Investigation of Atmospheric Clouds and Boundary

Layer Characteristics over the Western Indian Region

A thesis submitted in partial fulfilment of

the requirements for the degree of

Doctor of Philosophy

by

Dharmendra Kumar Kamat

(Roll No. 20330007)

Under the guidance of

Prof. Som Kumar Sharma
Space and Atmospheric Sciences Division

Physical Research Laboratory, Ahmedabad, India

Discipline of Physics
Indian Institute of Technology Gandhinagar, India
2025






Dedicated to
My beloved grandparents,

parents, and family






Declaration

I hereby declare that this thesis is a representation of my original ideas, expressed in
my own words. Wherever I have incorporated ideas or words from others, I have duly
cited and referenced the original sources. I affirm that I have upheld the principles of
academic honesty and integrity, ensuring that no ideas, data, facts, or sources have been
misrepresented, fabricated, or falsified in this work. I acknowledge that any violation
of these principles may result in disciplinary action by the Institute and could also
lead to legal consequences from improperly cited sources or those for whom necessary

permissions were not obtained.

Date: 30 December 2025 é /

Place: Ahmedabad Dharmendra Kumar Kamat

(Roll No: 20330007)






CERTIFICATE

I am pleased to certify that the thesis titled “Investigation of Atmospheric Clouds
and Boundary Layer Characteristics over the Western Indian Region” by Mr.
Dharmendra Kumar Kamat (Roll No. 20330007), has been conducted under my su-
pervision. I confirm that this work has not been submitted elsewhere for any degree or

diploma.

e

Date: 30 December 2025 Prof. Som Kumar Sharma

Place: Ahmedabad (Thesis supervisor)

Physical Research Laboratory
Ahmedabad-380009, Gujarat, India






Acknowledgments

I am deeply grateful for the invaluable experiences, personal growth, and cherished
memories I have gained during my five-year Ph.D. journey at PRL. With heartfelt ap-
preciation, I extend my sincere thanks to all those who have been part of this remark-

able chapter of my life.

First and foremost, I express my profound and heartfelt gratitude to my supervisor,
Prof. Som Kumar Sharma, for being far more than just a guide in my academic jour-
ney. His unwavering support, guidance, and constant encouragement have been the
cornerstone of my growth as a researcher. I consider myself truly blessed to have had
a mentor who not only believed in my abilities but also inspired me to aim higher and
persevere through challenges. His distinctive approach to scientific problems, sharp
analytical thinking, and ability to draw deep insights from observations have greatly
shaped my research. His constructive criticism has refined my work, while his appre-
ciation during moments of achievement has been an enduring source of motivation.
What I admire most is that his mentorship extended well beyond academics. From the
very first day I joined him for my Ph.D., he has shown genuine care for my well-being,
offering practical advice, and sharing thoughtful tips to maintain balance in life. His
kindness, humility, and generosity have made a lasting impression on me. I will always
remember how he made me feel like part of his family. The warmth and affection of
Aarti Ma’am, the cheerful presence of Ansh and Anshi, and the many delightful meals

and conversations at their home have created memories I will forever cherish.

A very important mention, to whom I owe my deepest thanks, is Dr. Prashant Ku-
mar (SAC, Ahmedabad). His insightful suggestions have consistently strengthened my
research and improved the quality of my work. Despite his demanding schedule, he
always found time for in-depth scientific discussions, patiently listening to my basic
queries, and providing thoughtful feedback. I am especially grateful for his meticu-
lous review of my thesis, which helped refine it considerably. His constant encourage-
ment, clear guidance, and unwavering support have been invaluable during challeng-
ing phases of my Ph.D. journey. His friendly nature and willingness to help at every
stage have left a lasting impression on me, and I extend my heartfelt thanks for being

such a steady source of motivation and direction.



I also wish to express my sincere gratitude to Dr. Kondapalli Niranjan Kumar
(NCMRWE, Noida) for his invaluable guidance and encouragement throughout my
Ph.D. journey. His support in shaping my scientific writing, especially during the
preparation of research papers, has been immensely beneficial. He has always been
approachable, generous with his time, and keen to share his expertise. His patience, in-
sightful advice, and positive attitude have not only improved my research but have also
helped me grow as a more confident and independent researcher. I am truly thankful

for the inspiration and mentorship he has provided during this journey.

I am deeply thankful to Ms. Sourita Saha (Scripps Institution of Oceanography,
California) for her invaluable support during the early stages of my Ph.D. At a time
when I was still finding my footing, she guided me in understanding the instrumenta-
tion. She greatly contributed to my scientific communication skills by providing feed-
back on manuscripts, helping structure presentations, and offering insightful sugges-
tions that strengthened my research papers. Her encouragement was instrumental in
preparing for review seminars, enabling me to present my work with clarity and con-
fidence. I am truly grateful for her patience, expertise, and willingness to help, which

enriched my skills and instilled in me a lasting sense of discipline and professionalism.

I would like to express my sincere gratitude to my Doctoral Studies Committee
(DSC) members: Prof. Harish Gadhavi, Dr. Narendra Ojha, Prof. Neeraj Rastogi, and
Prof. Brajesh Kumar, for their constant support, thoughtful questions, and construc-
tive comments, which have significantly enhanced my understanding of the subject.
Their insightful feedback during review meetings not only deepened my conceptual
clarity but also encouraged me to think critically and explore new perspectives in my
research. The stimulating discussions and valuable suggestions they shared have been
instrumental in refining my work and strengthening the overall quality of this thesis. 1
am truly grateful for the time, effort, and expertise they invested in guiding me through-

out my doctoral journey.

I would like to take this opportunity to express my heartfelt gratitude for the im-
mense support I have received from PRL. I am deeply thankful to the Department of
Space, Government of India, for providing the research grant that supported my tenure

at PRL. My sincere thanks go to Prof. Anil Bharadwaj, Director of PRL, for his un-

i



wavering support and for ensuring access to world-class research facilities. I am also
grateful to Prof. Pallamraju, Dean of PRL and former Head of the SPASC division,
and to Prof. Dibyendu Chakrabarty, current Head of SPASC division, for their con-
sistent encouragement and invaluable support throughout my thesis work. I extend my
thanks to all members of the Academic Committee for their insightful comments and
constructive suggestions, which have greatly contributed to my growth as a researcher.
I would also like to acknowledge the former Registrar of PRL, Prof. R. D. Deshpande,
as well as Prof. Shyam Lal and Prof. Harish Chandra, for their kindness, support, and

thoughtful gestures.

I am sincerely grateful to all my colleagues in the Space and Atmospheric Sciences
(SPASC) division: Prof. S. Ramachandran, Prof. L. Sahu, Prof. H. Gadhvi, Dr. R.
P. Singh, Dr. A. Guharay, Dr. T. A. Rajesh, Dr. K. Venkatesh, Mr. S. Venkataramani,
Mr. A. Manke, Mr. T. K. Sunil Kumar, Mr. M. Bhavsar, Ms. Sneha, Mr. A. Sarda,
Mr. Malaidevan P., Mr. A. K. Yadav, Mr. S. Urmalia, Mr. P. S. Suryawanshi, Mr. R.
Pathak, Mr. P. K. Kushwaha, Ms. C. Raghavan, Mr. M. K. Soni, Mr. T. Tamrakar,
Mr. V. K. Dhaker, Mr. J. Sebastian, Mr. A. Kumar, Mr. M. Jain, Mr. D. Khonde,
and Mr. Chirag, for creating such a friendly, supportive, and motivating work envi-
ronment. I have greatly enjoyed interacting and collaborating with both seniors and
Jjuniors in the division, including Nidhi, Subir, Sovan, Ankit, Tanzil, Meghna, Yogesh,
Sunil, Kshitiz, Gourav, Bijoy, Kiran, Komal, Nitin, Aakash, Sandeep, Ankita, Shivam,
Bhavesh, Samarpan, Abhishek, Dibyani, and Harsh. The camaraderie and shared mo-
ments within the SPASC division, whether in professional settings or through informal
interactions, have been a cherished part of my journey. Taking part in division activ-
ities such as badminton, cricket, volleyball, and Hindi Pakhwada with my colleagues
has been both exciting and memorable, leaving me with experiences I will fondly re-
member long after my time at PRL. I would like to express my heartfelt gratitude to
Meghna, Mansi, and Haritha for creating such a warm, engaging, and intellectually
stimulating atmosphere in our shared office. The insightful discussions, collaborative
spirit, and moments of laughter we shared have not only made the workspace enjoyable

but have also been a valuable source of learning.

I am also thankful to Aniket and Arun for their valuable support and the many en-

il



gaging discussions we have shared on a wide range of topics, both scientific and oth-
erwise. Their friendly and cheerful nature, along with their sense of humour, brought
positivity and light-heartedness to the workplace, making even the busiest days enjoy-
able. In addition, I would like to express my gratitude to Dr. Ruchita Shah for her kind
support and care during the critical phase of my thesis writing. Our discussions were

immensely helpful in refining my ideas and maintaining clarity of thought.

Life becomes truly joyful and vibrant when accompanied by friends, and I have
been fortunate to be surrounded by some of the best. First and foremost, I would like
to express my heartfelt thanks to my Lobby B friends: Kamran, Debashis, and Gu-
rucharan, who have been a constant source of energy, laughter, and positivity during
my stay at PRL. From the very beginning, their cheerful spirit and boundless enthusi-
asm turned everyday moments into unforgettable memories. Whether it was our lively
breakfast, lunch, and dinner gatherings at the hostel, the countless jokes and humor-
ous banter that filled the air, or our spontaneous trips together, their companionship
made hostel life far more colorful and enjoyable. They are the true powerhouses of fun,
always living life to the fullest, and together we enjoyed every moment to its absolute
maximum. I will always cherish the warmth, support, and countless happy moments
we shared, which made my time at PRL not just productive but truly memorable. I also
convey my heartfelt thanks to my batchmates, the crazy and enthusiastic batch of 2020:
Arup (AC), Wafikul, Sanjay, Trinesh, Sandeep, Arup, Aditya, Mansi, Akanksha, Malika,
Chandrima, and Ananya, for the wonderful memories we created together on various
occasions. Being my first hostel experience, it was a delight to share hostel life with
such spirited and fun-loving people. Playing cricket, badminton, and volleyball at the
PRL Navrangpura Hostel with seniors (Atif, Amit, Ankit, Sovan, Praveen, Ramanuj,
Shidharth, Devaprasad, Arijit, Gaurav, Bijoy, Kshitiz) and juniors (Rahul, Sandeep,
Akash, J.T., Shivam, Bhavesh, Samarpan, Abhishek, Namit, Bhavya, Aditya, Fahad)
has been an absolute pleasure, adding an extra dimension of joy to my stay. I am also
thankful to the members of our lunch group: Saurabh, Supriyo, Bharthi, Kamran, De-
bashis, Gurucharan, Arup (AC), Sougata, Chinmoy, Shubhanka, Monal, Chandrima
(THEPH), Achintyaa, and Dibyani, for the endless humor, engaging discussions, and

lighthearted debates over a range of topics, which made our lunchtime a refreshing

v



and delightful break every day.

I extend my sincere thanks to Nishtha and Pragya Ma’am and the entire library
staff for their efficient management of the library, including organizing book fairs and
maintaining journal subscriptions. I am also thankful to Dr. Bhushit Vaishnav, Head
of Academics, for his invaluable support and guidance in academic matters. My grat-
itude goes to the Computer Centre (CNIT) team at PRL for ensuring seamless internet
connectivity and providing prompt software support whenever required. I am deeply
appreciative of all the faculty members of PRL for fostering an excellent research envi-
ronment that has greatly enriched my learning experience. 1 would like to express my
heartfelt thanks to Richa Ma’am for her support during times of need and to Ganesh
Sir for ensuring the smooth functioning of the hostel. I am also grateful to the PRL
medical facility, particularly Dr. Samir Dani and Dr. Sheetal Patel, for their avail-
ability and assistance whenever needed. My thanks also go to the administration,
canteen, accounts, dispensary, CMG, purchase section, CISE, and housekeeping staff
of PRL for their cooperation and for providing various facilities that made day-to-day
life comfortable. Furthermore, I extend my appreciation to the academic and admin-
istrative staff of IIT Gandhinagar for facilitating official formalities and providing the
necessary resources. Their support has been instrumental in ensuring the smooth pro-
gression of my work. I acknowledge the various research agencies, institutions, and
organizations that generously made various datasets and models publicly available.
Their contributions have provided both supporting and crucial information for this

thesis work.

I am truly grateful to my brother-like friend, Ammu, whose constant encouragement
played a pivotal role in my decision to pursue a Ph.D. Since our Master’s days, we have
shared countless moments together and supporting each other through challenges. His
love, trust, and belief in my abilities have been a source of strength throughout my
Ph.D. journey, motivating me to strive for excellence in all my work. Beyond aca-
demics, we have created a treasure trove of memories, watching movies, going on
tours, exploring new places, and sharing endless conversations filled with laughter.
His presence has made this journey far more joyful, and I cherish the bond we share,

which goes far beyond friendship. I would also like to convey my deepest gratitude



to my dearest friends: Deepanshu, Ujjwal, Diwakar, Harsh, Ojasvi, Shubham, Akash,
Nishant, Kanchan, and Sharwani. Even though we may not meet often, our long and
lively conversations over calls, the laughter we share, and their love and support have
always brought warmth and happiness into my life. The moments we’ve spent together,
whether in person or virtually, have been a reminder that true friendship transcends

distance and time.

Pursuing and completing Ph.D. would not have been possible without the unwaver-
ing support of my family, who have been my true backbone. Expressing my gratitude
to them could fill an endless list: it is so deep and heartfelt that words alone cannot do
justice. Yet, I wholeheartedly and affectionately convey my sincere appreciation to my
parents, whose love, guidance, and sacrifices gave me the gift of education. Nothing
would have been possible without their constant presence, their hand always over my
head as a source of strength and reassurance. My heartfelt respect and thanks also go
to my grandparents for their immense love, care, trust, and blessings, which have been
my silent shield through every challenge. I extend my warmest appreciation to my en-
ergetic and wonderfully mischievous siblings and cousins: Virendra bhaiya, Ravinder
bhaiya, Reena Di, Vibha Di, Satendra, Jitendra, Sikander, Shailendra, and Aman, who
have brought boundless joy, laughter, and affection into my life and who have stood
beside me in every situation. I am equally grateful to my badepapa and badimummy,
mamaji and mamiji, fufaji and buaji, bhaiya and bhabhi, and the adorable little ones

in the family for their love, constant encouragement, and heartfelt blessings.

I would also like to extend my gratitude to every single person who, in some way,

helped, supported, or inspired me through this five-year-long Ph.D. journey.

And finally, this moment belongs to me, too. I want to sincerely thank myself for
staying strong and resilient, for facing every obstacle with courage and a smile. Over
these years, I have become my own motivator, cheering myself on, keeping the positive
energy alive, and balancing research with moments of joy in the gym, on the sports
field, or simply in little everyday pleasures. Here’s to the perseverance that kept me

going and to the optimism that never let me give up. Well done, self-keep shining!

- Dharmen

vi



Abstract

Atmospheric clouds are the fundamental components of the Earth’s climate system,
intricately linked to weather patterns, hydrological cycles, and the global energy bal-
ance. Clouds influence climate by modulating radiative transfer, exerting both cool-
ing and warming effects through their albedo and greenhouse roles, respectively. On
the other hand, the atmospheric boundary layer (ABL), the lowest part of the tropo-
sphere directly influenced by the Earth’s surface on diurnal time scales, governs tur-
bulent mixing and vertical exchange of heat, momentum, moisture, and trace gases.
The interactions between clouds and the ABL drive key processes such as the initi-
ation of convective flow, the formation of fog and mist, the dispersion of pollutants,
and the development of precipitation. Despite their central role, the coupled variabil-
ity of clouds and the ABL in semi-arid and topographically complex environments,
such as the Western India, remains insufficiently understood due to a scarcity of high-
resolution and long-term ground-based observations. This knowledge gap limits the
ability to accurately represent these processes in weather and climate models, with
downstream consequences for forecasting, water resource management, and climate

adaptation strategies.

This thesis seeks to address this gap by conducting a comprehensive investigation
into the spatiotemporal characteristics of clouds and the ABL over three climatically
and geographically distinct locations in the Western India: Ahmedabad, Mt. Abu,
and Udaipur. Ahmedabad, a highly polluted urban city in Gujarat, experiences a hot
semi-arid climate; Mount Abu, located in the Aravalli range of Rajasthan, represents
a high-altitude, forested terrain; and Udaipur, situated near the eastern edge of the
Thar Desert, is surrounded by lakes and also exhibits a hot semi-arid climate. The
study integrates continuous ground-based remote sensing of clouds and ABL using
Lidar, complemented with satellite datasets and reanalysis products. The study fo-
cuses on quantifying the seasonal and diurnal variability of cloud base height (CBH),
cloud occurrence, and boundary layer height (BLH) across the three sites; examining
the physics of cloud formation below and near the lifting condensation level (LCL);

exploring event-scale interactions between the ABL and cloud processes during phe-
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nomena such as dust storms, fog events, and intense convective activity; and improving
model predicted BLH estimates through statistical and machine learning based bias

correction techniques anchored in observational data.

Results show pronounced seasonal cycles in both CBH and BLH across all three
regions, reflecting the combined influence of surface heating, moisture availability, and
synoptic-scale circulation. During the monsoon season, CBH values frequently fall in
the range of 1.5-2.5 km due to moist atmospheric profiles and reduced sensible heat
fluxes, while BLH is similarly suppressed (1.0-1.5 km) under cloudy, humid condi-
tions. In contrast, the pre-monsoon period exhibits elevated CBH values exceeding
6 km, driven by intense thermal convection and dry conditions, with BLH frequently
surpassing 3 km. The post-monsoon and winter seasons are characterized by lower
CBH events linked to radiation fog, mist, and shallow convective clouds, especially
during early morning hours. Notably, Mt. Abu records more frequent “full-sky ob-
scuration” events (~12% of days), predominantly during the monsoon, caused by oro-
graphic cloud formation and persistent mist, a feature much less common at Ahmed-
abad (~3%) and Udaipur (~5%). Cloud occurrence statistics reveal that Udaipur ex-
periences the highest overall cloud frequency (~32%), followed by Mt. Abu (~28%)
and Ahmedabad (~21%). Rainy-cloud occurrence, when considered separately, shows
an increasing trend in September over Ahmedabad, indicating possible late-monsoon
dynamical changes. These trends suggest a potential link between aerosol loading and
shifts in cloud microphysical properties, warranting further investigation into aerosol-

cloud-radiation feedbacks in the region.

The characteristics of clouds forming near and below LCL are also presented. The
low clouds, developing within the mixed layer under moderate humidity and enhanced
latent heat flux, point to complex land-atmosphere feedbacks in semi-arid environ-
ments. Furthermore, this thesis provides insights into clouds and ABL dynamics dur-
ing extreme events. A pre-monsoon case study over Ahmedabad demonstrated how
moist convection, followed by intense dust storm activity, can markedly alter boundary
layer evolution and drive rapid cloud development. Complementing this, a wintertime

investigation over Delhi, selected for its chronic and severe air quality deterioration and
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fog formation, revealed how persistent pollution and fog episodes are closely governed
by suppressed BLH and limited dispersion. Together, these case studies emphasize the
pivotal role of boundary layer dynamics in shaping both cloud evolution and atmo-

spheric composition during extreme meteorological and air quality events.

Furthermore, the study evaluated the Weather Research and Forecasting (WRF)
model’s skill in representing BLH and demonstrated improvements using a machine
learning (ML) bias-correction approach. The hybrid WRF-ML framework signifi-
cantly reduced errors, improved detection of low-to-moderate BLH regimes, and bet-
ter captured diurnal variability. The largest improvements were observed for low-to-
moderate BLH ranges, which are critical for air quality forecasting and fog prediction.
These findings demonstrate the utility of observationally constrained model improve-
ments and highlight the potential of such frameworks for operational weather predic-
tion in India. The results from this thesis also serve as ground truth for evaluating cloud
property retrievals from geostationary platforms, where spatial and temporal resolution
often limit cloud type discrimination and vertical profiling accuracy. This thesis work
has important implications for regional climate assessments. The identification of sys-
tematic BLH biases in models and their successful correction also paves the way for
more accurate simulation of pollutant dispersion and fog hazards, enhancing public

safety and transportation reliability.

Overall, this thesis advances the understanding of clouds and ABL processes in the
semi-arid Western Indian region by linking observational climatology, process-level
mechanisms, extreme event analysis, and model improvement strategies. The results
provide valuable insights for enhancing weather and climate model representations,
improving satellite retrieval validation, and strengthening hazard prediction capabili-

ties in complex terrain and transitional boundary layer regimes.

Keywords: Clouds, atmospheric boundary layer, fog, mist, semi-arid region, West-
ern India, Lidar, cloud base height, boundary layer height, lifting condensation level,

extreme events
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Chapter 1

Introduction

The Earth’s atmosphere is a gaseous envelope composed primarily of nitrogen ( 78%),
oxygen ( 21%), and argon ( 0.93%), along with trace amounts of other gases such
as carbon dioxide, water vapor, methane, and noble gases (Salby, 1996). It supports
life by shielding the planet from harmful solar radiation, regulating temperature, sus-
taining the water cycle, and driving weather and climate processes. The atmosphere
behaves as a complex fluid system, and the chaotic motion within the atmosphere
manifests as weather (Stull, 2017). The complexity arises from the feedback between
the various physical and chemical processes at different locations. The study of the
physics and chemistry of this complex fluid system, which aims to explain the physical
phenomenon occurring in the atmosphere with a focus on weather forecasting, is

known as meteorology.

The state of the air in the atmosphere is governed by thermodynamic variables
such as temperature, pressure, and density (or volume), and the equation that describes
how these variables affect each other is the ideal gas law: P = pR;T, where P is
pressure, p is air density, 7 is temperature, and R, is the specific gas constant for
dry air (~ 287 J kg_1 K_]) (Caballero, 2014). In the real atmosphere with moisture
present, the ideal gas law transforms to P = pRoist T, Where Ryoise = (1 — )Ry +¢R,,
and R, represents the specific gas constant of water vapor (~ 461 Jkg~' K1), and

g 1s specific humidity (mass of water vapor divided by total mass of moist air).



This thermodynamic relationship describes the behavior of air parcels and helps
understand how atmospheric properties vary with altitude. The atmospheric pressure
decreases consistently with height and follows an approximately exponential decay.
The barometric equation mathematically represents the variation in atmospheric
pressure: d_i) = —pg, where 62—5 is the rate of pressure change with height, p is the
air density, and g is the acceleration due to gravity. By combining the barometric
equation with the ideal gas law P = pRT and assuming an isothermal atmosphere,
the pressure variation with altitude can be derived as P = Pyexp(—z/H), where P,

RT 2
is surface pressure, z is altitude, and H = — is the scale height (Lente and Osz, 2020).
8

The atmosphere is vertically stratified into distinct layers based on the temperature
gradient with altitude (Flohn and Penndorf, 1950). From the surface upward, these
layers are the troposphere, stratosphere, mesosphere, and thermosphere (Andrews,
2010). The temperature remains constant near the boundaries of two layers; these
boundaries are called “pauses” (e.g., tropopause, stratopause, mesopause), where
the trend of temperature change with altitude reverses. The physical, chemical, and
dynamic processes in these layers govern the temperature variations. The temperature
change rate with altitude in the atmosphere is known as the lapse rate. This parameter
determines the atmosphere’s stability and the vertical motion of air parcels (Daidzic,
2019). The environmental lapse rate (ELR) is the actual rate of temperature decrease
in the atmosphere (approximately 6.3 Kkm ™' in the troposphere). In contrast, the
dry adiabatic lapse rate (DALR) (approximately 9.8 Kkm™') is the rate at which
the temperature of a dry (unsaturated) air parcel changes as it ascends or descends
adiabatically (Brunt, 1933). When an air parcel contains moisture and becomes
saturated (relative humidity reaches 100%), it cools at the moist adiabatic lapse rate
(MALR), which is lower than the DALR and typically ranges between 4—7 Kkm™!,
depending on temperature and pressure. The comparison between the ELR and
adiabatic lapse rates determines the stability of the atmosphere: if ELR > DALR, the
atmosphere is unstable, promoting vertical motion and cloud development. If ELR
< MALR, the atmosphere is stable, suppressing vertical movement. If MALR <

ELR < DALR, the atmosphere is conditionally unstable, i.e., vertical motion depends



on whether the air is saturated. Atmospheric instability provides the uplift to the air
parcels crucial for cloud formation. When the rising air cools to its dew point, the
contained water vapor condenses onto aerosols, forming cloud droplets. The type,
height, and extent of clouds depend on factors such as humidity, lapse rates, and the
vertical velocity of air parcels. The cloud formation process initiates in the lower part
of the atmosphere, where interactions between the Earth’s surface and the overlying
air are most intense. This lowest portion is known as the atmospheric (or planetary)

boundary layer (ABL or PBL).

