollution buildup during stable winter layers. Linear regression of
annual mean PBLH (2000-2019) revealed an increasing trend, particularly over urban and
industrial regions. The trend, up to +2.5 m/year, indicates the impact of anthropogenic
activities such as urban heat islands and land-use changes. Correlation with surface properties
confirmed these human-induced drivers. The study demonstrates the robustness of combining
high-resolution reanalysis with Python-based processing for long-term atmospheric studies.
Findings provide critical constraints for PBL parameterizations in climate and air quality
models. Overall, the results offer essential insights to guide sustainable urban planning and
pollution mitigation strategies in India.
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