This chapter presents a detailed discussion of the ABL, its structure and dynamics,
and atmospheric clouds and their role in the weather and climate. Furthermore, the
chapter explores the interactions between ABL and clouds. Lastly, current advances
in observational and modeling studies of the ABL and clouds will be reviewed with an
aim to identify the key research gaps in understanding the complex processes govern-

ing these systems.

1.1 The atmospheric boundary layer (ABL)

The ABL is the lowermost part of the troposphere in direct contact with the Earth’s
surface, where significant fluxes of heat, momentum, and moisture are transported
by turbulent motions (Stull, 2012). This region responds rapidly to surface forcings
such as heating, cooling, and friction (Garratt, 1994). The ABL plays a crucial role
in energy exchange, moisture transport, pollutant dispersion, and cloud dynamics. It
influences weather patterns and the hydrological cycle and is often associated with
the formation of low-level clouds. The ABL is unique due to its complex spatial and
temporal structure and its position as a transitional zone between the Earth’s surface
and the free troposphere. Its structure exhibits both diurnal and seasonal variability,
shaped by surface conditions, atmospheric stability, and large-scale synoptic weather

systems.

The ABL plays a central role across various disciplines, including meteorology,

3



hydrology, air pollution, agricultural meteorology, aeronautical and mesoscale mete-
orology, weather forecasting, and climate studies (Garratt, 1994). Understanding the
ABL’s structure and dynamics is essential for interpreting weather and climate systems,
pollutant dispersion, and the exchange of heat, moisture, and momentum between the
surface and atmosphere. As a transitional zone between the biosphere and the free tro-
posphere, the ABL is critically important for air quality and climate-related research
(Li et al., 2017; Yuval et al., 2020). Since most atmospheric pollutants and trace gases
are confined within this layer, their concentrations directly affect air quality. Conse-
quently, variations in the boundary layer height (BLH) significantly influence air qual-

ity assessments and the performance of numerical weather prediction (NWP) models.

1.1.1 ABL structure and diurnal evolution

The ABL typically extends from approximately 100 m to 3000 m above the surface
and is the most responsive part of the troposphere to surface forcings such as
friction, heating, and moisture fluxes (Garratt, 1994; Stull, 2012). The ABL depth
or BLH, is highly variable in both space and time, governed by the diurnal cycle of
solar radiation, land-surface characteristics, and larger-scale atmospheric dynamics
(Seibert et al., 2000; Stull, 2012). The top of the ABL is usually capped by a strong
temperature inversion or a statically stable layer, which separates it from the overlying
free atmosphere (FA) (Garratt, 1994). This inversion acts as a lid, suppressing vertical
turbulence and confining most boundary-layer processes below it. On average,
the troposphere exhibits static stability, with a typical vertical gradient in potential
temperature (d60/dz = 3.3 K/km), making turbulent mixing across the ABL top
energetically unfavourable (Wallace and Hobbs, 2006). Consequently, the air within
the ABL becomes well-mixed, forming a mixed layer (ML) with nearly uniform
potential temperature and moisture characteristics beneath the stabilizing inversion

(Arya, 2001; Wyngaard, 2010).

Over land, under anticyclonic conditions with light winds, the diurnal cycle of

solar heating produces a strong daily variation in the ABL (Figure 1.1). During
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Figure 1.1: Diurnal evolution of the ABL under clear-sky conditions (adapted from
Stull (2012)). The solid red line represents the BLH, while the dashed violet line

indicates the top of the residual layer.

the day, a convective ML forms and evolves through three stages: a slow morning
growth as surface heating warms the nocturnally cooled air; a rapid deepening
during late morning and early afternoon as the ML entrains air from the residual
layer; and a relatively steady afternoon phase where the ML typically reaches depths
of 1 to 3 km, with entrainment balanced by large-scale subsidence (Stull, 2012).
Turbulence is generated thermally by convection and mechanically by wind shear. The
upper boundary of the ML, characterized by a temperature inversion through which
entrainment occurs, is known as the entrainment zone (EZ). Near sunset, longwave
radiative cooling at the surface suppresses thermal convection, causing turbulence
to decay and leaving behind a residual layer (RL) aloft, while a stable boundary
layer (SBL) begins forming near the ground. The interface between these layers is
marked by the capping inversion (CI). Overnight, shear-driven turbulence within the
SBL facilitates downward heat transfer to the cooling surface. This diurnal cycle
typically repeats daily unless disrupted by synoptic-scale systems such as storms. In
real atmospheric conditions, horizontal advection also plays a significant role and can
even dominate ABL evolution. The vertical structure of temperature (7'), potential
temperature (0), and specific humidity (g) in the lower troposphere during day and

nighttime is schematically illustrated in Figure 1.2.
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Turbulence in the ABL is primarily controlled by flow stability. Unstable con-
ditions, such as those caused by surface heating or wind shear, promote turbulence,
while stable conditions suppress it and favour laminar flow (Garratt, 1994; Stull,
2012). The key forms of stability are static (buoyancy-related) and dynamic (shear-
related). Turbulence tends to reduce instabilities through mixing but dissipates if not
continuously forced (Arya, 2001). The gradient Richardson Number is commonly
used to quantify local stability; values below ~0.25 generally indicate turbulent
conditions (Stull, 2012). When multiple stability criteria disagree, the presence of
any instability is usually taken as dominant. Diurnal changes in stability control the
vertical extent and intensity of turbulent mixing, shaping the ABL’s internal structure

over time.

(a) Day (b) Night

Height (z)
Height (z)

Z=0 Z=0

q q

Figure 1.2: Typical vertical profiles of temperature (7), potential temperature (6), and

specific humidity (g) in the lower troposphere (adapted from Stull (2012)).

Air from the free atmosphere enters the ABL primarily via turbulent entrainment
at the top of the ML. This process is driven by turbulent motions within the ABL
that erode and incorporate air from above, resulting in an increase in ABL depth
and volume (Deardorff, 1979; Sullivan et al., 1998). However, this entrainment is
typically one-way; pollutants, moisture, and aerosols already within the ABL tend to
remain trapped unless removed by deep convective processes (Seinfeld and Pandis,

2016). Clouds and storms play a critical role in vertically redistributing ABL air,
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either by convective venting, frontal lifting, or downdrafts (Emanuel, 1994; Houze,
2014). Precipitation from these systems can further modify the thermal and moisture

structure of the ABL.

The coupling between the ABL and the free atmosphere is often intermittent, spa-
tially localized, and nonlinear (Mahrt, 1991; Stull, 2012). A useful conceptual model
treats the ABL as a reservoir of air that interacts actively with the surface but remains
largely isolated from the FA above (Garratt, 1994). However, episodic processes such
as convection, frontal passage, and large eddies act as vents or conduits, intermittently
transporting ABL air upward and exchanging it with the overlying atmosphere (Stull,
2012; Wyngaard, 2010). From the perspective of the free atmosphere, the ABL appears

as a nearly frictionless, non-penetrative lower boundary.

Mixed layer (ML)

The concept of ML was originally identified in the upper ocean and later adapted to
atmospheric studies by Ball (1960). Foundational contributions by Deardorff (1972,
1974); Deardorff and Willis (1985) significantly advanced the understanding and
established the modern framework of atmospheric ML dynamics. Within the ML, the
virtual potential temperature remains nearly constant throughout most of its depth,

indicating strong turbulent mixing (Hibberd and Sawford, 1994).

Turbulence in the ML is strongly anisotropic, with most of the turbulent kinetic
energy concentrated in the vertical component. Temperature and density fluctuations
are minimal within the ML core, and vertical fluxes (e.g., of heat or moisture) typi-
cally vary linearly with height to maintain the structure of mean scalar profiles such as
potential temperature. On small spatial scales, individual thermals intermittently rise
above the mean ML top, deforming the inversion layer before sinking back, although
the mean entrainment zone remains relatively sharp and well-defined when averaged
over time. Its alignment with complex terrain (e.g., valleys and ridges) depends on

the intensity of convection and the bulk buoyancy within the ML. Under sufficiently
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moist conditions, rising thermals can reach their LCL before encountering the inver-
sion, forming cumulus clouds (Schrieber et al., 1996). The latent heat release from
condensation enhances buoyancy, allowing some clouds to penetrate the inversion and
extend into the FA, thereby ventilating boundary-layer air and trace gases into higher

atmospheric levels.

Capping inversion (CI) and entrainment zone (EZ)

The Cl is a layer of stable stratification that typically forms at the top of the convective
ML and marks the upper boundary of the ABL. It is characterized by a sharp increase
in temperature with height, a reversal from the adiabatic or near-adiabatic lapse
rate in the ML, thus suppressing vertical mixing and turbulent transport into the FA
(Stull, 2012). The CI arises primarily due to two mechanisms: subsidence warming
from large-scale anticyclonic conditions and entrainment processes at the ML top,
where warmer, drier air from the free atmosphere is intermittently mixed downward
(Garratt, 1994). This inversion acts as a lid, restricting the vertical development of
boundary-layer thermals and shallow cumulus clouds, and plays a significant role in

controlling ABL depth, cloud formation, and pollutant dispersion.

Within the CI, a thin region known as the EZ forms, where dynamic interactions
between the convective ML and the overlying stable layer occur. This zone is marked
by strong gradients in temperature, humidity, and turbulence. Turbulent eddies from
below can intermittently break into the EZ, but the inversion largely prevents their full
penetration into the free atmosphere (Sullivan et al., 1998). The strength and persis-
tence of the capping inversion vary diurnally and seasonally. During the day, especially
under strong solar heating, thermals may erode or lift the inversion, allowing deeper
boundary layers or even cumulus-topped boundary layers to develop. At night, with
radiative surface cooling, the inversion often strengthens, further stabilizing the bound-
ary layer and promoting the development of a SBL beneath it (Mahrt, 2010). In air
quality studies, the CI is of particular importance, as it traps pollutants within the ABL.
and limits their vertical dispersion. Consequently, a shallow boundary layer capped

by a strong inversion often correlates with high near-surface pollutant concentrations,
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especially in urban environments.

Stable boundary layer (SBL)

The SBL typically forms during nighttime over land as a result of radiative cooling
of the surface, which cools the adjacent air and creates a stable stratification. Unlike
the convective daytime boundary layer, the SBL is characterized by weak, patchy,
and often intermittent turbulence, making it especially challenging to observe,
model, and parameterize accurately (Mahrt, 1999; Poulos and Burns, 2003). The
suppression of turbulence under stable conditions leads to strong vertical anisotropy,
with turbulence often confined to very shallow layers near the ground. The vertical
transport of momentum, heat, and scalars in the SBL is significantly reduced due to
static stability, which inhibits vertical motions and mixing. As a result, the timescale
for surface-released tracers or perturbations to reach the top of the SBL can exceed
the length of the night, particularly at midlatitudes during the cool season (Holtslag
and Boville, 1993). This limited vertical mixing contributes to the accumulation of

pollutants and the formation of radiation fog under favorable humidity conditions.

Turbulence in the SBL may be sustained or modulated by various mechanisms, in-
cluding mechanical shear near the surface, gravity (buoyancy) waves, drainage flows
along sloping terrain, and subsidence from large-scale high-pressure systems (Fer-
nando and Weil, 2010). In complex terrain, katabatic flows, downslope winds driven
by cooling near slopes, are common features that further complicate SBL structure and
evolution. Additionally, low-level jets (LLJs) can generate turbulence in the upper por-
tion of the SBL through shear instabilities, even when the surface remains decoupled
(Banta et al., 2002). Due to the variety of physical processes at play and their intermit-
tent and localized nature, the SBL remains a significant challenge for both NWP and
climate models, where simplified parameterizations often fail to capture its complexity

and variability.



Residual layer (RL)

The RL forms during the evening transition when surface radiative cooling leads to
the development of the SBL near the ground, effectively decoupling the formerly
well-mixed convective boundary layer from the surface. The air above this stable
surface layer, formerly part of the daytime ML, becomes the RL. Though no longer
actively turbulent, the RL retains the thermodynamic and kinematic characteristics
of the daytime ML (Stull, 2012). Turbulence in the RL is typically very weak,
isotropic, and decaying, as there is little or no forcing to maintain it. However, inertial
oscillations, shear instabilities, or interaction with LLJ can occasionally reinitiate

turbulence within this layer (Mahrt, 2010).

The RL is important for pollutant dispersion and tracer transport, as it can carry
residual moisture, aerosols, or chemical species horizontally over long distances. Due
to the decoupling from the SBL, wind speed and direction in the RL often differ sig-
nificantly from those in the layer below. This mismatch in flow regimes can result
in differential advection: tracers in the RL and SBL may originate from different re-
gions and travel along different trajectories. Consequently, when the next day’s ML
re-forms, it entrains both the locally influenced SBL air and advected RL air, thereby
integrating air masses with potentially different thermodynamic properties and pollu-
tant loads. Over multiple diurnal cycles, this leads to splitting and merging of air parcel
trajectories below the capping inversion, contributing to atmospheric heterogeneity and
impacting regional air quality, boundary-layer predictability, and cloud development.
Understanding the RL is thus crucial for initializing and validating NWP models, es-

pecially in clear-sky, light-wind conditions.

Neutral boundary layer (NBL)

The neutral boundary layer (NBL) occurs under conditions where surface heating
is negligible, such as during overcast, windy days or nights, resulting in minimal
buoyancy effects. In these cases, turbulence is maintained primarily by mechanical

shear generated by wind velocity gradients near the surface, rather than by convective

10



processes (Garratt, 1994; Stull, 2012). Because there is little or no net heating or
cooling at the surface, the virtual potential temperature remains nearly constant with
height, leading to near-neutral static stability. Although termed “neutral,” the bound-
ary layer is still dynamically active, with turbulence being driven by surface-layer
wind shear and modulated by surface roughness and large-scale geostrophic winds
(Wyngaard, 2010). The depth of the NBL typically ranges from a few hundred meters
to over 1 km, depending on wind speed and surface drag, but remains limited by the

presence of a capping inversion.

Turbulence within the NBL is slightly anisotropic, with greater energy in the hor-
izontal (especially in the along-wind) direction than in the vertical, though generally
more isotropic than in strongly convective boundary layers. The turbulent kinetic en-
ergy budget in the NBL is governed by shear production, turbulent transport, and vis-
cous dissipation, with buoyancy playing a minimal role (Moeng and Sullivan, 1994).
Despite the absence of strong surface heating, the NBL plays an important role in
pollutant dispersion, LLJ formation, and momentum transport, especially in urban
and coastal environments, where mechanical turbulence dominates and interacts with
mesoscale circulations (Fernando et al., 2001). Moreover, neutral layers are common
during transitional periods (e.g., sunrise or sunset) or during frontal passages, making

them important for modeling weather and air quality dynamics.

1.1.2 Significance of the ABL

The ABL plays a pivotal role in connecting the Earth’s surface with the overlying
free troposphere, making it a critical region for various atmospheric, environmental,
and societal processes. Its dynamic nature governs the exchange of momentum,
heat, moisture, and trace gases between the surface and the atmosphere, influencing
weather, climate, air quality, and ecosystem functioning (Figure 1.3). From a
meteorological perspective, the ABL regulates the formation and development of
clouds, fog, and precipitation, particularly through processes like convective mixing,

turbulent transport, and surface energy fluxes (Garratt, 1994; Stull, 2012). The depth
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and structure of the ABL control the vertical extent of surface-based convection and
the initiation of boundary-layer clouds, which in turn affect the Earth’s radiation

budget and hydrological cycle (Holtslag and Nieuwstadt, 1986).
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Figure 1.3: Schematic representation of the significance of the ABL. The ABL acts as
a dynamic interface between the Earth’s surface and the free troposphere, facilitating
critical processes such as turbulent mixing, moisture transport, momentum exchange,
and cloud and precipitation formation. Surface features, including vegetation, urban
structures, and water bodies, contribute to the generation of turbulence and surface
fluxes. The ABL also plays a central role in air pollution dispersion, as most pollutants
are confined within this layer. The red dashed line indicates the variable top of the

ABL, which influences vertical mixing and interactions with the overlying atmosphere.

In the context of air pollution and urban meteorology, the ABL acts as a dilution
volume for pollutants emitted at the surface. A shallow boundary layer, often capped
by a strong temperature inversion, can trap pollutants near the ground, leading to
degraded air quality and increased health risks in urban areas (Seibert et al., 2000).
The height and stability of the ABL are thus key parameters in atmospheric chemistry
models and air quality forecasting systems. From the standpoint of climate and
land-atmosphere interactions, the ABL serves as a key feedback region. Surface

conditions, such as soil moisture and vegetation cover, can influence boundary-layer
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development, which in turn modulates cloud formation, precipitation, and surface
energy partitioning (Santanello et al., 2009). Accurate simulation of ABL processes is
therefore essential in NWP and climate models, where errors in ABL representation

often propagate to larger spatial and temporal scales.

The ABL also has practical importance in areas such as aviation safety, wind en-
ergy, and agriculture. For instance, the variability of wind speed and turbulence within
the ABL influences wind turbine performance and load stress, while thermal stratifi-
cation and inversion conditions affect frost risk and pesticide dispersion in agricultural
fields (Arya, 2001). Overall, the ABL serves as the interface between the Earth’s sur-
face and atmospheric dynamics, controlling near-surface meteorology and the initial
conditions for deeper atmospheric processes. As such, it is a critical zone for obser-
vation, modeling, and prediction, and a focus area for both fundamental research and

applied environmental studies.

1.2 Atmospheric clouds

Clouds cover more than 60% of the globe, with more clouds over the ocean than
land (Eastman et al., 2011; Stubenrauch et al., 2013). They play a vital role in the
Earth’s hydrological cycle as atmospheric water reservoirs and significantly influence
the radiation budget through interactions with shortwave and longwave radiation
(Ramanathan et al., 1989; Randall and Tjemkes, 1991; Slingo, 1990; Stephens and
Greenwald, 1991). While clouds are among the most familiar and easily observed
features of the atmosphere, articulating a precise scientific definition is more complex
than it might initially appear (Hirsch et al., 2014; Spédnkuch et al., 2022). The World
Meteorological Organization (WMO) defines a cloud as an aggregate of tiny water
droplets, ice crystals, or a combination of both, suspended in the atmosphere with
its base situated above the Earth’s surface and observable from the ground. On
the other hand, the American Meteorological Society (AMS) describes clouds as
visible accumulations of minute water droplets and/or ice particles formed through

the condensation of water vapor in rising air currents. The AMS’s extended defini-
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tion of “cloud” also encompasses any dense, visible atmospheric concentration of
particulate matter, such as dust or smoke. Using optical thickness as the primary
defining criterion, Spédnkuch et al. (2022) proposed the following definition of a
cloud: a meteorological cloud is an aggregate of minute particulate matter (solid,
liquid, or mixed) suspended in the atmosphere above ground, which becomes visible
from the ground when the line-of-sight optical depth reaches approximately 0.03
during the day and 0.05 at night. Clouds are mainly found in the troposphere and
occasionally occur in the lower stratosphere, while clouds near polar latitudes in
the stratosphere and mesosphere are seasonal phenomena (Garcia, 1989; Thomas
and Olivero, 2001; Tolbert, 1994; Tritscher et al., 2021). Clouds, while ubiquitous
and easily observable, display a wide range of morphologies depending on atmo-
spheric conditions and geographical locations. Figure 1.4 presents representative
examples of different cloud types, captured over plains, urban areas, coastal regions,

and mountainous terrain, highlighting their diversity and occurrence in the atmosphere.

Cumulus mediocris over Cumulus congestus developing -
i@ rural land surface 2 above hilly terrain g

Cumulus and stratocumulus|
clouds over a mount@i#ious, |

Figure 1.4: Representative pictures of different cloud types captured over land, ocean,
and mountainous regions, illustrating the variability in cloud morphology and occur-

rence.
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1.2.1 Cloud formation processes

Clouds form through the condensation of water vapor onto tiny atmospheric particles
known as cloud condensation nuclei (CCN), which can include sea salt, dust, pollu-
tants, and other aerosols (Pruppacher and Klett, 2012). This process begins when air
cools to its dew point, leading to saturation. Hence, the two fundamental prerequisites
for cloud formation are sufficient atmospheric moisture and mechanisms that induce
cooling. Moisture is continuously cycled through the Earth-atmosphere system via the
hydrological cycle, in which water exists in all three physical states: vapor, liquid, and
solid. Cooling of air, typically achieved through vertical lifting, promotes condensation
and cloud development. The primary lifting mechanisms include frontal, orographic,

and convective lifting, and convergence (Figure 1.5).

1. Frontal lifting: Occurs when warm and cold air masses meet, forcing the

warmer, less dense air upward.

2. Orographic lifting: Caused by air ascending over topographical barriers such

as mountains.

3. Convective lifting: Results from localized surface heating, leading to the buoy-

ant rising of air.

4. Convergence: When airflows meet and are forced to rise due to horizontal com-

pression.

Apart from vertical motion, clouds and fog can also form through advection
and radiational cooling, which cool the lower atmosphere under specific conditions.
In advection, moist air flows horizontally over cooler surfaces (e.g., snowpacks or
cold-water bodies), potentially reaching saturation from below and forming fog (Barry
and Chorley, 2009). Radiational cooling, on the other hand, is common on clear, calm
nights, where surface cooling lowers the temperature of air near the ground to its dew

point, resulting in ground or radiation fog.
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Figure 1.5: Schematic of cloud formation mechanisms, including frontal, orographic,

and convective lifting, and convergence.

Saturation refers to the state where the rates of water vapor condensing and
evaporating are equal, establishing a dynamic equilibrium. At this point, the vapor
and the condensed phase (liquid or ice) reach thermal equilibrium, sharing the same
temperature (Rogers and Yau, 1989). The Kelvin effect explains how the saturation
vapor pressure increases over curved surfaces. A convex surface, such as that of a
small droplet, requires a higher vapor pressure to maintain equilibrium than a flat one.
This underscores the role of CCN, which lowers the energy barrier needed for droplet

formation (Wallace and Hobbs, 2006).

The Kelvin equation mathematically expresses this phenomenon:

(L) = 2V (1.1)
Psat rRT

where p represents the vapor pressure over a curved droplet surface, pgy is the
saturation vapor pressure over a flat surface, y denotes the surface tension of the liquid,
Vin 1s the molar volume of the liquid, R stands for the universal gas constant, r is the

radius of the droplet, and T is the absolute temperature. Equation 1.1 highlights how
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smaller droplets, with higher curvature, require a greater vapor pressure to remain in
equilibrium, underscoring the importance of condensation nuclei in initiating droplet

growth.

The Kohler theory combines the Kelvin effect with Raoult’s law to describe the
activation of cloud droplets. It postulates that each aerosol particle requires a certain
amount of water vapor and a threshold supersaturation to become an active cloud

droplet (Wallace and Hobbs, 2006).

The Kohler equation is given by:

n (pW(Dp)) _ 4M,, 0, B 6n,M,,
PP RTpyD) TCPWDg

(1.2)

where p,, (D)) is the vapor pressure over a droplet of diameter D, pY is the
saturation vapor pressure over a flat surface, o,, is the droplet surface tension, p,, is
the density of pure water, n; is the number of moles of solute, and M,, is the molecular

weight of water.

Kohler’s equation is visually represented by the Kohler curve. It shows the super-
saturation at which the cloud drop is in equilibrium with the environment over a range
of droplet diameters. Once supersaturation exceeds a critical value, rapid condensation
ensues, leading to cloud development. However, the resulting clouds can vary widely
in appearance, structure, altitude, and associated weather phenomena. These differ-
ences arise due to variations in atmospheric stability, temperature, moisture content,
and vertical air motion. To systematically study and describe this diversity, clouds are

categorized into distinct types based on their form and the altitude at which they occur.

1.2.2 Cloud classification and morphology

Clouds are typically classified based on their altitude and morphological characteris-

tics, following the international system developed by Luke Howard in the early 19
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century and formalized by the World Meteorological Organization (WMO) (Hamblyn,
2022). This classification groups clouds into four main genera: high-level, mid-level,
low-level, and vertically developed clouds (Table 1.1). Each category includes distinct

cloud types based on appearance, height, and physical processes.

Table 1.1: Cloud classification summary (based on WMO)

Level Cloud Types Typical Altitude
High (cirro-) | Cirrus, Cirrostratus, Cirrocumulus > 6,000 m

Mid (alto-) Altostratus, Altocumulus 2,000-6,000 m

Low Stratus, Stratocumulus, Nimbostratus | < 2,000 m

Vertical Cumulus, Cumulonimbus Surface to > 12,000 m

1. High-level clouds (cirro-)
These clouds form in the upper troposphere, typically above 6,000 m (20,000 ft).

They consist mostly of ice crystals due to the cold temperatures at these altitudes.

* Cirrus (Ci): Thin, wispy clouds that appear white and fibrous. They often
indicate fair weather but can also signify an approaching frontal system or

upper-level jet stream.

* Cirrostratus (Cs): Transparent, sheet-like clouds that cover large portions

of the sky and can produce halo phenomena around the sun or moon.

 Cirrocumulus (Cc): Small, white patches or ripples without shadows, of-
ten appearing in rows. Unlike other cirrus types, they may indicate atmo-

spheric instability at upper levels.

2. Mid-level clouds (alto-)
These clouds usually occur between 2,000 and 6,000 m (6,500 to 20,000 ft) and

consist of water droplets, supercooled droplets, and sometimes ice crystals.

* Altostratus (As): Gray or bluish sheets of cloud that cover the sky, often

preceding a warm front. They can produce light precipitation.
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e Altocumulus (Ac): White or gray patches with a wave-like structure,
sometimes resembling a field of cotton balls. They may signal changing

weather or convection aloft.

3. Low-level clouds
Found below 2,000 m (6,500 ft), these clouds are predominantly composed of

liquid water droplets, though snow or ice may occur in cold conditions.

* Stratus (St): Featureless, gray layers that cover the entire sky, resembling

fog but not touching the ground. They often bring drizzle or light mist.

* Stratocumulus (Sc): Low, lumpy clouds with gaps of clear sky in between.
They are common in stable atmospheric conditions and may form in the

wake of cold fronts.

* Nimbostratus (Ns): Thick, dark clouds that cover the sky and produce
continuous, widespread precipitation. They often originate from thickening

altostratus layers.

4. Vertically developed clouds
These clouds span multiple levels of the troposphere and are associated with
strong vertical air motion. They can grow from the surface to altitudes over

12,000 m (39,000 ft).
* Cumulus (Cu): Fluffy, white clouds with flat bases and domed tops. Fair-
weather cumulus forms in response to localized surface heating.

* Cumulonimbus (Cb): Towering, anvil-shaped clouds associated with se-
vere weather, including thunderstorms, hail, and sometimes tornadoes.
These clouds can reach the tropopause and are driven by strong convec-

tion (Houze, 2014).

1.2.3 Role of clouds in weather and climate

Clouds are integral to the Earth’s atmospheric system, exerting strong influences

on both weather processes and climate dynamics. Through their interactions with
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incoming solar and outgoing terrestrial radiation, clouds play a dual role: they cool the
planet by reflecting sunlight (cloud albedo effect) and warm it by trapping outgoing
longwave radiation (cloud greenhouse effect) (Ramanathan et al., 1989). Even minor
variations in cloud coverage, type, or altitude can significantly alter the Earth’s
radiation budget and, consequently, affect both regional weather and global climate
patterns. A useful metric for assessing these impacts is radiative forcing (RF), defined
as the change in net radiative flux at the tropopause after stratospheric temperature
adjustment, with surface and tropospheric temperatures held fixed (Ramaswamy et al.,
2001). RF is typically expressed in watts per square meter (W m™~) and provides
insight into how different atmospheric components, including clouds, influence the

Earth’s energy balance.

Cloud-related RF is governed by a cloud’s microphysical properties (e.g., effective
droplet radius, liquid water content) and macrophysical attributes (e.g., cloud cover,
cloud base, and top heights). These factors determine how much solar radiation is
reflected or absorbed and how much terrestrial radiation is retained (Luebke et al.,
2022). Given their complexity and variability, clouds remain a critical yet challenging
component in understanding and predicting both weather phenomena and climate
change (Stephens, 2005). The representation of clouds in climate models has remained
one of the largest sources of uncertainty in climate projections over the past several
decades (Arakawa, 2004; Bony and Dufresne, 2005; Cess et al., 1989; Randall et al.,
2003). Among the various anthropogenic and natural drivers of RF, cloud-related
processes linked to aerosols are especially important sources of uncertainty. Aerosols
interact with clouds both directly and indirectly: they scatter and absorb solar radiation
(aerosol-radiation interactions) and modify cloud microphysical properties such as
droplet size, lifetime, and albedo (aerosol-cloud interactions). These processes
generally exert a negative radiative forcing (cooling effect), as indicated by the blue

bars in Figure 1.6, offsetting part of the warming caused by greenhouse gases.

Figure 1.6 highlights that the effective radiative forcing from aerosol-cloud in-

teractions is estimated at —0.22 Wm > (with a range from —0.47 to +0.04), while
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Figure 1.6: Effective RF due to major anthropogenic and natural drivers from 1750 to
2019. Positive values indicate warming, while negative values indicate cooling. No-
tably, aerosol-cloud and aerosol-radiation interactions contribute the largest negative

forcing, with a high associated uncertainty (Forster et al., 2021).

aerosol-radiation interactions contribute about —0.84 Wm > (range —1.45 to —0.25).
This substantial negative forcing underscores how clouds, through their interaction
with aerosols, act to moderate anthropogenic warming. However, the wide uncer-
tainty ranges emphasize the difficulty in quantifying cloud processes, given their de-
pendence on complex microphysical and dynamical factors. In contrast, other cloud-
related processes exert smaller but non-negligible positive forcings. For example, con-
trails and aviation-induced cirrus add a warming effect of about +0.06 Wm~2, while
light-absorbing particles on snow and ice contribute +0.08 W m ™2 by reducing surface

albedo and enhancing local warming.

Clouds and weather

Clouds play a pivotal role in shaping short-term weather phenomena, particularly
through their influence on precipitation formation, atmospheric composition, and verti-
cal transport processes. A significant portion of global precipitation originates from ice
and mixed-phase clouds, where the glaciation process, particularly via the Bergeron—

Findeisen mechanism, plays a decisive role in precipitation efficiency (Rogers and
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Yau, 1989). In convective cloud systems, the presence of ice particles enhances pre-
cipitation pathways, leading to more intense weather events (Houze, 2014). Beyond
precipitation, clouds act as effective mediators in atmospheric cleansing through wet
deposition, which is one of the principal pathways for removing aerosols and solu-
ble gaseous pollutants. During cloud formation, aerosol particles serve as CCN, upon
which water vapor condenses to form cloud droplets. These droplets incorporate the
aerosols, and upon coalescence and precipitation, remove them from the atmosphere
(Pruppacher and Klett, 2012). This scavenging process is crucial for regulating air
quality and influencing the lifetime of atmospheric pollutants. Furthermore, clouds
contribute to the vertical redistribution of atmospheric constituents. Deep convective
clouds, characterized by intense updrafts, can transport boundary-layer air, including
moisture, aerosols, and trace gases, into the upper troposphere and even the lower
stratosphere. This vertical transport modifies the chemical composition of upper at-
mospheric layers, affects radiative transfer processes, and alters the residence time of
pollutants. However, the extent to which these materials persist at higher altitudes after
the decay of convective systems is still an open question and continues to be a focus of

ongoing research (Stohl et al., 2005).

Clouds and climate

From a climatological perspective, clouds play a dominant role in shaping the Earth’s
radiation budget. They cover nearly 60-70% of the Earth’s surface and influence
both shortwave (solar) and longwave (infrared) radiative fluxes. On average, clouds
reflect about 26% of incoming solar radiation, accounting for more than 70% of
the total planetary albedo and yielding a net cooling effect estimated between —42
and —74 Wm > (Stephens et al., 2012). This cooling is most pronounced in mid-
and low-level stratiform clouds due to their high optical thickness. Over oceans,
this effect is particularly significant given the ocean’s inherently low surface albedo.
Simultaneously, clouds absorb and re-emit longwave radiation emitted from the
Earth’s surface. This greenhouse-like warming effect varies with cloud altitude and
temperature. The high-level cirrus clouds, although thinner and less reflective, trap

outgoing infrared radiation efficiently due to their cold temperatures, contributing
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a warming effect estimated at +22 to +55 Wm 2 (Hartmann et al., 1992). The
global net effect of clouds is a modest cooling of approximately —15 Wm2, though
this value is subject to spatial and temporal variability and significant uncertainty

(Masson-Delmotte et al., 2021).

Cloud-climate interactions are further complicated by feedback mechanisms.
Changes in global temperature can alter cloud formation, type, and distribution,
thereby modifying cloud radiative properties in a process known as cloud feedback.
For example, a warmer atmosphere may promote higher water vapor content and shift
cloud types, which could either amplify (positive feedback) or mitigate (negative feed-
back) warming. Accurate quantification of these feedbacks is essential for robust cli-
mate projections (Bony and Dufresne, 2005).The microphysical properties of clouds,
particularly droplet size and concentration, also play a pivotal role in radiative behav-
ior. A cloud composed of numerous small droplets reflects more solar radiation than
one with fewer, larger droplets, even if both contain the same liquid water content. This
principle underpins the aerosol indirect effect, wherein anthropogenic aerosols serve
as additional CCN, increasing cloud albedo and potentially extending cloud lifetime
by suppressing precipitation formation (Twomey, 1977; Albrecht, 1989). In addition
to the first aerosol indirect effect (enhanced cloud reflectivity), aerosols may also mod-
ify cloud dynamics and thermodynamics, especially in ice and mixed-phase clouds.
However, the full extent of aerosol-cloud interactions remains uncertain due to the
complexity of feedback loops and the spatial heterogeneity of aerosol distributions

(Fan et al., 2016; Masson-Delmotte et al., 2021).

1.3 Observational and modeling studies of ABL and

clouds

Understanding the evolution of the ABL and its interaction with clouds requires a
combination of in situ observations, remote sensing, and numerical modeling (Seib-

ert et al., 2000). Observations provide the essential baseline for characterizing ABL
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thermodynamics, turbulence, and cloud properties, while models enable controlled ex-
perimentation and extrapolation to larger spatial and temporal scales. Over recent
decades, advances in measurement technologies and computational capabilities have
enhanced our ability to investigate ABL dynamics and cloud microphysics at fine tem-
poral and spatial scales (Bony et al., 2015). These advancements allow for detailed
analyses of cloud occurrence, diurnal variability, and boundary layer processes. Nu-
merical models, ranging from large-eddy simulations (LES) to global and regional cli-
mate models, complement these observations by simulating the coupled dynamics of
turbulence, convection, and cloud formation under varying environmental conditions.
Despite these advances, there remains several challenges. The ABL-cloud system is
inherently complex due to the nonlinear coupling between radiation, turbulence, mi-
crophysics, and surface fluxes. These processes are strongly modulated by local factors
such as topography, land use heterogeneity, and soil moisture variability, as well as by
synoptic and mesoscale forcing (Pino et al., 2006; Santanello et al., 2009). Captur-
ing this multiscale variability poses significant difficulties for both observations and
models, often leading to uncertainties in cloud representation and boundary layer pa-

rameterizations in weather and climate simulations.

1.3.1 Observational approaches

Field campaigns and long-term ground-based observations form the backbone of
empirical research on the ABL and cloud processes. A wide range of instruments
are employed to capture the thermodynamic and dynamical state of the atmosphere.
Radiosondes provide vertical profiles of temperature, humidity, and wind, which are
essential for diagnosing stability regimes and convective potential (Seidel et al., 2010).
Ground-based remote sensing instruments, such as Lidars and wind profilers, offer
continuous measurements of BLH, CBH, and wind structure (Stull, 2012). Microwave
radiometers complement these systems by providing column-integrated water vapor
and temperature profiles, while eddy-covariance flux towers supply direct estimates of
surface energy and momentum fluxes. Collectively, these measurements allow for the
diagnosis of turbulent mixing processes and surface-atmosphere exchanges, which are

critical to ABL evolution and cloud initiation.
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Satellite-based sensors extend this capability to the global scale by providing
detailed information on cloud macro- and microphysical properties. Instruments
such as MODIS, CALIPSO, and CloudSat have revolutionized the ability to monitor
cloud occurrence, cloud optical thickness, effective droplet radius, cloud-top pressure,
and liquid water path across diverse regions and seasons (Stephens and Kummerow,
2007; King et al., 2013). However, satellite observations typically lack the fine
vertical resolution and temporal sampling required to directly resolve ABL structure
and sub-cloud turbulence (Wood, 2012). This limitation constrains their utility for

studying diurnal ABL dynamics or near-surface cloud processes.

To overcome these observational gaps, integrated ground-based monitoring net-
works are required. The long-term, continuous observations of ABL evolution, cloud
formation, and surface—atmosphere coupling are indispensable for advancing process-
level understanding, improving turbulence and cloud parameterizations in weather and
climate models, and validating satellite retrievals. Together, multi-platform observa-
tional strategies from localized field campaigns to global satellite missions enable a
more complete picture of ABL processes and their coupling with clouds, despite the

persistent challenges posed by scale mismatches and observational limitations.

1.3.2 Modeling studies

Numerical modeling is indispensable for investigating ABL and cloud processes under
controlled, repeatable conditions. Models provide the ability to isolate individual
processes, perform sensitivity experiments, and explore scenarios that are difficult to
capture with observations alone. LES models explicitly resolve the largest turbulent
eddies while parameterizing only the subgrid-scale motions. This approach has
proven especially powerful for studying cloud-topped boundary layers, entrainment
at the inversion, and convective mixing processes (Moeng et al., 1996; Sullivan et al.,
1998). LES experiments have been instrumental in advancing our understanding

of shallow cumulus convection, stratocumulus-to-cumulus transitions, and aerosol-
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cloud-radiation interactions. They also serve as “virtual laboratories” for testing
turbulence closure schemes and microphysical parameterizations used in larger-scale

models.

At regional scales, mesoscale models such as the Weather Research and Fore-
casting (WRF) model operate at horizontal resolutions of 1-10 km and are widely
employed to simulate diurnal ABL evolution, fog events, sea-breeze circulations,
and convective cloud systems (Skamarock et al., 2019). These models incorporate
detailed physics, including surface-layer schemes, PBL parameterizations, cloud
microphysics, and radiation transfer modules. Despite their versatility, substantial
uncertainties remain due to the need to parameterize subgrid turbulence, microphysics,
and land-atmosphere exchanges, particularly over heterogeneous terrain, complex

topography, and urban regions (Santanello et al., 2009).

At global scales, general circulation models (GCMs) aim to represent ABL and
clouds in a climate context, but coarse horizontal resolution necessitates heavily pa-
rameterized treatments of turbulence and cloud processes. These simplifications con-
tribute to one of the largest sources of uncertainty in climate projections: the represen-
tation of low clouds and their radiative (Bony and Dufresne, 2005). To address this,
recent developments include variable-resolution models, superparameterization, and
machine-learning-based parameterizations that attempt to bridge scales between LES
and GCMs. Together, LES, mesoscale, and global modeling approaches provide com-
plementary insights into ABL and cloud dynamics. However, bridging the scale gap
between process-resolving LES studies and global-scale climate simulations remains

a central challenge in atmospheric science.

1.4 Gaps in regional understanding of ABL and clouds

Despite considerable progress in advancing our understanding of the ABL and cloud
systems through observational campaigns, satellite datasets, and numerical modeling,

significant regional disparities remain. While global and continental-scale studies pro-
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vide important insights, they often fail to capture the complexity and heterogeneity of
processes that operate on smaller spatial and temporal scales. Consequently, regular
vertically and temporally high-resolution observations and regionally tuned modeling
efforts are essential for addressing the following key scientific aspects of the ABL

cloud system:

* Diurnal, seasonal, and long-term variability of ABL and cloud dynamics, and
their influence on local and regional weather-climate interactions. For instance,
the diurnal growth of the ABL strongly regulates the onset of convection, while

seasonal variability influences monsoon circulation and precipitation patterns

* Influence of regional and large-scale circulations on ABL dynamics and cloud
formation, particularly in areas impacted by complex terrain, land-sea interac-
tions, or monsoonal flows. These interactions are often poorly constrained in

current models

* Transition dynamics between convective and stable boundary layer states, which
remain a key uncertainty in understanding boundary layer turbulence, pollutant

dispersion, and cloud initiation

* Boundary layer cloud formation under aerosol-laden conditions, especially over
rapidly urbanizing regions where high aerosol loading can alter cloud micro-

physics, lifetime, and radiative properties

* Cloud and ABL responses to extreme weather events. Such extremes are ex-
pected to intensify under climate change, but their impact on ABL and clouds is

not fully understood at the regional scale

These knowledge gaps are particularly critical in regions like Western India, where
a unique combination of intense monsoonal variability, high aerosol concentrations,
rapid land-use changes, and urban expansion directly impacts ABL and cloud
processes. The region’s vulnerability to air quality deterioration, extreme weather,
and hydrological stresses underscores the importance of building a robust scientific

understanding of these interactions.
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Moreover, accurate characterization of ABL and cloud processes in this region is

fundamental for a range of applications, including:

* Improved weather and air quality prediction, particularly for short-term forecasts

of haze, fog, and convective storms

* Reliable climate impact assessments, which depend on better representation of

ABL—cloud—aerosol feedbacks in regional climate models

* Hydrological and water resource management, as boundary layer processes and

cloud properties directly influence precipitation efficiency and distribution

Bridging these gaps requires integrated observational strategies, combining
ground-based remote sensing, in-situ measurements, and satellite retrievals with high-
resolution numerical simulations. Strengthening regional networks and enhancing
long-term datasets are crucial for reducing uncertainties and building a more com-
prehensive understanding of ABL and cloud processes in this vulnerable part of the

world.

1.5 Objectives of the thesis

The semi-arid regions of Western India present a complex and understudied en-
vironment, characterized by heterogeneous land cover, rugged topography, sparse
vegetation, and strong diurnal variability in surface energy balance (Raja et al., 2016;
Satyanarayana et al., 2003). These characteristics make the region particularly sen-
sitive to land—atmosphere coupling, especially under monsoonal and pre-monsoonal
conditions. Despite this sensitivity, the current understanding of ABL dynamics and
cloud processes in this region remains limited due to a lack of focused observational

and modeling studies (Turner et al., 2020).

Studies have shown that the performance of numerical weather and climate models
in capturing ABL development and cloud formation are strongly dependent on the

choice of model physics, PBL schemes, land surface models (LSMs), and initial
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and boundary conditions (Rai and Pattnaik, 2019; Santanello et al., 2009). These
sensitivities are magnified in semi-arid environments, where the interaction between
soil moisture availability, surface flux partitioning, and boundary-layer thermodynam-
ics plays a critical role in governing cloud initiation, convective development, and

precipitation efficiency (Sanchez-Mejia and Papuga, 2017).
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Figure 1.7: Geographical location of the study region. The top left panel shows the
map of India with the study areas marked over Western India, along with a zoomed-in
view of the selected region highlighting the three observational sites: Ahmedabad (red
circle), Mt. Abu (red square), and Udaipur (red triangle). The background shading
represents terrain elevation (in meters). The right panels present site photographs from

Ahmedabad (top right), Mt. Abu (bottom left), and Udaipur (bottom right).

Given that ABL and cloud processes and their interactions directly affect regional
climate feedbacks, air quality, and hydrological responses, it becomes essential to
investigate these processes over semi-arid terrains like Western India. However,
limited availability of high-resolution observations and the absence of systematic
model evaluations have hindered efforts to accurately represent ABL evolution and
cloud processes in this region. Furthermore, the uncertainty introduced by model

configuration choices, particularly under weak synoptic forcing and strong local het-
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erogeneity, poses a challenge for representing key phenomena such as fog, convective

precipitation, low-level cloud formation, and pollution dispersion.

The three selected study regions, Ahmedabad, Mt. Abu, and Udaipur (Figure 1.7),
offer a natural testbed due to their diverse land-surface characteristics, which include
urban basins, forested hills, and lake-dominated valleys. Ahmedabad, a highly
polluted urban city in Gujarat, experiences a hot semi-arid climate; Mount Abu,
located in the Aravalli range of Rajasthan, represents a high-altitude, forested terrain;
and Udaipur, situated near the eastern edge of the Thar Desert, is surrounded by
lakes and also exhibits a hot semi-arid climate. High-resolution, ground-based Lidar
observations at these locations, supported by satellite and reanalysis datasets, will
allow for a more accurate characterization of ABL dynamics and cloud development.
Therefore, the overarching objective of this thesis is to improve our understanding
of cloud formation and ABL dynamics over the Western Indian region through an

integrated observational and modeling approach.

The specific objectives are as follows:

* To characterize the seasonal and diurnal variability of ABL and clouds over
the three regions, Ahmedabad, Mt. Abu, and Udaipur, in Western India, using

ground-based Lidar, satellite, and reanalysis datasets

* To investigate the formation mechanism and characteristics of clouds forming

below and near the LCL

* To investigate the influence of local meteorological and thermodynamic condi-

tions on boundary layer cloud formation

* To analyze the thermodynamic and dynamic behavior of the ABL and associated
cloud features during extreme events such as dust storms and severe air pollution

episodes

* To evaluate the performance of the WRF model in simulating boundary layer

characteristics under varying atmospheric conditions.
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By addressing these objectives, this thesis aims to fill the existing knowledge gaps
and contribute to the improved representation of ABL and cloud interactions in weather

and climate models over semi-arid regions of India.

1.6 Organization of the thesis

This thesis is organized into seven chapters. It begins with a foundational overview
in Chapter 1, which introduces the core concepts related to clouds and the ABL,
summarizes the current state of knowledge, and outlines the motivation and objectives
of the study. Chapter 2 presents the methodology, detailing the instruments and
observational datasets (Lidar, radiosonde, etc.), as well as satellite and reanalysis

products.

The central investigation is carried out across Chapters 3 to 6, which collectively
explore the physical processes governing ABL dynamics and cloud formation over
semi-arid regions. These chapters examine the influence of local meteorology,
thermodynamics, extreme events, and model sensitivities on ABL and cloud charac-
teristics. Finally, Chapter 7 concludes the thesis by summarizing the key findings and

discussing their broader implications, along with directions for future research.

Following the introductory chapter, below are concise descriptions of the remaining

chapters of the thesis:

* Chapter 2 presents a detailed account of the observational datasets and instru-
ments used in this study. It includes the technical specifications and operational
principles of ground-based Lidars, particularly the Ceilometer and Raman Lidar
systems. Additionally, the chapter outlines the satellite-based observations (e.g.,
INSAT, MODIS) and reanalysis datasets (e.g., ERAS, CAMS) that support the

analysis.

* Chapter 3 focuses on the seasonal and diurnal variability of the ABL and cloud

properties over Ahmedabad, Mt. Abu, and Udaipur in western India. It utilizes
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ground-based Lidar observations, satellite products, and reanalysis data. The
chapter also investigates long-term trends in cloud occurrence and precipitation

over the Ahmedabad region.

Chapter 4 examines the formation mechanisms and characteristics of clouds
that form below or near the lifting condensation level (LCL). An analytical ex-
pression for estimating the LCL based on surface temperature and relative hu-
midity is derived and applied to analyze seasonal and diurnal variations in the

Ahmedabad region.

Chapter 5 analyzes the thermodynamic and dynamic behavior of the ABL and
associated cloud during extreme events, such as dust storms and severe air pol-
lution episodes. The chapter highlights how such events influence ABL devel-

opment and cloud properties.

Chapter 6 investigates the role of local meteorological and thermodynamic con-
ditions in boundary-layer cloud formation. It also evaluates the performance of
the Weather Research and Forecasting (WRF) model in simulating ABL charac-

teristics under varying atmospheric conditions.

Chapter 7 provides a comprehensive summary of the research findings, fol-
lowed by the main conclusions drawn from the work. It also identifies key sci-
entific questions that remain open and proposes directions for future research
to advance the understanding of ABL—cloud interactions in semi-arid environ-

ments.
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Chapter 2

Methodology: Instruments and

Datasets

The study of ABL and cloud dynamics relies on a combination of in situ measure-
ments, remote sensing instruments, numerical modeling, and reanalysis datasets.
Each of these approaches offers distinct advantages in terms of spatial coverage,
temporal resolution, and the type of atmospheric variables retrieved. Over the
past few decades, a variety of methods have been employed to understand ABL
structure, cloud evolution, and their interactions with surface and synoptic-scale
forcings (Dang et al., 2019; Kotthaus et al., 2023; Mahajan and Fataniya, 2020;
Smith et al., 2021; Stephens and Kummerow, 2007). Traditionally, radiosondes have
been the backbone of upper-air atmospheric profiling, providing vertical profiles of
temperature, relative humidity, and wind up to the stratosphere (Seidel et al., 2010).
While valuable for large-scale weather diagnostics, radiosondes are typically launched
only twice daily and offer limited temporal resolution, which restricts their utility
for studying rapidly evolving boundary layer and cloud processes. To overcome
these limitations, a variety of ground-based remote sensing instruments have been
deployed, including microwave radiometers, Doppler Sodars, and Lidars. These
systems allow for continuous, high-resolution monitoring of ABL dynamics and
CBH (Emeis, 2010; Wiegner et al., 2014). In particular, Raman and Doppler Lidar

have proven especially useful for retrieving aerosol backscatter, vertical motion,
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and moisture profiles, offering detailed insights into mixing layer dynamics and
aerosol—cloud interactions (Summa et al., 2023). At regional to global scales,
satellite-based remote sensing platforms have transformed the ability to monitor
cloud properties. Satellite-based sensors such as MODIS (onboard Terra and Aqua),
CALIOP (on CALIPSO), CPR (on CloudSat), and the imager and sounder instruments
on INSAT-3D/3DR provide key parameters such as cloud optical thickness (COT),
cloud top pressure (CTP), cloud top temperature (CTT), effective droplet radius
(CER), and cloud phase (John et al., 2019; Platnick et al., 2003; Stubenrauch et al.,
2013). Complementary to direct observations, reanalysis datasets such as ERAS
(Hersbach et al., 2020) and CAMS (Inness et al., 2019) offer gridded, physically
consistent datasets of meteorological and chemical variables. These have been
widely used to study ABL climatology, cloud trends, and radiative effects over long

periods, especially in regions where continuous ground-based observations are limited.

Recent studies have demonstrated the strength of multi-platform integration, where
ground-based instruments, satellite retrievals, and reanalysis products are used in syn-
ergy to improve our understanding of ABL and cloud processes (Turner et al., 2020).
This integrated approach allows to resolve diurnal and seasonal variability, detect ex-
treme events, and validate model simulations under diverse meteorological conditions.
Given the semi-arid and topographically complex nature of Western India, such a
multi-instrumental strategy becomes crucial. In this thesis, high-resolution ground-
based Lidar measurements are employed alongside satellite and reanalysis datasets to
provide a detailed characterization of ABL and cloud evolution across three climat-
ically distinct locations. The following sections describe the individual instruments
and datasets used in this thesis work, with a major focus on Lidar systems, satellite

observations, and reanalysis products.

2.1 Lidars

Light Detection and Ranging (Lidar) is a remote sensing technique that uses laser

pulses to measure atmospheric constituents and structures by detecting backscattered
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signals from aerosols, molecules, and cloud particles. The lidar system determines the

distance to atmospheric targets by measuring the time delay between the emission of a
. . . . ct

laser pulse and the detection of its backscattered signal, based on the relation & = 3

where 4 is the height, c is the speed of light, and 7 is the round-trip time (Figure 2.1).
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Figure 2.1: Schematic illustration of the lidar measurement principle for cloud detec-
tion. The left panel shows how vertically emitted laser pulses from a ground-based
lidar are backscattered by different cloud layers. The backscattered signal is used to
determine the height (h) of cloud layers using the time delay (¢) between emission and
detection, based on the equation & = %t where c is the speed of light. The right panel
demonstrates the conversion of return times into height bins, with a sample rate of
15 MHz corresponding to a vertical resolution of approximately 10 meters. Multiple
time bins (in nanoseconds) are mapped to corresponding atmospheric heights, enabling

the construction of vertical profiles of clouds and aerosols.

Over the past few decades, Lidar has emerged as a critical tool for high-resolution
profiling of ABL and cloud properties, providing valuable insights into vertical
atmospheric structure at fine temporal and spatial scales. The development of Lidar
technology began in the early 1960s, following the invention of the laser (Maiman,

1960). The first atmospheric Lidar observations were demonstrated shortly thereafter
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(Fiocco and Smullin, 1963). By the 1970s, Lidar systems were already being used
to detect cloud layers and aerosol distributions (She and Friedman, 2022). Advances
in laser technology, detector sensitivity, and signal processing over the next few
decades led to the development of various Lidar configurations, including elastic
backscatter Lidar, Raman Lidar, differential absorption Lidar (DIAL), and Doppler
Lidar, each optimized for specific atmospheric targets. Lidars are widely used in
cloud detection and profiling. They can detect CBH with high accuracy, and under
certain configurations (e.g., Raman or high-spectral-resolution Lidars), they can
estimate liquid water content, cloud optical depth, and phase information (Schmidt
et al., 2013). Due to their sensitivity to optically thin layers, Lidars are particularly
effective at identifying sub-visual cirrus and shallow cumulus clouds, which are often

underestimated in passive satellite retrievals.
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Figure 2.2: Ground-based Ceilometer Lidar systems deployed at the three study

locations-Ahmedabad, Mount Abu, and Udaipur.

Lidar has also proven useful in observing the temporal evolution and vertical
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structure of the ABL. Elastic backscatter Lidars and Ceilometers can detect strong
gradients in aerosol concentration, which often coincide with the top of the convective
boundary layer, making them effective for determining BLH (Eresmaa et al., 2006;
Lammert and Bosenberg, 2006; Menut et al., 1999). Doppler Lidar, on the other hand,
measures vertical wind velocity and turbulence within the ABL, enabling assessments

of mixing processes and entrainment (Gal-Chen et al., 1992).

Lidar systems are especially valuable due to their ability to operate continuously
with high vertical resolution, often down to tens of meters, making them ideal for
capturing diurnal variability, nocturnal inversions, and transitional phases that are
often missed by radiosonde observations. Their integration into long-term observation
networks and field campaigns has substantially enhanced our understanding of ABL
dynamics, cloud evolution, and aerosol-cloud interactions. The Ceilometer Lidars
installed at Ahmedabad, Mt. Abu, and Udaipur served as key instruments in this thesis

work for monitoring boundary-layer and cloud characteristics (Figure 2.2).

Ceilometer Lidar

The Vaisala CL31 Ceilometer Lidar is a compact, eye-safe, and automated Lidar
system widely used for atmospheric profiling, particularly for the detection of CBH
and vertical visibility. This instrument is based on the elastic backscatter Lidar
principle and is capable of operating continuously under diverse weather conditions.
The Ceilometer (CL31) uses a low-power indium gallium arsenide (InGaAs) diode
laser, which emits short-duration laser pulses (~110 nanoseconds) at a wavelength
of 910 & 10 nm (at 25°C) with a pulse repetition rate of 10 kHz (Martucci et al.,
2010). The maximum detection range of the Ceilometer is approximately 7.6 km,
allowing it to profile cloud layers within the troposphere. The laser pulses transmitted
into the atmosphere are backscattered by aerosols, hydrometeors, or cloud droplets,
and the return signals are collected by a silicon avalanche photodiode detector. This
backscattered signal is then processed to derive range-resolved profiles of attenuated

backscatter.
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An example of such a backscatter profile from the Ceilometer is shown in (Fig-
ure 2.3), illustrating the detection of cloud layer and sharp signal returns from cloud
base. The CL31 is capable of detecting up to three distinct cloud layers, provided
the lowest layer does not fully attenuate the laser beam. In conditions where the sky
is fully obscured, such as by fog, haze, or precipitation, the instrument estimates the
maximum backscatter altitude, providing information on vertical visibility and the
height of the optically densest atmospheric layer. The measurement accuracy for CBH

is the greater of £1% or +£5 meters, making it suitable for detailed cloud monitoring.
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Figure 2.3: (a-b) Time-height cross-section of backscatter derived from the Ceilometer
Lidar over Mt. Abu on 07 July 2023, showing cloud layers with strong backscatter
signals. (b) Corresponding vertical profile of backscatter at 08:20:43 LT, indicating a
sharp increase in backscatter at CBH, representing cloud detection through enhanced
signal return. (c) Diurnal variation of CBH over Mt. Abu on 07 July 2023, showing
the first (CBHI), second (CBH2), and third (CBH3) detected cloud layers.

The received power at the detector from a target at a distance z is described by the

general Lidar equation (Weitkamp, 2005) as shown in Equation 2.1:

P(2) = % . ZA;Z B(2)-exp (—Z/OZG(Z’)dz') @.1)

where P,(z) is the instantaneous power received by the Ceilometer from distance

z, Ep (in Ws) is the effective pulse energy after accounting for optical attenuation, ¢
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is the speed of light (in ms™1), A is the receiver aperture (in m?), B(z) is the volume

backscatter coefficient (in m ™' sr™ 1), and 0 (z) is the extinction coefficient (in m™ h.

The relationship between the backscatter coefficient and extinction coefficient is

given by Equation 2.2:

B(z) =k-0(2) (2.2)

Here, k is known as the Lidar Ratio (in sr™!), which depends on atmospheric
composition and relative humidity. Under average aerosol-dominated conditions,
k~0.03sr ! is typically assumed. This value may decrease to ~ 0.02 st ! in humid
environments and increase to ~ 0.05sr ! in dry conditions (Vaisala Oyj, 2024).

During precipitation, scattering variability may cause further deviation.

The extinction coefficient is also related to meteorological optical range (MOR)
through Koschmieder’s law, which under standard atmospheric conditions and a 5%

contrast threshold (as defined by the WMO) is given by Equation 2.3:

o= (2.3)

3
Vv

where V is the MOR in meters. Using this relation, the Ceilometer can es-
timate vertical visibility from measured extinction profiles. For example, with

k=0.03sr""!, a visibility range of 15-150 meters in optically thick clouds corre-

sponds to f8(z) values between approximately 0.6 and 6 km~'sr~! (Vaisala Oyj, 2024).

In addition to cloud detection, Ceilometer backscatter profiles are widely used
to study the ABL (Miinkel et al., 2007). Due to elevated aerosol concentrations in
the boundary layer compared to the free troposphere, the backscatter signal typically

shows a sharp decrease at the top of the well-mixed layer, enabling estimation of BLH.

In this study, the gradient method (Lo Feudo et al., 2020) is employed for BLH es-
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timation. This method identifies the altitude of the maximum negative gradient in the
backscatter profile, representing the transition from the turbulent, aerosol-rich bound-

ary layer to the cleaner free troposphere. The gradient is computed using Equation 2.4:

IB| _ B(hi+Ah)—B(hi—Ah)

ohl, 2Ah -

where fB is the backscattered signal (in m~!sr™'), #; is the height above the
Ceilometer, and Ah is the vertical resolution (10 m). This method is computationally
efficient, physically intuitive, and has proven effective in aerosol-rich urban environ-
ments, where a distinct gradient often marks the BLH (Caicedo et al., 2017; Haeffelin
et al., 2012; Zhang et al., 2022). Figure 2.4 illustrates an example of BLH estimation

using this method applied to Ceilometer backscatter data.

Altitude (km)
N w

—

Normalized Backscatter

1 3 5 7 9 11 13 15 17 19 21 23
Local Time (hours)

Figure 2.4: Diurnal variation of normalized backscatter from the Ceilometer showing
ABL evolution on a clear-sky day. The black line represents the BLH derived using

the gradient method overlaid on the backscatter profile.

The Ceilometer Lidar offers a key advantage over traditional profiling instruments
due to its high temporal resolution and all-weather autonomous operation, enabling
real-time monitoring of diurnal evolution, boundary-layer transitions, and pollutant
dispersion. In particular, their utility in urban settings has made them indispensable
for understanding pollution dynamics and evaluating model simulations. In this thesis,

the Ceilometer Lidar is used to simultaneously retrieve CBH and BLH, forming a core
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component of the observational framework for characterizing diurnal and seasonal

variability in ABL and cloud over semi-arid regions of Western India.

Raman Lidar

The Raman Lidar (RL) system employed in this thesis work utilizes an Nd:YAG
laser, which emits linearly polarized pulses at three wavelengths: 1064 nm, 532 nm,
and 355 nm. The backscattered signals are received using a high-performance
Cassegrain telescope with a 400 mm aperture (Saha et al., 2020, 2021). The detec-
tion system is equipped to operate in both analog and photon-counting modes: analog
detection is used for capturing strong signals at lower altitudes, while photon-counting
mode is optimized for detecting weak backscatter signals from higher altitudes, typi-
cally above 8-10 km. The overlap function of the Lidar system reaches full efficiency
at approximately 300 m altitude. To enhance signal quality and vertical resolution,
data from both detection modes are combined (“glued”) during post-processing. Each
vertical profile corresponds to an integration time of three minutes. Prior to further
analysis, the raw signals are background-subtracted and range-corrected, yielding the
Range-Corrected Signal (RCS). Subsequently, the Klett—Fernald inversion algorithm is
applied to derive vertical profiles of backscatter and extinction coefficients, assuming

the far-end boundary condition (Klett, 1981).

2.2 Radiosonde

Radiosondes are balloon-borne instruments widely used for vertical profiling of the
atmosphere. They provide high-resolution, in-sifu measurements of atmospheric
variables such as temperature, pressure, relative humidity, wind speed, and wind
direction from the surface up to the lower stratosphere (typically ~30 km). Ra-
diosonde data play a crucial role in characterizing the thermodynamic structure of
the atmosphere and are particularly useful for evaluating ABL properties and cloud

formation potential.
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In this thesis work, radiosonde data are utilized to:

* Estimate vertical profiles of temperature and humidity to understand atmospheric

stability

* Validate the BLH derived using the radiosonde profile with the Lidar-derived
BLH (Figure 2.5a)

* Derive thermodynamic parameters such as LCL (Figure 2.5b)
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Figure 2.5: (a) Comparison of BLH derived from vertical profiles of potential temper-
ature (blue) and relative humidity (red) with Ceilometer Lidar observation. (b) Skew-T

log-p diagram showing the LCL (blue dot) over Ahmedabad.

The vertical profiles of meteorological parameters are obtained from radiosonde
observations conducted by the India Meteorological Department (IMD). The IMD
employs GPS-based radiosonde systems, which are automated, portable, and designed

for ease of operation and maintenance (Ansari et al., 2015).

In this thesis, the radiosonde data for the Ahmedabad and Delhi regions are uti-
lized. The radiosondes are launched twice daily at 0000 UTC and 1200 UTC from
Ahmedabad airport (23.07° N, 72.63° E), which is located approximately 13 km from
the Ceilometer Lidar site at the Physical Research Laboratory. Similarly, the radioson-

des are launched twice daily at 0000 UTC and 1200 UTC from the Safdarjung Airport
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site (28.58° N, 77.20° E), located approximately 7 km from the Delhi Earth Station,

where the Ceilometer Lidar operates.

2.3 Satellites

Satellite-based remote sensing provides large-scale, continuous observations of
atmospheric parameters that are critical for analyzing cloud properties, radiation
budget, aerosol concentrations, and surface conditions (Kaufman et al., 2002; King
et al., 2003; Stephens and Kummerow, 2007). These datasets offer valuable spatial
and temporal coverage, especially over regions with sparse in situ observations. In this
study, satellite datasets were employed to complement ground-based and radiosonde
measurements, particularly for assessing spatiotemporal cloud occurrence, cloud top
properties, and their interactions with boundary layer dynamics. Cloud properties
from satellites are primarily derived using measurements of radiance in the thermal

infrared spectrum and reflectance in the visible and near-infrared bands.

Figure 2.6 illustrates the use of radiance and reflectance in deriving satellite-based
cloud properties and shows a sample MODIS-derived cloud top height (CTH) over
India. Thermal infrared radiance is used to estimate CTT, which can be converted to
CTH by referencing atmospheric temperature profiles (e.g., from radiosondes or re-
analysis). Meanwhile, visible and near-infrared reflectance data are used to infer COT
and cloud phase, based on how clouds scatter and absorb solar radiation. The intensity
and spectral distribution of the reflected sunlight vary with cloud type, droplet size, and
optical depth, enabling the retrieval of microphysical cloud properties. In this study,
INSAT-3D/3DR geostationary observations and MODIS polar-orbiting products have
been employed for analyzing cloud characteristics over the study region. A detailed
discussion on these datasets, including their specifications and applications, is given

below.
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Figure 2.6: (a) Schematic showing satellite-based remote sensing of cloud properties.
(b) Brightness temperature map around Ahmedabad and nearby regions. (c) CTH re-
trieval using the model-derived atmospheric temperature profile by matching observed

brightness temperature. (d) Spatial distribution of CTH over India from MODIS.

2.3.1 INSAT 3D/3DR

INSAT-3D and 3DR, part of the Indian National Satellite System (INSAT), are geosta-
tionary satellites launched by the Indian Space Research Organization (ISRO) on 26
July 2013 and 8 September 2016, respectively (Kumar et al., 2022). These satellites
offer continuous, high-temporal-resolution monitoring of atmospheric conditions over
the Indian subcontinent (Gopikrishnan et al., 2023). Both satellites are positioned
in geostationary orbits at an altitude of approximately 35,786 km, with INSAT-3DR
stationed at 74°E and INSAT-3D at 82°E longitude. They carry two instruments: a 6-
channel imager and a 19-channel sounder (18 infrared + 1 visible) for meteorological
observations and disaster management (Kumar et al., 2022). The 6-channel imager
operates in the following spectral bands: Visible (VIS, 0.52-0.72 um), Short Wave
Infrared (SWIR, 1.55-1.70 um), Mid Wave Infrared (MWIR, 3.80—4.00 um), Water
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Vapor (WV, 6.50-7.00 um), Thermal Infrared 1 (TIR1, 10.2-11.2 ym), and Thermal
Infrared 2 (TIR2, 11.5-12.5 ym). The corresponding spatial resolutions are: 1 km
for VIS and SWIR, 4 km for MWIR, 8 km for WV, and 4 km for both TIR-1 and
TIR-2. The cloud products from INSAT-3D are available at a temporal resolution of
30 minutes, offering more frequent observations compared to polar-orbiting satellites
like MODIS Terra and Aqua. However, the relatively coarse spatial resolution (4—8

km) limits its ability to detect small-scale clouds and fine atmospheric features.

In this thesis, the INSAT-3D/3DR imager brightness temperature data and cloud
mask product with 4 km spatial resolution are used to investigate cloud cover over the
Western-Indian region (Figure 2.7a). The study also utilizes the fog products from
INSAT-3D and 3DR over the Western Indian region (Figure 2.7b). The key specifica-

tions of the fog product from these satellites are listed in Table 2.1.

Table 2.1: Key specifications of INSAT-3D and 3DR fog product

Parameters Value

Spatial resolution ~4 km

Temporal resolution 30 minutes, 15 minutes (combined operation of
INSAT-3D with INSAT-3DR)

Instrument used Six-channel Imager

Key channels for fog detection TIR-1 (~11 pm), MIR (3.9 ym), and Visible
(0.65 um)

Nighttime fog detection method Brightness temperature difference between the

TIR-1 and MIR channels (Hunt, 1973)
Daytime fog detection method Reflectance (visible) combined with TIR-1 tem-

perature (d’Entremont and Gustafson, 2003)

The INSAT-3D and INSAT-3DR satellites play a critical role in monitoring fog
events due to their high temporal resolution and broad spatial coverage. The fog
product from these satellites is particularly effective for detecting nighttime fog

development. Compared to polar-orbiting satellites with limited revisit times or sparse
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ground-based visibility data, the INSAT-3D and 3DR provide significant advantages.
With observations available every 30 minutes, these satellites enable precise tracking
of fog initiation, evolution, and dissipation. Additionally, the broad spatial coverage
helps to capture regional fog patterns and transport mechanisms, which is not possible

through point-based measurements alone.
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Figure 2.7: (a) Cloud mask over the Western Indian region obtained from INSAT-
3D on 04 October 2022 at 09:00 IST. (b) Fog mask Western Indian region obtained
from INSAT-3DR on 11 January 2023 at 21:45 IST, indicating fog-affected and clear
regions. Red markers (circle, square, and triangle) denote Ahmedabad, Mt. Abu, and

Udaipur, respectively.

2.3.2 MODIS

The Moderate Resolution Imaging Spectroradiometer (MODIS) is one of the five
instruments aboard the Terra and Aqua satellites, which were launched in De-
cember 1999 and May 2002, respectively. These satellites operate in near-polar,
sun-synchronous orbits at an altitude of approximately 705 km, and provide extensive
land, ocean, and atmospheric data (Platnick et al., 2003). Terra observes the Earth
during its descending node at 10:30 am, while Aqua does so during its ascending node
at 1:30 pm. The MODIS instrument captures the entire Earth every 1-2 days in 36
spectral bands ranging from 0.4 pm to 14.4 um, facilitating comprehensive studies of

terrestrial, oceanic, and atmospheric phenomena. Further information about MODIS
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is available at https://modis.gsfc.nasa.gov/.

This thesis utilizes the MODIS/Aqua Level-2 cloud properties dataset (L2 5-Min
Swath 1 km) to examine cloud characteristics over the Western-Indian region. The
MODIS surface reflectance datasets (Liang et al., 2002) are also used to study dust

storms in the same region.

2.3.3 VIIRS

The Visible Infrared Imaging Radiometer Suite (VIIRS) is onboard two satellites: the
NASA Suomi National Polar-orbiting Partnership (SNPP) satellite and the National
Oceanic and Atmospheric Administration-20 (NOAA-20) satellite. The SNPP satellite
was launched in 2011, and the NOA A-20 satellite was launched in 2017. Both satellites
circle the Earth in the same orbit but are separated in space and time by approximately
50 minutes (Cao et al., 2018). VIIRS is a visible and infrared radiometer comprising 22
spectral bands ranging from 0.41 pm to 12.5 um, divided into 16 moderate-resolution
and 5 imaging-resolution bands (Chen et al., 2021). The spatial resolution of VIIRS
1s 375 m for imaging bands and 750 m for radiometric bands. This thesis uses cloud
properties derived from VIIRS onboard the SNPP and NOAA-20 satellites to study

cloud characteristics over the region of interest.

2.4 Reanalysis datasets

Model-generated reanalysis datasets provide consistent, gridded representations of at-
mospheric variables by assimilating observations into numerical weather prediction
(NWP) models. These datasets are particularly useful for filling observational gaps and
for studying long-term trends in meteorological and chemical parameters. In this study,
two state-of-the-art reanalysis products were utilized: ERAS, produced by the Euro-
pean Centre for Medium-Range Weather Forecasts (ECMWF), and CAMS, developed
under the Copernicus Atmospheric Monitoring Service. ECMWF reanalysis products

are specifically selected because they offer high spatial and temporal resolution, long-
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term continuity, and an advanced data-assimilation framework that integrates diverse
global observations. These characteristics ensure physically consistent, high-quality
atmospheric fields that are widely validated and extensively used in boundary-layer,
cloud, and aerosol research. Consequently, these datasets serve as important comple-
mentary tools to ground-based, radiosonde, and satellite observations, especially for
evaluating ABL characteristics, aerosol concentrations, and the large-scale meteoro-

logical conditions influencing cloud formation.

2.4.1 ERAS reanalysis

The ECMWEF is a leading organization in numerical weather prediction and climate
modeling, known for producing high-resolution global datasets covering the land
surface, atmosphere, and oceans. These datasets support a wide range of applications,
from operational forecasting to climate research and policy development. One of
ECMWF’s most significant contributions to the climate science community is its suite
of reanalysis products, which systematically assimilate historical observational data
into a consistent modeling framework to reconstruct past atmospheric states. The
ERAS reanalysis, developed under the Copernicus Climate Change Service (C3S),
represents the fifth generation of ECMWEF’s global atmospheric reanalysis (Hersbach
et al., 2020). It offers hourly estimates of a broad spectrum of atmospheric, land, and
oceanic variables, globally and continuously. ERAS achieves high spatial resolution,
with a horizontal grid of 0.25° x 0.25°, and employs 137 vertical model levels extend-
ing from the surface to the top of the stratosphere (~0.01 hPa). Its improvements over
previous reanalyses include enhanced data assimilation techniques, better represen-
tation of physical processes, and a more extensive use of satellite observations. The
ERAS system blends short-range forecasts from ECMWF’s Integrated Forecasting
System (IFS) with a wide range of observations, including satellite radiances, ground-
based measurements, radiosondes, and aircraft reports, to generate a physically
consistent, gridded dataset. These data are freely available through the Climate Data
Store (CDS) platform: https://cds.climate.copernicus.eu, facilitating

widespread use across scientific disciplines.
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In this thesis, ERAS data were utilized to derive several key atmospheric parame-
ters relevant to cloud and boundary layer analysis. Specifically, variables such as cloud
cover fraction, CBH, BLH, temperature, surface heat fluxes, and specific/relative hu-
midity at multiple pressure levels were employed. Both single-level and multi-level
(pressure level) data ARE incorporated to analyze surface conditions and vertical at-
mospheric structure, respectively. These products are further processed to derive spa-
tiotemporal patterns of cloud occurrence and to characterize the ABL dynamics across

the study regions.

2.4.2 CAMS reanalysis

The ECMWF Atmospheric Composition Reanalysis 4 (EAC4), widely known as the
Copernicus Atmosphere Monitoring Service (CAMS) reanalysis, represents the fourth
and most advanced global reanalysis dataset dedicated to atmospheric composition (In-
ness et al., 2019). Developed by ECMWF under the Copernicus programme funded
by the European Union, CAMS reanalysis provides comprehensive information on
aerosols, greenhouse gases, and reactive trace gases by assimilating both satellite ob-
servations and ground-based measurements into a global chemistry transport model.
CAMS reanalysis is particularly valuable for monitoring and assessing air quality over
regions where direct observational data are sparse or unavailable, especially in devel-
oping countries or remote areas where ground-based stations are limited. The dataset
combines satellite retrievals from instruments such as MODIS, MISR, and IASI with
model simulations to produce physically consistent fields of atmospheric constituents.
As a result, CAMS offers spatially continuous global coverage, ensuring reliable esti-
mations of aerosol and pollutant concentrations at each grid point. The CAMS reanaly-
sis is provided at a horizontal resolution of 0.75° x 0.75°, with a temporal resolution of
3 hours, making it well-suited for both climatological assessments and short-term case
studies. CAMS data include a wide range of species such as PM; 5, PMyg, Aerosol
Optical Depth (AOD), ozone, nitrogen dioxide (NO,), carbon monoxide (CO), and
sulphur dioxide (SO»), among others. The model also categorizes aerosols into differ-
ent types (e.g., sea salt, dust, organic matter, black carbon), enabling detailed studies

of aerosol sources and transport. Recent studies have validated the accuracy and con-
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sistency of CAMS aerosol products over various regions of the world (Gueymard and
Yang, 2020; Salamalikis et al., 2021). In this thesis, CAMS reanalysis data were used
to obtain both hourly and monthly mean concentrations of key aerosol parameters, in-
cluding PM; 5, PMjg, and AOD, over the selected study regions. These parameters
were further analyzed to examine the spatiotemporal variability of aerosol loading and
its potential interactions with cloud properties and boundary layer dynamics. The in-
tegration of CAMS data thus provided a valuable complement to satellite observations
and ground-based measurements, enabling a more comprehensive understanding of the

regional aerosol environment.
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Chapter 3

Spatial and Temporal Characteristics

of Clouds and ABL over Western India

Clouds and the ABL are among the most dynamic and influential components of the
Earth’s atmosphere. Together, they govern a multitude of processes, from regulating
Earth’s radiation budget and influencing local weather to modulating global climate
feedbacks and hydrological cycles (Arking, 1991; Ramanathan et al., 1989; Randall
and Tjemkes, 1991; Stubenrauch et al., 2013). Cloud properties such as CBH,
CTH, cloud fraction, and vertical layer structure significantly affect the radiative
balance, atmospheric circulations, and other meteorological processes (Lii et al., 2015;
Samanta et al., 2020). The spatial and temporal variability of clouds and the ABL
plays a critical role in shaping atmospheric thermodynamics, surface energy balance,
precipitation formation, and pollutant dispersion. Given their dynamic nature in space
and time, accurately representing clouds and ABL in weather and climate models
poses significant challenges. Improper representation of these parameters introduces
uncertainty in models, making it difficult to accurately predict future weather and
climate. Therefore, continuous monitoring and investigation of clouds and ABL are

essential for climate diagnosis and forecasting.

Clouds, covering nearly two-thirds of the Earth’s surface (King et al., 2013),

have significant radiative impacts depending on their type, height, thickness, and
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microphysical composition. High-level clouds tend to trap outgoing longwave
radiation, contributing to a warming effect, while low-level clouds primarily reflect
incoming solar radiation, leading to a cooling effect (Stephens and Webster, 1981).
The net cloud radiative forcing thus depends on the cloud vertical structure and
layering, which vary regionally and seasonally. Accurate quantification of CBH, CTH,
and cloud fraction is essential for determining their radiative impacts. However, a
persistent challenge in both weather and climate modeling is the poor representation

of cloud properties, especially in regions where in situ observations are sparse (Bony

et al., 2015; Randall et al., 2003).

The ABL, typically extending from the surface up to 1-2 km during daytime, serves
as a crucial zone for momentum, energy, moisture, and aerosol exchanges between the
surface and the free atmosphere (Stull, 2012). The ABL exhibits pronounced diurnal
variability, with strong convective mixing during the day and a stable stratified layer
at night. Its structure and evolution are influenced by surface heating, topography,
vegetation cover, and cloud radiative feedback. Clouds forming within or just above
the boundary layer, particularly stratiform and cumulus clouds, can significantly alter
its growth and mixing processes (Stull, 1988). In turn, the height and thermodynamic
properties of the ABL affect the development and type of clouds, making cloud and

ABL interactions a tightly coupled system.

Over India, significant attention has been devoted to examining the variability of
cloud cover and rainfall across various regions, such as the Indo-Gangetic plains, the
Arabian Sea coast, and others (Fukushima et al., 2019; Guhathakurta and Revadekar,
2017; Jaswal et al., 2017; Kishore et al., 2016; Kumar et al., 2010b; Roy and Balling,
2005). However, localized studies over regions with complex topography and
semi-arid climate, such as Western India, remain limited. This region presents unique
challenges and opportunities due to its diverse physiographic features, including urban
landscapes (e.g., Ahmedabad), semi-urban lake-dominated terrain (e.g., Udaipur), and
elevated mountainous zones (e.g., Mt. Abu). Such diversity induces mesoscale circu-

lations and land—atmosphere interactions that significantly modulate cloud formation
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and ABL dynamics. Yet, due to a lack of sustained, high-resolution observations, the

understanding of clouds and ABL processes in this region remains inadequate.

Satellite-based sensors offer broad spatial coverage but are often limited in their
ability to resolve low- and mid-level cloud layers, particularly under multilayer or
broken cloud conditions. Ground-based active remote sensing instruments such as
Ceilometer Lidar offer a powerful complement, providing continuous, high-resolution
vertical profiles of CBH and aerosol backscatter, essential for monitoring both cloud
evolution and boundary layer height. Representative examples of such observations

over Ahmedabad, Mt. Abu, and Udaipur are shown in Figure 3.1.
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Figure 3.1: Representative examples of ABL and cloud observations over Ahmed-
abad, Mt. Abu, and Udaipur. Panels (a—c) depict the diurnal evolution of the ABL
on 07 February 2023, while panels (d—f) illustrate the variation in cloud base heights
(CBH1, CBH2, CBH3) on 07 July 2023, highlighting the contrasting conditions across

the three sites.

This chapter presents a comprehensive investigation of the spatial and temporal

characteristics of clouds and the boundary layer over three climatically distinct regions
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of western India, Ahmedabad, Udaipur, and Mt. Abu, representing a continuum from
lowland urban environments to high-altitude, forested terrain. The study integrates
multi-source datasets including ground-based Lidar measurements, satellite-derived
cloud products, and reanalysis outputs to explore cloud frequency, vertical layering,

seasonal variability, and clouds and ABL coupling.

3.1 Cloud characteristics over Udaipur

This section presents an analysis of cloud occurrence and layering over Udaipur during
2021-2022 using ground-based Ceilometer Lidar observations. The backscatter from
the Ceilometer is used to classify the sky conditions into single- and multi-layer
categories, as well as “no cloud” and “full obscuration” cases. Full obscuration refers
to conditions where the sky is obscured by haze, fog, dust, smoke, or rain. Figure 3.2
presents the monthly occurrence frequencies of one-, two-, and three-layer clouds,
along with full obscuration. The occurrence frequency for a given cloud layer is
defined as the ratio of the number of observations containing that layer to the total
number of valid observations. “Total Detection” refers to all instances when either
clouds or full obscuration were present. During the observation period, total detection
was approximately 31%, with cloud frequency (at least one cloud layer) at about 27%
and full obscuration at about 4%. Among the total cloud occurrences, single-layer,
double-layer, and triple-layer clouds accounted for approximately 26.3%, 0.61%, and

0.006%, respectively.

As shown in Figure 3.2a, single-layer clouds were observed year-round and
dominated the total cloud occurrences, with peaks in March and November. The
highest frequencies were recorded during the monsoon, reaching approximately
33%, 75%, 64%, and 36% in June, July, August, and September, respectively. Full
obscuration was most frequent in winter, particularly in December (~ 13%), mainly
due to fog formation facilitated by local water bodies such as Fateh Sagar Lake
(~4km?). During the monsoon, full obscuration primarily resulted from rainfall, with

frequencies of approximately 10%, 2%, 4.6%, and 1.1% in June through September,
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respectively. The minimum total detection was found in February (~ 8%) and March

(~ 9%), while November showed the lowest (~ 2%), reflecting mostly clear skies.
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Figure 3.2: (a) Monthly total detection (clouds + full obscuration), frequency of
single-layer clouds, and full obscuration (fog, haze, rain, etc.) over Udaipur during
2021-2022. The number in brackets below each month’s name indicates the total num-
ber of observations from the Ceilometer. (b) Frequency of two-layer clouds. (c) Fre-

quency of three-layer clouds.

Multi-layer clouds occurred primarily during the monsoon season. Double-layer
clouds (Figure 3.2b) were most common in July (~ 2.7%) and August (~ 2.2%),
while triple-layer clouds (Figure 3.2c) were rare, appearing mainly in July (~ 0.022%)
and August (~ 0.025%). Triple-layer clouds were absent in February, March, May,
and November. The overall occurrence of multi-layer clouds in Udaipur was lower
than reported for other tropical locations in India. For example, Narendra Reddy
et al. (2018) observed multi-layer clouds in all seasons over Gadanki (13.45° N,
79.16° E), with a monsoon maximum. Similarly, Vaishnav et al. (2019) reported peak
double-layer occurrence during pre- and post-monsoon periods, and triple-layer peaks

during the monsoon, over Ahmedabad.
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In addition to cloud occurrence and layering, the CBH is a fundamental property
influencing the Earth’s radiation balance. The variation in CBH directly affects the
amount of shortwave radiation reaching the surface and the longwave radiation emitted
back into space. Thick, low-level clouds typically have a cooling effect by reducing
incoming shortwave radiation and enhancing the loss of longwave radiation compared
to clear-sky conditions (Lee et al., 2001). In contrast, thin, high-level clouds generally
contribute to atmospheric warming by increasing downward shortwave radiation
and reducing upward longwave radiation (Slingo and Slingo, 1988). Consequently,
variations in CBH have notable implications for the radiation budget and, therefore,

the climate system.

Figure 3.3 illustrates the monthly statistics of the lowest cloud base height (CBHI)
over Udaipur during 2021-2022. During the monsoon season, average CBH1 remains
below 4 km, with the lowest values recorded in August. Specifically, the average
CBHI1 values are approximately 3.4 km, 1.8 km, 1.4 km, and 3.1 km in June, July,
August, and September, respectively. In contrast, CBH1 frequently exceeds 5 km
during March and May, reflecting a predominance of high-level clouds in these
months. Outliers in CBHI1 are most prominent in May, July, and August, while no
significant outliers are observed in January, March, June, September, and October.
The inter-quartile range (IQR) also displays notable seasonal variability, ranging from

about 4 km in June to just 0.5 km in May.

The probability distribution of CBH across different altitude ranges reveals distinct
patterns for the three cloud layers. CBH1 occurs most frequently below 1 km, whereas
CBH2 and CBH3 are most common between 1-2 km. Above 1 km, the occurrence
of CBH2 decreases steadily with height, while CBH3 is mainly concentrated within
1-4 km and is not observed above 7 km. Analysis of diurnal variation shows that the
frequency of total cloud occurrence and the first cloud layer remains steady at around
4% throughout both day and night, indicating a uniform distribution over the 24-hour

cycle. The double-layer clouds are more frequent during nighttime, particularly
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Figure 3.3: Box plot showing CBH1 observed over Udaipur using Ceilometer during
2021-2022. The blue squares in each box represent the average value, the central line
is the median, the edges indicate the 25th and 75th percentile values, and the red ‘+’

symbol represents outliers. Whiskers are drawn at 1.5 times the Inter Quartile Range

(IQR).

between 22:00 LT and 05:00 LT, while the triple-layer clouds show peaks during early
morning, midday, and evening hours. Sky obscuration is also more prevalent at night

compared to daytime.

Cloud top properties over Udaipur for 2021-2022 were examined using 735
MODIS observations, of which 270 reported CTH. Most clouds occurred during the
monsoon season, with CTH ranging from ~0.2 km to 16 km. About 14% of clouds
were between 0-2 km, 25% between 2—6 km, and 61% above 6 km. For 102 cases,
cloud top pressure and cloud optical thickness data enabled classification into nine
cloud types based on the ISCCP scheme. Cirrostratus clouds were most frequent
(36%), while stratus (<1%) and altocumulus (2%) were rare. Cumulonimbus,

altostratus, and cirrus occurred 13%, 17%, and 10% of the time, respectively.

Cloud top properties retrieved from MODIS were used to estimate the CBH. The
CBH was calculated using the CTH and cloud geometrical thickness (CGT), where
CGT is determined by the microphysical characteristics of the cloud (Seaman et al.,

2017):

CBH = CTH - CGT 3.1
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For liquid-phase clouds, CGT is derived as:

LWP
cor= WP

TWC (3.2)

Here, LWP (liquid water path) is a function of COT and CER (Liou, 1992), while
LWC (liquid water content) varies by cloud type. In this study, MODIS/Aqua Level-2
cloud property products at 1 km spatial resolution were used. CBH was computed by
first classifying clouds using the ISCCP cloud classification scheme, based on cloud
top pressure and cloud optical thickness. The LWC values prescribed for each cloud
type by ISCCP were then applied to determine CGT (Equation 3.2), followed by CBH

estimation (Equation 3.1).
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Figure 3.4: MODIS-derived CTH and CBH for low-level clouds compared with the

Ceilometer observed CBH over the Udaipur region.

The CBH retrieval from MODIS has certain limitations. It is restricted to daytime

observations, as cloud optical thickness and effective radius are derived from sunlight
reflected by clouds. Additionally, the algorithm assumes a constant LWC throughout
the vertical extent of the cloud (Hutchison, 2002). For direct comparison, the MODIS

pixel closest to the Ceilometer site was used for all matched observations in this
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study. For low-level clouds (below 2 km), the CBH estimates from MODIS show
close agreement with ground-based observations (Figure 3.4). In contrast, for clouds
above 2 km, the differences between the two measurements become more substantial,
indicating that the algorithm exhibits better performance for low-level, optically thick

clouds.

This study also evaluates the performance of ERAS in estimating CBH over the
Udaipur region by comparing it with ground-based Ceilometer observations. Since the
Ceilometer’s vertical detection range is limited to approximately 7.6 km, the analysis
is restricted to clouds below this altitude. A total of 3,236 hourly cloud observations
from both datasets were analyzed. The Ceilometer detected clouds in 2,844 cases,
while ERAS5 detected clouds in 2,704 cases. Table 3.1 summarizes the detection
statistics. ERAS’s detection efficiency, defined as the percentage of cases where ERAS
identified clouds also observed by the Ceilometer, was about 76.42%. In 11.46% of

the cases, ERAS failed to detect clouds present in Ceilometer data.

ERAS shows a tendency to underestimate mid- and high-level clouds during the
monsoon season. Such discrepancies are partly due to the parameterization schemes
and coarse spatial resolution of the reanalysis model. Previous studies (Kundu et al.,
2023; Wang et al., 2022; Yao et al., 2020a) have reported similar limitations, noting
that cloud properties in reanalysis datasets are often parameterized due to the diffi-
culty of assimilating cloud observations (Yao et al., 2020b). These biases introduce
uncertainties into weather and climate simulations (Wu et al., 2024), highlighting the

importance of continued evaluation and improvement of reanalysis products.

3.2 Cloud characteristics over Mt. Abu

The monthly cloud occurrence over the Mt. Abu region during 2023, as observed
by the Ceilometer Lidar, is summarized in Figure 3.5. Data availability exceeded
40% for most months, except in September and October, when power failures and

instrument servicing led to significant gaps (Figure 3.5a). In 2023, the total cloud
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Table 3.1: Cloud representation by Ceilometer and ERAS over Udaipur during De-
cember 2021 to November 2022.

S.no. Ceilometer ERAS5 Percentage (%)
1 Cloud detected (Yes) Cloud detected (No) 11.46
2 Cloud detected (Yes) Cloud detected (Yes) 76.42
3 Cloud detected (No) Cloud detected (Yes) 7.14
4 Cloud detected (No) Cloud detected (No) 498

occurrence over Mt. Abu was 22.88%, comprising 22.46% single-layer clouds, 0.42%
double-layer clouds, and 0.0021% triple-layer clouds. The full sky obscuration,
caused by fog, haze, dust, or rainfall, accounted for 8.67% of observations. As
discussed in the previous section, Udaipur experienced a total cloud occurrence
of about 27% annually, with an obscured sky frequency of approximately 4%.
Although Mt. Abu and Udaipur, both situated in the Aravalli Range of Western India,
exhibit similar annual cloud detection rates, Mt. Abu experiences more frequent sky
obscuration due to higher rainfall and mist. In contrast, Udaipur records a higher

proportion of multi-layer clouds, suggesting stronger vertical wind shear in that region.

Over the Mt. Abu region, cloud frequency peaks during the southwesterly monsoon
months, June (35.43%), July (53.94%), August (56.27%), and September (25.84%).
The seasonal mean cloud occurrence is 4.1% in winter (December—February), 19.25%
in the pre-monsoon (March—April), 42.88% in the monsoon (June—September), and
7.28% in the post-monsoon (October—November). Layer-wise monthly analysis
indicates that single-layer clouds dominate year-round (Figure 3.5c). Double-layer
clouds are primarily associated with the monsoon season, with minimal occurrences
in other months (Figure 3.5d). Triple-layer clouds were detected only in March, June,
July, and August, with monthly frequencies ranging from 0-1.49% for double layers
and 0-0.01% for triple layers (Figure 3.5¢).

Figure 3.6 illustrates the diurnal variation of cloud occurrence frequency over
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Figure 3.5: (a) Monthly data availability from Ceilometer Lidar over Mt. Abu during
2023. (b) Total cloud occurrence observed during different months. The frequency of
single, double, and triple-layer clouds is shown in (c), (d), and (e), respectively. The
yellow, red, blue, and green bars represent the winter, pre-monsoon, monsoon, and

post-monsoon seasons.

Mt. Abu during 2023, as derived from the Ceilometer Lidar. A pronounced en-
hancement is observed during the monsoon months (June—September), particularly
between 11:00 and 17:00 local time, indicating a strong diurnal pattern (Figure 3.6a).
Cloud occurrence frequency peaks in the afternoon, especially in July and August,
when values often exceed 60—-80%, reflecting abundant moisture availability during
the monsoon season. Morning and evening hours exhibit comparatively lower
frequencies, while nocturnal cloudiness remains limited outside the monsoon months.
Figure 3.6b further quantifies these seasonal patterns. During the monsoon season
(blue bars), a distinct diurnal cycle emerges, with cloud frequency peaking between
13:00 and 15:00 local time, surpassing 60%, and remaining elevated during daylight
hours (06:00-18:00). This behavior reflects the influence of convective processes
enhanced by solar heating, topographic lifting, and mesoscale circulations, which are
characteristic of mountainous regions like Mt. Abu. The elevated terrain likely pro-

motes earlier initiation and sustained convective activity compared to the surrounding

plains.
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In contrast, the pre-monsoon (green bars) and post-monsoon (red bars) seasons
exhibit moderate daytime cloud development with smaller amplitudes, peaking around
midday but rarely exceeding 25%. These conditions suggest localized convection
under transitional atmospheric regimes, with occasional moisture influx, particularly
during April and November. Winter months (yellow bars) show minimal diurnal
variation, with cloud frequencies remaining below 10% throughout the day, indicative
of predominantly clear-sky conditions governed by synoptic-scale subsidence and a
dry, stable boundary layer that inhibits vertical cloud growth. A slight nocturnal to
early-morning enhancement may be associated with fog, low stratus, or haze layers

formed under radiative cooling.
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Figure 3.6: (a) Diurnal variation of cloud occurrence frequency over Mt. Abu during
January to December 2023. (b) Mean diurnal variation of cloud occurrence frequency
(%) during different seasons—winter (yellow), pre-monsoon (green), monsoon (blue),

and post-monsoon (red).

The monthly and seasonal statistics of CBH over the Mt. Abu region from January

to December 2023, derived from Ceilometer observations are presented in Figure 3.7.
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The monthly box plots, with mean CBH indicated by cyan markers, reveal distinct
seasonal variations. During the monsoon months (June, July, August, and September),
CBH values drop markedly, with mean heights of 1000 + 1720 m, 880 + 1470 m,
360 + 620 m, and 1610 £ 1710 m, respectively, reflecting the prevalence of low-level
clouds over Mt. Abu. Similar dominance of low-level clouds during the monsoon in
mountainous regions has been documented in earlier studies (Konwar et al., 2014;
Kumar et al., 2014; Varghese et al., 2021). The low-level winds during this season
predominantly flow perpendicular to the orographic alignment, forcing moisture-laden
air to ascend over the mountains and generating vertical motion conducive to cloud
formation and precipitation (Houze Jr., 2012; Kumar and Bhat, 2017). The frequent
occurrence of outliers during these months indicates the coexistence of deep convec-
tive and stratiform cloud layers, suggesting a high prevalence of multilayered cloud

structures.
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Figure 3.7: Box plots showing monthly CBH statistics for single-layer clouds ob-
served over Mt. Abu during 2023. In each box, the notch represents the median; edges
indicate the 25th and 75th percentile values, and the blue ‘+’ symbols denote outliers.
Whiskers are drawn at 1.5 times the Interquartile Range (IQR). The cyan-filled circles
represent the monthly average CBH. The yellow, red, blue, and green colors corre-

spond to the winter, pre-monsoon, monsoon, and post-monsoon seasons, respectively.

During the winter season, high CBH values are generally observed, 7100 +
1190 m in February and 4800 + 2210 m in December. However, an anomalously

low CBH of 700 + 630 m is noted in January. This indicates potential episodes of
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low-lying stratus clouds or fog, possibly driven by nocturnal inversions and stagnant
wintertime meteorological conditions. The distinctly different wintertime behavior
over Mt. Abu can be attributed to the very cold and dry air masses that prevail over
the Aravalli highlands during this season, which substantially elevate the LCL and
lead to cloud formation only at higher altitudes. Limited solar heating and weak ABL
development further suppress vertical mixing, allowing high-level clouds to dominate.
Occasionally, strong nocturnal inversions trap shallow moisture layers close to the
surface, resulting in low-level stratus or fog, as reflected in the unusually low CBH
observed in January. Thus, winter exhibits a dual structure, predominantly high CBH
due to dry, stable conditions, punctuated by episodic low-level cloud formation driven
by inversion strength. The pre-monsoon season (March and April) is characterized
by elevated CBH, reaching 4110 + 2100 m and 5070 + 1630 m, respectively, driven
by dry conditions and convective heating. Interestingly, CBH sharply drops in May
(860 = 1490 m), signalling the early influence of monsoonal moisture influx even
before full monsoon onset. In the post-monsoon period, the CBH rises to 2980 +
1250 m in October and 4240 + 2470 m in November, marking the transition to drier,
stable atmospheric conditions. The interquartile range (IQR) of CBH is narrowest
in August and October, with October’s limited spread likely influenced by reduced
data availability. In contrast, the highest IQR is observed in November, suggesting
enhanced variability in cloud formation due to the coexistence of residual moisture
and incoming wintertime circulations. Overall, the seasonal mean CBH is highest
during winter (4620 + 2390 m), followed by post-monsoon (4150 + 2420 m) and
pre-monsoon (3830 + 2330 m), and lowest during monsoon (780 £+ 1370 m). These
results emphasize the dominant role of monsoon dynamics and orographic influence

in governing cloud formation processes over Mt. Abu.

Fog and mist formation over Mt. Abu were examined using Ceilometer Lidar and
surface meteorological data. Fog is a low-level cloud in contact with the ground that
reduces horizontal visibility to less than 1 km, while mist limits visibility to 1-2 km
(Vautard et al., 2009). A representative fog episode occurred on 11-12 January 2023

(Figure 3.8). Ceilometer backscatter profiles showed strong near-surface attenuation
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from approximately 23:00 LT, indicating dense fog, preceded by low-level clouds with
a CBH near 600 m. Vertical visibility (VV) dropped to an average of 35+ 16 m, and
CBH remained at ground level. Meteorological data showed nighttime temperatures
of 11-12 °C, dew point matching air temperature, and relative humidity reaching
100% before fog onset. Winds shifted from westerly to north-westerly and increased

from approximately 4.5 to 9 m s~ !

, conditions favorable for radiation fog formation
under a stable nocturnal boundary layer. Fog persisted until sunrise, when surface

warming and boundary layer mixing led to dissipation.

Mist events, though less studied, were frequent during the monsoon. Identification
criteria included: (i) enhanced backscatter below 200 m AGL, (ii) VV < 100 m, (iii)
near-zero CBH, and (iv) RH ~ 100% with stable temperatures. Seasonal VV analysis
revealed that low-visibility (<100 m) conditions peaked during the monsoon—1July
(21.5%), August (36.8%), and June (7.6%)—primarily due to mist. In winter, such
as January (1.2%) and December (0.15%), low visibility was linked to fog under
radiative cooling and stable boundary layers. These findings highlight distinct seasonal
visibility hazards in Mt. Abu: winter dominated by radiation fog, and monsoon by

shallow mist, sometimes compounded by rainfall.

The analysis of cloud types over the Mt. Abu region using MODIS revealed that
cirrostratus clouds dominate, comprising about 30% of total cloud coverage during the
observation period. These high-level, ice-crystal clouds prevail during satellite passes.
Stratocumulus clouds account for roughly 24%, indicating a significant presence of
low-level, layered clouds associated with stable atmospheric conditions. Cirrus clouds
make up 16%, while altostratus and cumulonimbus contribute 12% and 5%, respec-
tively. Other cloud types, such as cumulus, nimbostratus, stratus, and altocumulus,
are less common, each ranging between 2% and 5%. The relatively low frequency
of nimbostratus, which typically signals prolonged rain, suggests fewer extended pre-
cipitation events during the study period. Overall, high-level clouds constitute nearly
half of the observations, with moderate amounts of low-level stratiform clouds and

limited convective cloud activity. Comparing MODIS-derived cloud base heights with
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Figure 3.8: (a) Normalized backscatter profiles from the Ceilometer Lidar at Mt. Abu
on 11-12 January 2023. White gaps represent missing data. The enhanced near-surface
backscatter observed from around 23:00 LT on 11 January indicates the onset of fog.
(b) Formation of low-level clouds and fog during the nighttime over Mt. Abu. (c)
Temporal variation of the CBH (blue circles) and vertical visibility (red circles) during
the fog event. (d) Time series of air temperature and RH, along with dew point tem-

perature. (e) Variation of WS and WD during the same period.

Ceilometer measurements reveals a weak correlation, indicating considerable differ-
ences between satellite and ground-based estimates. This underscores the need for
enhanced satellite retrieval algorithms that better capture cloud microphysics and ver-

tical structure to improve cloud base height accuracy.

3.3 Long-term trends in clouds and rainfall over

Ahmedabad

This section examines the long-term monthly and annual variations of rainfall, CBH,
and BLH over Ahmedabad, covering a 22-year period from 2000 to 2021. The
total monthly precipitation derived from GSMaP_ISRO and ERAS datasets reveals
that Ahmedabad receives most of its rainfall during the southwest monsoon months

of June, July, August, and September (JJAS), consistent with the Indian Summer
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Monsoon system (Parthasarathy, 1984). The monsoon typically begins in mid-June
and ends by late September in this region. The average monthly rainfall over JJAS
from the GSMaP_ISRO dataset is approximately 92 4+ 73 mm (June), 302 + 159
mm (July), 269 £+ 161 mm (August), and 125 4+ 110 mm (September) (Figure 3.9a).
ERAS tends to underestimate rainfall in June and September but overestimates it
during July and August (Figure 3.9b). Both datasets indicate that JJAS accounts
for about 96% of the total annual rainfall. The highest annual rainfall occurred in
2006, reaching around 1215 mm (GSMaP_ISRO) and 1664 mm (ERAS), while the
lowest was recorded in 2018 with about 400 mm (GSMaP_ISRO) and 394 mm (ERAS).

The monthly average CBH over Ahmedabad between 2000 and 2021 shows values
below 2 km during the JJAS period, except for an anomalous peak of 3 km in June
2000 (Figure 3.9c). Outside the monsoon months, CBH generally exceeds 4 km,
with maximum values reaching nearly 11 km in December 2011 and 2016. During
the pre-monsoon and summer months, boundary layer height (BLH) reaches its peak
values, averaging 728 £ 70 m in April, 913 £+ 82 m in May, 960 £ 132 m in June,
and 717 + 123 m in July (Figure 3.9d). These elevated BLH values correspond
to increased surface heating, which drives the boundary layer higher. In contrast,

the lowest BLH values occur in winter months, dropping to around 340 m in December.

Figure 3.10 presents the monthly averages of precipitation and CBH over the
period 2000-2021. During the monsoon months (JJAS), the average CBH remains
low, typically below 2 km, coinciding with peak rainfall. Outside this period, CBH
generally exceeds 2 km. From January through April, the average CBH hovers around
6 km, then gradually decreases from May onward, reaching its lowest point below
1 km in August. Between September and December, CBH shows a marked upward
trend, increasing at an approximate rate of 1.5 km per month and reaching a maximum
of 7 km by December. The greatest variability in CBH, indicated by the highest
standard deviation, occurs during October, November, and December, while the
lowest variability is found during the monsoon months when low-level precipitating

clouds (below 2 km) dominate. Rainfall is predominantly concentrated during JJAS,
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Figure 3.9: Monthly-yearly variation of (a) GSMaP_ISRO precipitation, (b) ERAS
precipitation, (c) CBH, and (d) BLH over Ahmedabad during 2000-2021. The area

between the dashed lines represents the Indian Summer Monsoon months (JJAS).

with July experiencing the highest monthly totals. However, light rainfall events also
occur during the pre-monsoon (May) and post-monsoon (October) periods, averaging
about 8 mm and 11 mm, respectively. Correspondingly, the average CBH during these

months falls between 4 and 6 km, reflecting the presence of mid-level clouds.
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Figure 3.10: Monthly average cloud base height (CBH) and precipitation over Ahmed-
abad during 2000-2021. The red error bars represent the standard deviation of CBH

during different months.

68



Focusing on the monsoon season, trends and variability in the occurrence of
rainy clouds over Ahmedabad are examined. Rainy clouds are defined as those
producing rainfall exceeding 0.5 mm per hour. The probability distribution of these
rainy clouds shows that they predominantly have CBH below 1 km, with the highest
occurrence concentrated between 200 and 250 meters (Figure 3.10a). Comparisons
of CBH statistics for rainy and non-rainy clouds during JJAS reveal that most clouds
are low-level, with bases under 2 km, though occasional higher cloud bases appear
as outliers. The interquartile range (IQR) for non-rainy clouds is wider, indicating
a broader vertical distribution, while rainy clouds are largely confined to narrower
altitude ranges. On average, rainy clouds exhibit a CBH near 800 meters, compared to

roughly 1,350 meters for non-rainy clouds (Figure 3.11).

Throughout the 2000-2021 period, overall cloud cover during the monsoon in
Ahmedabad has consistently remained above 90% in most years. However, the
frequency of rainy versus non-rainy clouds has shown notable changes. On average,
rainy clouds occurred approximately 5%, 16%, 14%, and 8% of the time in June,
July, August, and September, respectively, closely matching the monthly rainfall
patterns discussed earlier. The trend analysis from September 2000 to 2021 reveals
no significant change in rainy cloud frequency during June, July, and August, the
monsoon onset and peak months, but shows a statistically significant increasing trend
in September (monsoon withdrawal), with rainy cloud frequency rising by 0.49 +
0.23% per year (RMSE = 6.86; p < 0.05, Mann-Kendall test). Alongside this, June
has experienced a decline in total rainfall at a rate of 2.72 £ 1.50 mm/year, while
September has seen an increase of 5.37 4= 3.52 mm/year. These shifts point to a notable

alteration in the monsoon rainfall pattern over Ahmedabad during the last two decades.

Clouds over Ahmedabad during 2000-2001 are classified into low-level (<2 km),
mid-level (2-6 km), and high-level (>6 km) categories based on their base heights to
analyze their occurrence patterns and temporal trends. The highest total cloud cover
occurs in July and August, reaching nearly 99%, while February records the lowest

at around 20%. Winter months (December—February) see predominantly high-level
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Figure 3.11: (a) Probability density of rainy cloud occurrence in different height
ranges over Ahmedabad during JJAS from 2000-2021. (b) Box plot showing the CBH
statistics for non-rainy and rainy clouds during JJAS from 2000-2021. In each box, the
notch is the median; edges indicate the 25th and 75th percentile values, and the blue
‘+’ symbols are outliers. Whiskers are drawn with 1.5 times the IQR. The cyan-filled

circles represent the average CBH.

clouds, though overall cloudiness is low. During the monsoon (June—September),
low-level clouds dominate with frequencies between 61% and 95%, while high-level
clouds are rare. Mid-level clouds are moderately frequent in June and September
and peak during the post-monsoon months of October and November. Trend analysis
from 2000 to 2021 reveals a significant increase in low-level cloud occurrence during
September at 0.80 + 0.39% per year, while mid-level clouds show a decline of
—0.8£0.36% per year (Figure 3.12). High-level clouds show no notable trend. Since
precipitation during the monsoon is mainly associated with low-level clouds, the rise
in low-level cloud frequency likely drives the observed increase in rainy clouds in

September.

Long-term variations in cloud cover and rainfall during the Indian Summer Mon-
soon (ISM) appear to be closely linked to rising aerosol concentrations, particularly
Black Carbon (BC). The radiative heating effects of BC differ throughout the tropo-
sphere, impacting atmospheric stability and cloud formation processes. Specifically,
BC induces stronger heating in the upper troposphere compared to the lower tropo-
sphere, modifying stability through semi-direct radiative effects (Stjern et al., 2017).

Consequently, the vertical cloud distribution shifts, favoring an increase in low-level
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Figure 3.12: Long-term trends in the frequency of low-level (blue line), mid-level
(green line), and high-level clouds (red line) during September over Ahmedabad from

2000-2021.

clouds and a reduction in high-level clouds. This pattern is evident over Ahmedabad,
where elevated aerosol levels in September correspond to higher temperatures in the
upper troposphere. These thermal changes promote enhanced low-level cloud forma-
tion while suppressing mid- and high-level clouds, thereby increasing the frequency
of rainy clouds. Such aerosol-driven alterations in cloud cover and precipitation pat-
terns, driven by intensified anthropogenic emissions, underscore the regional impacts

of climate change.

3.4 Comparison of clouds and ABL characteristics

over Ahmedabad, Mt. Abu, and Udaipur

This study presents a detailed comparison of cloud layering frequencies and monthly
average CBH across three sites in Western India: Ahmedabad, Mt. Abu, and Udaipur,
from December 2021 to March 2025. The analysis reveals significant spatial and
seasonal variations influenced by local geography and atmospheric dynamics. The
frequency distribution of single-layer, double-layer, and triple-layer clouds and full
obscuration reveals notable differences among the three regions. Figure 3.13a shows
that the single-layer clouds dominate all three locations, occurring most frequently in

Udaipur (~ 31.9%), followed by Mt. Abu (~ 27.0%) and Ahmedabad (~ 23.8%).
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Interestingly, full obscuration is considerably more frequent at Mt. Abu (~ 12.2%)
compared to Ahmedabad (~ 2.6%) and Udaipur (~ 2.6%). This elevated occurrence
is likely due to mist formation over Mt. Abu during the monsoon. Double-layer clouds
are quite rare at all sites, with frequencies under 1% (Ahmedabad: 0.29%, Mt. Abu:
0.63%, Udaipur: 0.6%), while triple-layer clouds are negligible, found only at Mt.
Abu and Ahmedabad at 0.01%.

Seasonal trends in CBH across the three sites demonstrate the influence of
monsoonal dynamics and regional geography. Figure 3.13b shows the monthly mean
CBH over the three regions. During winter months (December to February), Udaipur
consistently shows the highest average CBH values, reaching approximately 4.4 km
in January and November, while Ahmedabad and Mt. Abu have comparatively lower
cloud bases, generally below 4 km. This indicates relatively deeper, higher-altitude
cloud formations over Udaipur during the cooler, drier months, potentially due to
its position within the Aravalli hills affecting local atmospheric stability. During
the pre-monsoon season (March to May), CBH increases across all sites, peaking in
May, with Udaipur reaching around 6.5 km, the highest among the three locations.
Ahmedabad and Mt. Abu also show increases but with larger variability, as indicated
by wider error bars. This variability suggests that atmospheric conditions are more
heterogeneous during this transitional period, with mixed cloud types and varying

stability levels influencing cloud base heights.

During the monsoon months (June to September), CBH decreases markedly at all
sites. Ahmedabad and Mt. Abu record their lowest cloud bases, frequently falling
below 2 km. These low cloud bases are characteristic of dense, moisture-laden mon-
soon clouds and deep convective activity typical of the Indian monsoon. Udaipur’s
cloud bases are also lower but remain somewhat higher than the other sites, reflecting
local geographic influences that moderate cloud base altitudes. Post-monsoon months
(October and November) show a rebound in CBH, with Udaipur once again exhibiting
the highest cloud bases (~ 4.8 km in November), consistent with a transition toward

drier and more stable atmospheric conditions. The error bars during transitional
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Figure 3.13: (a) Frequency distribution of different sky conditions, single layer, double
layer, and triple layer clouds, and full obscuration over Ahmedabad, Mt. Abu, and
Udaipur during December 2021 to March 2025. (b) Monthly mean cloud base height

(CBH) variations over the three regions.

months (May, September, November) are generally larger, highlighting increased
variability in cloud heights due to the dynamic interplay of monsoon withdrawal and

the onset of dry season conditions.

Figure 3.14a presents the mean diurnal variation of BLH over Ahmedabad, Mt.
Abu, and Udaipur, averaged over the entire observation period. The BLH shows a
clear diurnal pattern at all three sites, characterized by low values during nighttime
and early morning hours, followed by a steady increase from 03 UTC. Ahmedabad
exhibits the highest peak BLH, reaching approximately 1.3 km around 10-11 UTC,
which is notably larger than the peak heights observed over Mt. Abu and Udaipur,
both of which have peak BLHs below 1 km. The daytime growth of the boundary
layer is attributed to surface heating and convective processes, with the height peaking

near afternoon. Post 12 UTC, the BLH declines gradually, stabilizing at lower values
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during the late afternoon and night. The error bars indicate significant variability
throughout the day, with Ahmedabad showing the largest spread in BLH during
peak hours, reflecting dynamic boundary layer conditions influenced by urban and

meteorological factors.

Figure 3.14b illustrates the mean monthly variation of peak BLH at the three sites.
Ahmedabad consistently exhibits higher peak BLHs throughout the year, with maxima
during the pre-monsoon months of April and May exceeding 2 km. In contrast,
Mt. Abu shows the lowest BLH values year-round, likely influenced by its elevated
terrain and cooler conditions, with peaks generally below 1.5 km. Udaipur displays
intermediate values, with peak BLH ranging roughly between 0.8 and 1.3 km, and
somewhat less pronounced seasonal variability compared to Ahmedabad. Seasonal
trends show elevated BLH during the warmer months (March to June), consistent with
increased solar insolation and stronger convective mixing. The lower BLH values
during the monsoon and winter months (July to February) are indicative of increased
atmospheric stability and cloud cover, which suppress boundary layer growth. Error
bars across months demonstrate substantial inter-month variability, especially over
Ahmedabad, reflecting complex meteorological influences including urban heat

effects and synoptic conditions.

3.5 Summary and conclusions

This chapter examined the vertical structure and seasonal variability of clouds and
BLH over Ahmedabad, Mt. Abu, and Udaipur using ground-based Ceilometer
observations. Single-layer clouds were found to dominate at all locations, with the
highest frequency at Udaipur, while Mt. Abu showed the greatest occurrence of
full obscuration events due to orographic lifting and persistent moisture. The CBH
climatology revealed a clear seasonal cycle: monsoon months exhibited the lowest
CBHs (1.5-2 km), pre-monsoon months showed the highest values (up to 6.5 km over

Udaipur), and winter months displayed moderately elevated CBHs with occasional
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Figure 3.14: (a) Mean diurnal variation of boundary layer height (BLH) over Ahmed-
abad (blue), Mt. Abu (green), and Udaipur (red) during the observation period. Error
bars represent the standard deviation at each hour. (b) Monthly mean peak BLH with

standard deviation for the three regions.

low-level stratus or fog linked to strong nocturnal inversions. A 22-year analysis over
Ahmedabad further indicated that rainfall is most intense during July—August, with
rainy clouds typically associated with CBHs below 1 km. A significant increasing
trend in September rainfall, along with a rise in low-level cloud occurrence, suggests

a shift toward late-monsoon intensification.

BLH characteristics across the three sites showed strong seasonal and diurnal de-
pendence. Pre-monsoon months exhibited the deepest boundary layers (above 2.5-3
km), driven by intense surface heating, while monsoon and winter seasons showed
reduced BLHs due to enhanced moisture and stable atmospheric conditions. Ahmed-
abad consistently recorded the highest BLH, influenced by urban heat island effects
and stronger daytime convective mixing, whereas Mt. Abu exhibited the lowest val-

ues due to its elevated and cooler terrain. Overall, the chapter highlights the dominant
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roles of local topography, seasonal meteorology, and moisture availability in modulat-
ing CBH and BLH variability across the three regions, providing a strong observational

basis for the analyses presented in subsequent chapters.
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Chapter 4

Clouds Below and Near the LCL:
Dynamics and Thermodynamic

Influences

Atmospheric convection refers to the vertical movement of air, including updrafts and
downdrafts, which plays a crucial role in transporting mass, heat, and momentum
in the atmosphere. This process is often linked to the phase changes of water,
contributing to cloud formation and influencing weather patterns (Lin et al., 2022).
Convective clouds are formed by the adiabatic rise of warm air parcels near the Earth’s
surface, which expand and cool, causing water vapor to condense into cloud droplets.
These clouds, prevalent in mid to low latitudes, include cumulus (fair-weather clouds),
cumulus congestus, and cumulonimbus, reaching their greatest depth in the tropics
(Murray and Liu, 2022; Williams and Hacker, 1992). Convective clouds are integral
to the Earth’s energy balance and hydrological cycle, with any variations in their
distribution or initiation timing potentially exerting substantial influence on the
climate system (Stocker et al., 2013). Despite their critical role, small convective
cumulus clouds remain challenging to measure and model due to their complex spatial
distribution, which has a pronounced effect on the radiative budget (Benner and
Curry, 1998). These clouds are intricately linked to the dynamics of the ABL, which

mediates the exchange of heat, moisture, and momentum between the surface and the
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atmosphere (Stull, 1988).

The coupling between the ABL and cloud processes remains a fundamental and
actively explored topic due to its pivotal role in cloud initiation and evolution. The
ABL governs the thermodynamic and dynamic environment in which clouds initiate,
especially during transitions from stable to unstable regimes. Recent studies have
highlighted that cloud-surface interactions can significantly influence the structure
and timing of ABL transitions. For example, Su et al. (2023) demonstrated that
cloud-surface coupling during the morning hours can alter the transition from a
stable nocturnal boundary layer to an unstable convective boundary layer, thereby
modifying the timing and conditions for convective cloud formation. Similarly,
Nowak et al. (2021) investigated turbulence characteristics in coupled and decoupled
stratocumulus-topped boundary layers and found that the nature of this coupling
strongly affects cloud properties, entrainment rates, and the vertical structure of
turbulence. These findings underscore the importance of considering ABL and
cloud coupling dynamics when investigating cloud formation processes, especially in

regions with intense surface heating and boundary layer variability.

The formation of convective clouds begins when a rising air parcel reaches the
LCL, the critical altitude at which it becomes saturated, leading to cloud development
(Stackpole, 1967). The LCL is vital for various applications, including weather
forecasting, air quality assessments, and ensuring flight safety (Wilde et al., 1985).
Furthermore, the interaction between the LCL and land surface fluxes plays a vital
role in a region’s climate, where inaccuracies in its parameterization can introduce
biases in weather and climate models (Emanuel and Zivkovié-Rothman, 1999; Wei
et al., 2021). The first formula for LCL was introduced by Espy in 1836. Since then,
numerous studies have been dedicated to calculating the analytical formula for LCL
height through various methodologies (Bolton, 1980; Craven et al., 2002; Daidzic,
2019; Lawrence, 2005; Romps, 2017; Stackpole, 1967). Furthermore, Wilde et al.
(1985) discovered that the LCL height can vary within small altitude ranges within

a region, termed the LCL zone. The spatial relationship between this zone and the
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entrainment zone is crucial for cloud formation.

Despite the LCL being the recognized minimum height for cloud formation,
studies by Hirsch et al. (2017) and Altaratz et al. (2021) indicate that under certain
atmospheric conditions, clouds can form below the LCL height. Specifically, Hirsch
et al. (2017) showed through air parcel simulations that in a humid boundary layer
capped by a strong inversion layer, clouds could form beneath the LCL height due to
humidity perturbations in the boundary layer. Similarly, Altaratz et al. (2021) outlined
conditions under which sub-LCL clouds could develop in the lower troposphere,
noting that the presence of the LCL above the BLH and the relative humidity near
the BLH top are critical conditions for the formation of such clouds. In addition to
thermodynamic factors, the presence of hygroscopic aerosols within such confined
layers can facilitate droplet activation below saturation. Hygroscopic aerosol particles
act as CCN and can activate droplets at relative humidities below 100%, driven by
Kohler theory (Petters and Kreidenweis, 2007). This process, observed in urban
polluted environments, can enhance the likelihood of shallow, sub-LCL clouds even
under subsaturated ambient conditions (Kawana et al., 2014). Moreover, aerosol-cloud
interactions can significantly affect the cloud height. Khatri et al. (2023) reported that
in polluted continental atmospheres, increased aerosol loading enhances sub-cloud
stability and promotes collision-coalescence processes, which leads to larger droplet
sizes and reduced cloud top heights. Therefore, the processes driving cloud formation
below the LCL involve a complex interplay between boundary layer moisture pertur-

bations and aerosol-induced microphysical mechanisms.

This chapter investigates the characteristics and formation mechanisms of convec-
tive clouds developing below LCL over a subtropical semi-arid region, Ahmedabad
(23.02° N, 72.57° E), using ground-based Lidar (Figure 4.1a). Furthermore, the
chapter also presents a case study on boundary layer clouds and their response
to surface forcings. Ahmedabad, an urban area in the western Indian state of
Gujarat, experiences a hot semi-arid climate with four distinct seasons: winter

(December—February), pre-monsoon (March—May), monsoon (June—September), and
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post-monsoon (October—November). The highest temperatures are recorded in April
(31.9 + 4.2 °C), May (34 + 4.6 °C), and June (32.4 + 3.8 °C), with daily maximum
temperatures often exceeding 40 °C (Figures 4.1b—c). In contrast, the coldest months
are January and December, with mean temperatures of 20.2 + 4 °C and 21.7 4 3.6 °C,
respectively. The most humid months are July, August, and September, with daily

relative humidity reaching up to 100% (Figures 4.1d—e).
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Figure 4.1: (a) Map highlighting the study region, Ahmedabad, located in the western
Indian state of Gujarat, along with an image of the Ceilometer Lidar. (b, d) Monthly
mean diurnal variations of temperature and relative humidity for different months over
Ahmedabad during 2023-2024. (c, e) Monthly mean temperature and relative humid-

ity, with shaded regions indicating the minimum and maximum values.

4.1 Derivation of an analytical expression for the LCL

The first historically recorded definition for the LCL was given by the famous
meteorologist James Pollard Espy in 1836. Since then, many analytical expressions
have been proposed to approximate LCL. A summary of various LCL formulations
proposed in previous studies is provided in Table 4.1. This study uses a simple

approach to estimate the LCL from the surface temperature and relative humidity.

The pressure at the LCL height (P cr ) is obtained from the equation below (Geor-
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gakakos and Bras, 1984):

(4.1)

where P is the pressure at the surface and 7j is the dew point temperature, calcu-

lated as (Lawrence, 2005):

T
| _ TIn(RH/100)
- L,/R,

T, = 4.2)
Here, T is surface temperature, RH is surface relative humidity, L, is the latent

heat of vaporization, and R, is the gas constant for water vapor.

Given the pressure at the LCL, we can estimate the LCL height using the baro-
metric formula. This study uses an improved barometric formula that incorporates

temperature changes in the atmosphere (Lente and Osz, 2020):

Mg

mm:%Q—%@ﬁ 4.3)

where « is the change in temperature with altitude (lapse rate), M is the molecular
mass of air, g is the acceleration due to gravity, R is the universal gas constant, and 7

is the surface temperature.

Rearranging Equation 4.3 and substituting the pressure at the LCL from Equa-

tion 4.1, we obtain an expression for the LCL height:

ar

S - (4.4)
o T_T 3.5
(—223.1% + 1)

By inserting the surface temperature and relative humidity observed from the AWS

into the above equation, the LCL can be calculated.
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Table 4.1: Analytical expressions for estimating the Lifted Condensation Level (LCL)

from various studies.

Method Analytical Expression for LCL
J.P.Espy, 1836 zicp =z+165mK (T —Ty)
Davis, 1889 2L =24 137mK (T — 7))

Mc Donald, 1963  zcp, =z+ 123mK™ (T — T)

C
Bolton, 1980 =7+ 2T —-55K —
olton, 19 ZLcL =2+ p [T—SSK 2840K

1 log(RH)}l}

T —273.15K
Lawrence, 2005  zicL =2+ (20 — 5—K> (100m)(1 —RH)
~1
Romps, 2017 TicL=c [W,l (RHI/“ cec>] T,

C
zLeL =2+ 2(T — Ticw)

T_55_< 1 ln(RH))_l

. . c d
Daidzic, 2019 = P2 (1+0.856 -
aidzic ZLcL =20+ 2 (I+ q) T—55 2840

4.2 Comparison of various analytical expressions for

LCL

The analytical expression for the LCL derived in this study is compared against
previously established formulations using radiosonde observations as the reference
(Figure 4.2). It is important to note that radiosonde profiles are available only at
0000 UTC and 1200 UTC, which may limit the temporal resolution of validation.
Consistent with earlier studies, all analytical LCL formulations, including the
new expression derived here, tend to underestimate LCL heights relative to those
observed from radiosonde data. This underestimation is primarily attributed to the
simplified assumptions used in analytical approaches, such as constant lapse rates
and idealized moist adiabatic processes, which do not fully capture the complexity
of real atmospheric profiles. Despite this inherent bias, all methods exhibit strong
correlations with radiosonde observations, indicating their capability to capture
the temporal variability and trends in LCL. The correlation coefficient (R) is ap-
proximately 0.89 for all methods, with the new formulation yielding the highest R

value of 0.893, indicating a marginally better fit (Figure 4.2d). However, notable
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Table 4.2: Definitions of symbols used in the equations in Table 4.1.

Symbol Definition

2,20 Surface or initial height (m)

ZLCL Height of the lifted condensation level (m)
T Air temperature (K)

T, Dew point temperature (K)

TicL Temperature at the LCL (K)

RH Relative humidity (unitless, i.e., 0—1 or as a %)

Cp Specific heat at constant pressure (=~ 1004 J/kg-K)
Cpd Specific heat of dry air (= 1004 J/kg-K)

2,80 Gravitational acceleration (=~ 9.81m/ s2)

q Specific humidity (kg/kg)

In Natural logarithm

W_, Lower branch of the Lambert W function

a,c Empirical constants in Romps (2017) formula

differences arise in the error metrics among the four methods. The Lawrence (2005)
formulation exhibits the highest root mean square error (RMSE) and mean absolute
error (MAE) values, 1493.1 m and 1161.4 m, respectively, indicating comparatively
lower accuracy, especially for higher LCL values (Figure 4.2b). In contrast, the
Romps (2017) and Bolton (1980) methods demonstrate similar performance, with
RMSE values of approximately 1226 m and 1242 m and MAE values around 989 m
and 1004 m, although both tend to slightly overestimate lower LCL values and
underestimate higher ones (Figure 4.2a,c). The newly proposed method in this study
has the lowest RMSE (1196.5 m) and MAE (958.5 m), reflecting a modest yet
consistent improvement in performance across the observed LCL range (Figure 4.2d).
Furthermore, the new method reduces the spread of high-density LCL estimates
below the 1:1 line, especially in the 10002500 m range, which is critical for cloud
formation studies in the lower troposphere. Given its relatively lower error and
higher consistency, the new LCL formulation is employed for estimating LCL heights

over the Ahmedabad region from August 2022 to December 2024, to study the diur-
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nal and seasonal characteristics of convective cloud formation near and below the LCL.
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Figure 4.2: Comparison of different methods (a) Bolton, (b) Lawrence, (c) Romps,
and (d) New Derived equation for the calculation of LCL with radiosonde observations

over the Ahmedabad region.

4.3 Seasonal variation of LCL over the Ahmedabad re-
gion

Figure 4.3 presents the monthly mean diurnal variation of LCL over Ahmedabad for
the period 2023-2024. Across all months, a clear diurnal cycle in LCL is observed,
with values increasing after sunrise, peaking between 0900 and 1100 UTC, and
decreasing toward nighttime. This pattern is primarily driven by increased surface
heating and associated changes in near-surface temperature and humidity. However,
the radiative transfer within the local atmospheric column also plays a crucial role.
Daytime solar heating increases the lapse rate, while nighttime longwave radiative

cooling near the surface enhances stability and lowers the LCL.

Seasonally, the LCL demonstrates distinct variability. During winter (December—
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February), LCL values remain relatively low due to cooler temperatures and higher
humidity; however, February shows an anomaly with higher LCLs than December
and January, likely driven by transitional warming and drier boundary layer conditions
(Figure 4.3a). In contrast, the pre-monsoon season (March—May) exhibits the
highest LCL values of the year, with peak heights reaching 3161 547 m in March,
3304 £522 m in April, and 3236 + 677 m in May (Figure 4.3b). These elevated LCLs
reflect intense solar heating and a drier atmosphere, indicating that deeper boundary

layer processes are required for cloud initiation during this season.
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Figure 4.3: Monthly mean diurnal variation of LCL over Ahmedabad from Jan-
uary 2023 to December 2024 during different seasons (a) Winter (December, January,
February), (b) Pre-Monsoon (March, April, May), (c) Monsoon (June, July, August,
September), and (d) Post-Monsoon (October, November). The error bars represent the

standard deviation.

The monsoon season (June—September) is marked by the lowest LCLs, especially
in July and August, where values remain below 1000 m (Figure 4.3c). This reduction
is due to abundant moisture and stable thermal profiles, fostering favorable conditions
for low-level cloud formation and widespread convective activity. Post-monsoon
months (October—November) show a gradual increase in LCL values, reaching
1971 £625 m in October and 2428 £ 550 m in November, driven by decreasing
humidity and increasing temperatures (Figure 4.3d). The mean peak LCL during

the winter, pre-monsoon, monsoon, and post-monsoon seasons are 2341+ 719 m,
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3317+590 m, 1234 £ 679 m, and 2244 + 608 m, respectively.

These findings are consistent with previous studies. Kumar et al. (2010a) reported
similar seasonal variations in the LCL over Anand, a city 76 km from Ahmedabad.
The study found that the average LCL peak reaches 3328 m in May (pre-monsoon)
and drops to 335 m in August (monsoon). These seasonal variations are primarily
governed by changes in temperature, humidity, and atmospheric stability and can have
an effect on other atmospheric parameters. Additionally, Thayyen and Dimri (2018)
demonstrated that the seasonality in LCL affects the seasonal variability in the slope
of the environmental lapse rate. Thus, understanding LCL variability across seasons,
along with the influence of both surface heating and radiative processes within the
atmospheric column, is critical for interpreting cloud height, convective potential, and

rainfall patterns in the region.

4.4 Cloud formation near the LCL

This section investigates the cloud formation near the LCL over Ahmedabad.
Figure 4.4 shows a typical case of clouds formed near the LCL on 20 July 2024,
a representative monsoon day characterized by abundant low-level moisture and
convective activity. The Ceilometer backscatter profile reveals the presence of
persistent cloud layers throughout the day (Figure 4.4a). These clouds are marked
by high backscatter intensities, indicating optically dense and well-developed cloud
structures. Intermittent cloud breaks occur between 1300 and 1500 UTC and between
1800 and 1900 UTC. Figure 4.4b confirms that the CBH closely follows the LCL
throughout the day. The mean LCL was approximately 590 + 269 m, while the
observed CBHs largely remained within 700—1200 m, consistent with cloud formation
near the LCL. Notably, the CBH and LCL start diverging around 0930 UTC, when
clouds briefly rise above the LCL, likely due to thermal overshooting and deeper
boundary layer growth driven by surface heating. Thermodynamic conditions from
radiosonde profiles further validate these cloud signatures. The temperature profiles

at 0000 and 1200 UTC exhibit a decreasing trend with height, with subtle differences
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below 1.5 km indicating an evolving boundary layer (Figure 4.4c). In particular, a
steeper lapse rate below 1 km at 1200 UTC suggests enhanced convective mixing as

daytime heating intensifies.

The relative humidity profiles show saturation (RH ~ 100%) between 500 m and
1.2 km at 0000 UTC, which decreases modestly by 1200 UTC, aligning with the cloud
altitude band seen in backscatter. The water vapor mixing ratio (WVMR) profiles
show a drop from ~22 g kg~ ! near 500-700 m to ~18 g kg~ ! at 1.2 km at 0000 UTC
(Figure 4.4e). This gradient confirms latent heat release during condensation at or
near the LCL. The decrease becomes more gradual at 1200 UTC, consistent with
partial evaporation and lifting of the cloud base later in the day. The wind speed
profiles indicate moderate near-surface winds (~6—8 m s~ at 200-600 m) at both
0000 and 1200 UTC, increasing with height until ~1.5-2 km (Figure 4.4f). This
wind shear facilitates the vertical transport of moisture and momentum, promoting
mixing and cloud sustenance in the lower troposphere. The vertical wind structure
also implies that the observed clouds may have been influenced by both mechanical

and thermal lifting.

Together, these observations illustrate the canonical formation of boundary-layer
clouds near the LCL, primarily shallow stratocumulus or cumulus types, triggered by
surface-driven thermals reaching the LCL (Stull, 1988; Turner, 1969; Wood, 2012).
The alignment of CBH with the LCL throughout much of the day, along with favor-
able moisture and wind conditions, underscores the strong coupling between surface
processes and cloud dynamics. Occasional departures of cloud base above the LCL,
especially between 0930 and 1230 UTC, are likely due to thermal overshooting, where
buoyant plumes momentarily lift parcels above their condensation level, creating tran-
sient supersaturation and small non-buoyant cloud patches (Stull and Eloranta, 1984).
Such near-LCL cloud events are common during the monsoon season over Ahmed-
abad, when high humidity, deep boundary layers, and favorable convective conditions
prevail. These shallow clouds are known to significantly influence the surface radiation

budget through their high albedo and modulation of incoming solar radiation, which
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Figure 4.4: A typical case of the formation of clouds near LCL over the Ahmedabad
region. (a) Backscatter profile obtained from Ceilometer Lidar on 20 July 2024. (b)
Diurnal variation of LCL (pink line) and CBH (blue circle) indicating the formation of
clouds near LCL. (c-f) Vertical profile of temperature, relative humidity, WVMR, and
wind speed at 0000 and 12000 UTC obtained from the radiosonde.

in turn can influence surface temperatures, stability, and moisture feedbacks (Zhu and

Albrecht, 2002).

4.5 Cloud formation below the LCL

Under typical thermodynamic conditions, cloud formation is expected near or above
the LCL, where rising air parcels cool adiabatically to saturation. However, the
presence of a strong thermal inversion layer below the LCL can inhibit vertical
motion, suppress adiabatic lifting, and prevent the air parcel from reaching its
theoretical condensation level. As a result, standard LCL-based cloud prediction
methods may fail, particularly in stable conditions with low-level inversions. Despite
this, observations suggest that clouds can and do form below the estimated LCL under

specific atmospheric setups (Hirsch et al., 2017).

Over Ahmedabad, during the observation period from August 2022 to December

2024, clouds forming significantly below the LCL were identified on 19 days. On
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these days, the mean CBH was 1044 + 135 m, while the mean LCL and BLH were
2324 +£450 m and 727 £+ 297 m, respectively, clearly showing cloud formation
between the BLH and LCL. Figure 4.5 illustrates typical cases of such sub-LCL
clouds. These clouds appear primarily between 0600 and 1200 UTC, during which
surface heating due to increasing solar radiation drives turbulent mixing and a growing
mixed layer. Clouds typically form near the top of this layer and are frequently
observed during the post-monsoon and winter months, when stable stratification and
shallow boundary layers prevail. Importantly, the Ceilometer differentiates between
cloud and haze using backscatter characteristics. Cloud signatures are represented by
sharp, well-defined, high-intensity backscatter returns, whereas haze produces weaker
and more diffuse backscatter. This separation is crucial, as it confirms that what is

detected as a cloud is not a misidentified haze.
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Figure 4.5: Typical cases of the clouds formed below LCL over the Ahmedabad re-
gion. These clouds are formed near the boundary layer top between 0600 and 1200
UTC. In all cases, haze is observed either before or after the cloud development. The

red circular marker indicates the vertical visibility (VV) during hazy conditions.

The occurrence of haze both before and after the cloud episodes suggests a humid
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boundary layer that, while not always saturated, supports transient cloud formation.
When clouds evaporate, often due to entrainment of drier air or weakened lifting, the
water droplets dissipate, but the underlying aerosol particles (acting as CCN) remain.
In stable conditions with inversion layers, these particles become trapped near the
surface, enhancing haze formation. The formation of sub-LCL clouds is supported by
a combination of surface-driven mixing, moisture availability, and capping inversions,

conditions that enable localized supersaturation even below the calculated LCL.
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Figure 4.6: Clouds formed below the estimated LCL over the Ahmedabad region. (a)
Backscatter profile obtained from the Ceilometer Lidar on 24 December 2024. (b) Di-
urnal variation of LCL and CBH indicates the formation of clouds below LCL between
0600 and 1200 UTC. (c-f) Vertical profile of temperature, relative humidity, WVMR,
and wind speed at 0000 and 12000 UTC obtained from the radiosonde.

Figure 4.6 presents a case study of the formation of clouds below the LCL over
Ahmedabad on 24 December 2024. The backscatter profile shows strong backscat-
ter near 1 km between 0600 and 1200 UTC due to cloud presence (Figure 4.6a). As
shown in Figure 4.6b, the CBH consistently resides near or just above the BLH, while
the LCL remains markedly higher, suggesting that cloud formation occurred under
conditions not meeting the classical parcel-lifting theory. The vertical temperature
profile at 1200 UTC shows a distinct temperature inversion between approximately

1583 m and 1826 m (Figure 4.6c). This inversion likely suppressed vertical develop-
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ment and acted as a capping mechanism, supporting cloud formation near the BLH
rather than at the LCL. The associated RH profile shows only ~51% RH at the cloud
level, a value lower than typical saturation, which is possibly a result of a temporal
mismatch between the radiosonde launch and actual cloud occurrence (Figure 4.6d).
However, elevated WVMR near the cloud layer indicate the presence of a moist sub-
cloud layer, which may have supported localized supersaturation and cloud droplet
activation in confined regions (Figure 4.6e). This behavior is consistent with previous
studies suggesting that shallow clouds can form below LCL in the presence of high
aerosol loading or humidity perturbations. Moreover, the wind speed profile shows
calm conditions below the inversion, conducive to decoupling and trapping moisture,
while stronger winds (~17 m s~ 1) above the inversion could contribute to stabilizing
the upper layer, further anchoring the cloud base below the LCL (Figure 4.6f). To-
gether, these thermodynamic and dynamic structures illustrate how the combination of
an elevated LCL, capped boundary layer, and inversion stratification can foster shallow

cloud formation below the classical condensation level.

4.6 Conducive surface conditions for the formation of

clouds below LCL

Figure 4.7 shows the relationship between the LCL-BLH difference, surface tempera-
ture, and relative humidity under different sky conditions. Under clear sky conditions,
the LCL is predominantly positioned above the BLH, reflecting suppressed convective
development. Surface temperature ranges widely from 10°C to 37°C, while relative
humidity spans from 7% to 90%, indicating substantial variability in near-surface
thermodynamic conditions.  Correspondingly, the LCL-BLH difference ranges
from —1611 m to 3949 m, further highlighting the heterogeneity in boundary layer
dynamics during clear conditions. For cases where clouds form near the LCL, the
LCL and BLH are generally in close proximity, with most differences falling within
+1000 m. Surface temperatures for these instances lie between 22°C and 41°C,

while relative humidity varies from 18% to 97%, suggesting a relatively moist and
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unstable environment conducive to cloud formation through parcel lifting. In contrast,
for clouds forming below the LCL, the LCL consistently remains higher than the
BLH, a feature that aligns with earlier observations (Altaratz et al., 2021). In these
cases, surface temperatures range from 24°C to 37°C, and relative humidity from
17% to 49%. The LCL-BLH difference falls between 750 m and 2985 m, indicating a
significant decoupling between the lifting condensation level and the boundary layer

top.
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Figure 4.7: Scatter plot illustrating the relationship between (LCL — BLH) and (a)
surface temperature and (b) relative humidity for different sky conditions: clear sky

(blue), clouds near LCL (red), and clouds below LCL (yellow).

Figure 4.8 depicts the daytime mean surface sensible and latent heat fluxes from
ERAS for the three sky conditions. Across all scenarios, latent heat flux consistently
exceeds sensible heat flux, emphasizing its dominant role in regulating boundary layer
processes that support convection and cloud formation in semi-arid regions (Alonge
et al., 2007). The highest fluxes occur when clouds form near the LCL, with mean
values of 152+ 115 Wm™2 for sensible heat and 168 4 84 Wm™2 for latent heat.
For clouds below the LCL, latent heat flux increases notably compared to clear skies,
reaching an average of 147 +74 Wm ™2, while sensible heat flux remains similar. This
suggests that enhanced surface moisture availability, rather than increased thermal
instability, plays a more dominant role in supporting cloud formation in these cases.
Collectively, these observations indicate that cloud formation below the LCL results
from a complex interplay between surface energy fluxes, thermodynamic stratification

(as reflected in the LCL-BLH separation), and moisture dynamics.
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Further, the interplay between latent heat flux, convection, and cloud formation
is fundamental to atmospheric dynamics, particularly in semi-arid regions where
surface—atmosphere interactions are highly sensitive to soil moisture availability
and radiative forcing. The findings underscore the critical role of latent heat flux
in enhancing boundary layer instability and facilitating cloud development. Clouds
forming near the LCL exhibit optimal energy exchange conditions, with efficient
thermodynamic coupling between the surface and the overlying atmosphere. In
contrast, sub-LCL cloud formation reflects more complex feedback mechanisms that
modulate local humidity and temperature gradients, often under relatively stable or

weakly convective conditions.
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Figure 4.8: Mean surface upward sensible and latent heat flux during daytime over
Ahmedabad for clear sky, clouds near LCL, and clouds below LCL derived from ERAS

reanalysis. The error bars represent the standard deviation.

In addition to thermodynamic influences, aerosol-cloud interactions likely con-
tribute to the formation of sub-LCL clouds. Hygroscopic aerosols, prevalent in urban
and semi-arid environments like Ahmedabad, can act as CCN and facilitate droplet
activation even under sub-saturated conditions, in accordance with Kohler theory
(Petters and Kreidenweis, 2007). This mechanism has been observed in polluted
atmospheres, where aerosol-driven microphysical processes increase the probability

of shallow cloud formation below the LCL (Kawana et al., 2014).

These insights underscore the importance of simultaneously accounting for ther-
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modynamic conditions and aerosol—cloud interactions to accurately capture sub-LCL
cloud formation in predictive atmospheric models. The partitioning of surface heat
fluxes, governed by both radiative and thermodynamic controls, plays a decisive role
in shaping regional weather and climate variability. A deeper understanding of these
coupled processes is essential for improving the representation of cloud—aerosol inter-
actions in numerical weather prediction and climate models, particularly in arid and
semi-arid environments where small perturbations in surface fluxes and aerosol load-

ing can exert a disproportionate influence on cloud characteristics.

4.7 A case study of boundary layer clouds over Ahmed-

abad

This section presents a case study of low-level boundary layer clouds observed over
Ahmedabad, highlighting their evolution, thermodynamic drivers, and coupling with
the ABL. Such in-depth examination complements the earlier statistical analyses by
offering a process-level understanding of cloud and ABL interactions. Boundary layer
clouds are distinctive low-level cloud formations that typically develop near the top
of the boundary layer. Using ground-based Raman Lidar measurements, these clouds
were observed during two consecutive days—10 and 11 June 2016—when persistent
cloud layers were present over the study site. The results reveal a pronounced
sensitivity of these clouds to the diurnal evolution of the ABL, underscoring a strong

coupling between cloud properties and boundary layer dynamics.

Figure 4.9 shows the range—time intensity plots of the range-corrected backscat-
tered signal for the two observation days. On 10 June, low-level clouds persisted
throughout the day, primarily between 1-2.5 km. A prominent red—yellow patch
within ~1 km indicates elevated aerosol-water vapour loading inside the boundary
layer. This loading decreased during 08—11 UTC, consistent with the diurnal boundary
layer development, when the mixing layer deepened towards midday and facilitated

efficient vertical mixing of aerosols. On 11 June, a similar persistent cloud layer was
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Figure 4.9: Range-time intensity plot of range corrected backscattered signal obtained

using Raman Lidar over Ahmedabad on (a) 10 June, (b) 11 June, 2016.

observed, extending between 1.5 km and 2.5-3 km, although aerosol loading within

the boundary layer was notably lower compared to the previous day.

Figure 4.10 shows the diurnal variation of the cloud base height (CBH, in red)
derived from the Raman Lidar. On 10 June, CBH increased from ~1 km in the
early hours to above 2.5 km during peak solar heating (~15 LT; UTC+5.5 h), before
decreasing later in the day. Between 05-13 UTC, the difference between CBH and
boundary layer height (BLH) was minimal, indicating strong coupling. During a
midday cloud break, this gap widened to ~1.36 km by 16 UTC. A similar pattern was
noted on 11 June, with CBH and BLH closely coupled for most of the day, the gap
reaching ~1 km at 15 UTC. On both days, CBH remained within the boundary layer
during daytime and only ~0.5 km above the stable nighttime boundary layer, again
indicating persistent coupling. Interestingly, on 11 June, CBH peaked earlier, and

cloud breakup occurred faster compared to the previous day.
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Figure 4.10: Time series of CBH from Raman Lidar, BLH from ERAS and Ra-
diosonde over Ahmedabad during 10-11 June, 2016.

Surface forcings, particularly sensible and latent heat fluxes, play a pivotal role in
modulating boundary layer development, as discussed in the previous section. Since
CBH evolution paralleled BLH changes, the same surface-driven processes that con-
trol ABL growth also governed the observed cloud variability. The faster breakup on
11 June may be linked to the initial cloud fraction present at the start of the day, sug-
gesting feedback between early cloud cover and subsequent diurnal evolution. This
case study demonstrates that the dynamics within the boundary layer directly influ-
ence cloud radiative effects, and in turn, clouds modulate ABL thermodynamics. The
findings provide valuable ground-based observational evidence over an urban envi-
ronment, contributing to improved model representation of low-level cloud-boundary

layer coupling over land.
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4.8 Summary and conclusions

This chapter examined cloud formation below the LCL over the semi-arid region
of Ahmedabad using surface observations, radiosonde data, and ground-based
remote sensing. An analytical LCL estimate derived from surface temperature and
humidity showed good agreement with established formulations and radiosonde-based
LCLs. While convective clouds near the LCL occur frequently during the monsoon,
clouds forming well below the LCL were detected mainly during the post-monsoon
and winter seasons. These sub-LCL clouds typically appeared between 0600 and
1200 UTC within the mixed layer, with mean CBH around 1 km, substantially lower
than the corresponding LCL (~ 2.3 km). Their development occurred under moderate
temperatures (24-37°C) and relatively low humidity (17-49%), indicating conditions

not usually favorable for classical moist convection.

Surface energy flux analysis showed that events with clouds below the LCL were
associated with reduced sensible heat flux and moderate latent heat flux, lower than
LCL-near cloud events but higher than clear-sky conditions. This highlights the
sensitivity of cloud formation in semi-arid regions to land—atmosphere coupling,
soil moisture availability, and diurnal radiative forcing. A case study using Raman
Lidar (10-11 June 2016) further demonstrated strong coupling between daytime
boundary layer growth and low-level cloud evolution, with CBH closely following
BLH throughout the diurnal cycle. Differences in morning boundary layer conditions

and surface fluxes modulated the timing of cloud breakup on the two days.

Overall, this chapter shows that sub-LCL cloud formation in Ahmedabad arises
from complex interactions among surface fluxes, boundary layer dynamics, and re-
gional thermodynamics. Improved representation of these processes in models is es-
sential for better prediction of low-level clouds in semi-arid environments. Future work
should explore high-resolution measurements and modeling to clarify the mechanisms

driving these unique cloud—ABL interactions.
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Chapter 5

Impact of Extreme Events on ABL

Dynamics and Cloud Properties

Extreme atmospheric events, such as dust storms and severe air pollution episodes,
exert profound impacts on the structure and evolution of the ABL and the associated
cloud properties. These events not only influence local meteorology but also have
far-reaching implications for air quality, human health, and regional climate. While
dust storms predominantly affect arid and semi-arid regions through the entrainment
of mineral particles into the atmosphere, severe pollution episodes are often driven
by anthropogenic emissions interacting with unfavorable meteorological conditions.
These phenomena exert a strong influence on ABL dynamics, where they alter vertical
mixing and radiative processes, in turn modifying cloud microphysics and affecting

overall atmospheric stability.

Dust storms are characterized by strong winds that lift and transport loose sand and
dust particles over vast distances (Goudie, 2009), particularly in regions with sparse
vegetation and low soil moisture (Shao and Dong, 2006). These events influence the
Earth’s radiation budget through scattering and absorption of solar radiation (Foun-
toukis et al., 2020; Kedia et al., 2018; Slingo et al., 2006) and act as cloud condensation

and ice nuclei, thereby altering cloud formation and precipitation patterns (Karydis
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et al., 2011; Kumar et al., 2009; Mohler et al., 2006). In India, dust storms frequently
impact the northern and western regions, including the Indo-Gangetic Plains and the
semi-arid landscapes of Western India (Banerjee et al., 2021; Dumka et al., 2019a;
Kumar et al., 2015; Singh et al., 2022). The city of Ahmedabad, located near the
Thar Desert, experiences such events, especially in the pre-monsoon season, which
drastically alter surface meteorology, degrade visibility, elevate particulate matter
concentrations, and modify ABL structure (Saha et al., 2022; Santra et al., 2018).
This chapter investigates a sudden pre-monsoon dust storm over Ahmedabad using
ground-based Ceilometer Lidar, collocated weather sensors, satellite data, radiosonde
observations, and reanalysis products to quantify its impact on ABL evolution and

cloud dynamics.

In contrast, post-monsoon and winter seasons over Delhi are marked by extreme
air pollution episodes, often accompanied by dense fog, that pose severe health risks
and disrupt transportation. These events are driven by a combination of intense
anthropogenic emissions, vehicular traffic, industrial activities, and biomass burning,
and adverse meteorological conditions that suppress vertical mixing (Guttikunda
and Goel, 2013; Sharma et al., 2018; Singh et al., 2020). During these seasons,
the ABL remains shallow due to weak solar heating and strong nocturnal radiative
cooling, trapping pollutants near the surface and leading to frequent exceedances of
air quality standards (Murthy et al., 2020). The coexistence of high humidity and
elevated particulate matter concentrations favors the formation of low-level clouds or
fog, which, when mixed with pollutants, produce smog events that reduce visibility
and further degrade air quality (Gautam et al., 2023). Despite numerous studies on
air quality and meteorology over Delhi (Kanawade et al., 2020; Nair et al., 2023;
Tyagi et al., 2017), high-resolution vertical profiling of the ABL during extreme smog
events remains limited. In this chapter, the ABL structure and cloud/fog evolution
during severe pollution episodes over Delhi in the 2023-2024 post-monsoon and
winter seasons are discussed. Using Ceilometer Lidar observations, along with
satellite datasets (INSAT-3D/3DR) and reanalysis products (CAMS, ERAS), the role

of meteorology, pollutant loading, and boundary layer processes in shaping fog and
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smog development is investigated.

By combining analyses of a dust storm over Ahmedabad and severe pollution/fog
events over Delhi, this chapter provides a comparative perspective on how distinct
extreme events, driven by different sources and seasons, can similarly disrupt ABL
structure and cloud processes. Such insights are essential for improving predictive
capabilities and for developing targeted mitigation strategies in regions vulnerable to

atmospheric extremes.

5.1 Impact of a pre-monsoon dust storm on ABL struc-

ture and cloud dynamics over Ahmedabad

This study investigates the characteristics and impacts of a sudden pre-monsoon dust
storm over Ahmedabad, a semi-arid region in Western India. Multiple observational
platforms were employed, including ground-based Ceilometer Lidar, satellite datasets,
surface weather sensors, radiosonde soundings, and reanalysis datasets, to assess the
storm’s influence on boundary layer dynamics and cloud development. Backscatter
profiles from the Ceilometer Lidar were used to characterize the vertical structure
of the boundary layer and associated clouds, while collocated weather sensors pro-
vided surface meteorological conditions. Satellite observations offered insights into
the large-scale dust and cloud evolution, as well as cloud microphysical properties.
By integrating these datasets, the study presents a comprehensive analysis of the dust
storm’s impact on atmospheric structure and cloud processes over the Ahmedabad re-

gion.

5.1.1 Observation of dust storm and clouds from satellite

Figure 5.1 presents brightness temperature imagery from the INSAT-3D satellite for
13 May 2024, covering the period from 0630 to 2300 UTC. In satellite imagery,

clouds can be identified by their higher reflectance and lower brightness temperatures
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compared to the underlying surface (Frey et al., 2008). Around Ahmedabad (marked
with a circle), two convective systems began forming at approximately 0700 UTC,
one toward the southwest and the other toward the northeast. By 1100 UTC, the
resulting clouds had expanded to cover the Ahmedabad region and persisted until the
following morning. Low brightness temperatures indicate that these clouds extended

across much of Rajasthan and Gujarat.

According to the India Meteorological Department (IMD), isolated to scattered
light-to-moderate rainfall, accompanied by thunderstorms, lightning, and gusty
winds (3040 km/h), was forecast for the Gujarat region on 13-14 May 2024.
Ahmedabad experienced a significant dust storm beginning around 1140 UTC on 13
May, which subsided by 1210 UTC and was followed shortly afterward by rainfall.
Such dust storms, often triggered by outflows from moist convection, are common
during the pre-monsoon season (Knippertz, 2014). This event represents a similar
convection-driven dust storm over western India, with INSAT-3D effectively capturing
the evolution of the convective systems leading to cloud formation and subsequent
weather events, highlighting the value of geostationary satellite observations for

monitoring regional weather patterns.
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Figure 5.1: Brightness temperature obtained from the INSAT-3D satellite depicting

dust and cloud occurrence over the western Indian region on 13 May 2024.

Figure 5.2 shows MODIS reflectance data over western India from 12 to 14 May

2024, with two overpasses each day. On 12 May, low reflectance values were observed
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over Ahmedabad at 0430 and 0850 UTC. By 0930 UTC on 13 May, significant dust
and cloud cover were evident in the vicinity of Ahmedabad, with large patches,
several kilometers in size, detected to the southwest and northeast, indicated by high
reflectance values. On 14 May, residual high dust concentrations were still apparent

over the region.
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Figure 5.2: Reflectance over the western Indian region from MODIS observations
during 12-14 May 2024. High reflectance on 13 May 2024 at 0930 UTC indicates the

presence of dust and cloud cover.

These results demonstrate the capability of both INSAT-3D and MODIS to detect
dust and cloud features. However, INSAT-3D’s geostationary position provides contin-
uous coverage with minimal temporal gaps, making it particularly effective for tracking
the rapidly evolving behavior of dust storms and associated cloud systems. Advances
in satellite remote sensing have greatly improved dust storm monitoring, leveraging
differences in visible and near-infrared reflectance between dust, clouds, and surface
features, as well as thermal infrared brightness temperatures (Di et al., 2016; Evan
et al., 2006; Sun et al., 2019). Dust typically shows increasing reflectance from 0.4
to 2.5 um, with a minimum in MODIS band 3 (0.469 pm) and a maximum in band
7 (2.13 um), whereas clouds have maximum reflectance in band 3 (Qu et al., 2006).
This spectral contrast aids dust—cloud discrimination. However, when dust storms are
obscured by thick cloud cover, as in this case, satellite detection becomes challenging.
To address these limitations, ground-based instruments offer essential complementary

measurements.
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5.1.2 Clouds and boundary layer dynamics

Figure 5.3 presents the impact of a dust storm on atmospheric clouds and the ABL
using Ceilometer Lidar backscatter over Ahmedabad from 12 to 14 May 2024. The
normalized backscatter signal, used to distinguish the mixed layer from the free
troposphere, shows prominent returns from the lower troposphere, characteristic of
the ABL. The BLH, indicated by the black line in Figure 5.3a—c, was derived through
gradient analysis, followed by outlier removal, interpolation for missing values, and
smoothing of the raw backscatter profiles. On 12 May 2024, a well-defined daytime
ABL was observed, with the BLH reaching ~ 2 km before transitioning into a stable
nocturnal boundary layer. The next day, the ABL exhibited rapid growth, with BLH
peaking near 2.5 km by 1000 UTC. However, around 1140 UTC, the onset of a
severe dust storm (Figure 5.3b) caused a rapid collapse of the boundary layer, which
was followed by rainfall. After the rain, a thick nocturnal boundary layer began
forming around 0600 UTC. By 14 May 2024, the ABL started to recover but remained
shallower, with the daytime BLH peaking at only ~ 800 m and a reduced nocturnal

BLH, likely due to lower surface temperatures.

ABL evolution is strongly modulated by temperature and relative humidity, with
surface heating directly influencing BLH growth (Garratt, 1994). The post-storm
rainfall on 13 May cooled surface temperatures, contributing to the suppressed BLH
on 14 May. Figure 5.3d—f presents the CBH and vertical visibility during the study
period. On 12 May, only sparse clouds were detected at varying altitudes. Following
the dust storm on 13 May, widespread cloud cover developed over Ahmedabad,
accompanied by rain. Notably, clouds with CBH near 2.7 km at 1210 UTC rose
to ~ 7.6 km by 2300 UTC. During the dust storm, vertical visibility decreased to
340-660 m. The rapid collapse of the ABL during such events has been similarly
reported by Saha et al. (2022).

Figure 5.4 depicts the influence of the dust storm and subsequent rainfall on the

ABL. The dust storm period is highlighted between two white dashed lines. An abrupt
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Figure 5.3: (a-c) Boundary layer profile derived from the backscatter signal received
from the Ceilometer Lidar at Ahmedabad, during 12-14 May 2024. (d-f) shows the
cloud base height (blue circle) and vertical visibility (red circle). The dust storm event

is marked between the two white dotted lines in (e) and (f).
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Figure 5.4: Ceilometer Lidar backscatter over Ahmedabad from 1100 to 1300 UTC on
13 May 2024, depicting a well-developed mixed layer before the dust storm, followed

by cloud formation and rainfall after the event.

and pronounced disruption in the ABL occurred at 1140 UTC, coinciding with the
onset of the storm. Before this, the ABL had evolved into a well-defined mixed layer,
with the BLH reaching about 2.5 km. Strong backscatter signals, characteristic of the

mixed layer, extended from the surface up to this height. At 1140 UTC, with the arrival
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of the dust storm, the strong backscatter became confined to only the lowest ~ 250 m,
indicating heavy dust loading in the near-surface ABL. The dust appeared concentrated
near the ground, behaving like a density current in the lowest troposphere, suggesting a
local origin rather than long-range transport. The accompanying cold front compressed
the boundary layer, making it shallower (Choi et al., 2008). Around 1210 UTC, clouds
formed with a CBH of ~ 2.7 km, persisting into the next morning. Rainfall, starting at
1218 UTC and lasting until 1754 UTC, dissipated the mixed layer and promoted dust
settling, leaving behind a much weaker residual layer compared to the previous day.

The genesis and cause of this dust storm are discussed in the following section.

5.1.3 Synoptic meteorological conditions

The synoptic meteorological conditions during the dust storm were examined using
mean sea level pressure (MSLP) and wind fields from the ERAS reanalysis. Figure 5.5
shows the MSLP variation over the western Indian region on 13 May 2024 from
0900 to 1300 UTC. A pronounced deepening of the thermal low (formed by intense
surface heating) is evident over Ahmedabad between 1000 and 1200 UTC, followed
by dissipation thereafter. This deepening was a key driver of strong near-surface
winds that initiated the dust storm in the study area. Such pre-monsoon dust storm
events are often linked to similar synoptic patterns, with low-pressure systems
centered over the Thar Desert and western Indo-Gangetic Plain (Dumka et al., 2019a;
Kumar et al., 2014, 2015; Sharma et al., 2012). For instance, Dumka et al. (2019)
documented a comparable event over northern India during 12-16 June 2018, where
strong near-surface southwesterlies (~ 15-20 m/s) developed in association with
monsoon flow responding to thermal low deepening over the Thar Desert. Intense
daytime heating over arid and semi-arid regions such as Ahmedabad intensifies the
thermal low, promoting convective turbulence and vertical mixing that distributes dust

uniformly within the boundary layer, reaching up to ~ 4 km (Kumar et al., 2014).

Additionally, ERAS5-derived winds at 1000 hPa and 925 hPa on 13 May 2024,
from 1000 UTC to 1200 UTC, are shown in Figure 5.6. The winds at 1000 hPa reveal

106



13-May-2024 09:00:00 13-May-2024 10:00:00 13-May-2024 11:00:00 13-May-2024 12:00:00 13-May-2024 13:00:00
@/~

28°N (a) ®) © 1015

526°N

e (°N

24N 1010

Latitu
5

2°N Ve )l‘ )}‘
20°N I I | I
68°E 70°E 72°E 74°E 76°E TS°E 68°E 70°E 72°E 74°E 76°E TS°E 68°E 70°E 72°E 74°E 76°E TS°E 68°E 70°E 72°E 74°E T6°E 78°E 68°E 70°E 72°E 7T4°E 76°E 78°E
Longitude (°E) Longitude (°E) Longitude (°E) Longitude (°E) Longitude (°E)

1005

mean sea level pressure (hPa)

Figure 5.5: Variation in mean sea level pressure (MSLP) over the western-Indian

region during 13 May 2024, from 0900 UTC to 1300 UTC.

westerlies of ~ 4—6ms~! over the Arabian Sea, associated with the summer monsoon
flow. A core of stronger winds (> 10ms~!) is observed advancing progressively
inland from the Arabian Sea toward southwest Gujarat, in response to the deepening
of the heat low over the Ahmedabad region (Figure 5.6a—c). These near-surface winds
played a pivotal role in triggering the sudden onset of the dust storm. When such
strong monsoon winds move northward into the semi-arid and arid regions of Gujarat
and Rajasthan, they can initiate dust emissions. This process occurs because the
monsoon flow behaves like a density current, driven by the density contrast between
the cooler, moisture-laden monsoon air and the warm, dry air over these regions
(Bou Karam et al., 2008). At 925 hPa, strong winds are also evident over southeastern

Rajasthan during the same period (Figure 5.6d-f).

The radiosonde launch site at Ahmedabad Airport is located approximately 13
km from the Physical Research Laboratory, where the Ceilometer Lidar and weather
stations operate. Radiosondes are released twice daily at 0000 UTC and 1200 UTC.
Figure 5.7 presents vertical profiles of key meteorological parameters from 12-14
May 2024 at 1200 UTC. A dust storm impacted the study site on 13 May 2024
between 1140 and 1210 UTC, so the profiles for this date capture conditions during
the event. The temperature profile remained broadly consistent across the three days,
peaking on the day of the dust storm and reaching its lowest values the following
day (Figure 5.7a). During the storm, relative humidity rose from 7% at the surface to
82% near 2.6 km altitude (Figure 5.7b). As discussed in Section 3.2, the Ceilometer
detected clouds at ~ 2.7km after the storm, and this peak in humidity supports the

likelihood of cloud formation. The water vapor mixing ratio (WVMR) followed a
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Figure 5.6: ERAS5-derived wind fields over the western Indian region on 13 May 2024
between 1000 and 1200 UTC at 1000 hPa (top panel) and 925 hPa (bottom panel).

similar pattern, increasing from the surface to ~ 2.6km and reaching 12.62 g/kg.
WVMR values were higher on 12 May and lower on 14 May, likely influenced
by rainfall on 13 May (Figure 5.7c). Near-surface wind speeds were lowest on 12

May (~2m/s) but increased to ~ 6m/s at 100 m height during the storm (Figure 5.7d).
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Figure 5.7: Vertical profiles of temperature, relative humidity, water vapor mixing
ratio (WVMR), and wind speed over Ahmedabad on 12, 13, and 14 May 2024 at 1200

UTC, derived from radiosonde observations.
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5.1.4 Dust and cloud interaction

The dust storm, triggered by two moist convection systems over the Western Indian
region, led to widespread cloud formation across large areas of Rajasthan and Gujarat,
ultimately producing precipitation. Table 5.1 summarizes the cloud properties during
this event as observed by the MODIS and VIIRS instruments. Deep convective clouds
with top heights between 13 and 16 km were seen advancing toward Ahmedabad from
the southwest. These clouds exhibited a cloud water path (CWP) of approximately
1530 g/m2 and cloud optical thickness (COT) near 150. Similarly, strong convection
over southeastern Rajasthan generated clouds with vertical extents around 11 km, COT
of 150, and a CWP close to 1209 g/mz, consistent with MODIS observations. These
findings were corroborated by VIIRS data onboard the Suomi National Polar-orbiting
Partnership (SNPP) satellite.

Table 5.1: Cloud properties derived from the MODIS, VIIRS/NOAA-20, and VI-
IRS/SNPP on 13 May 2024 over the Western Indian region.

Time (Latitude, Longitude) Instrument/Satellite CER (um) COT CWP (g m_z) CTH (m)
2024-05-13 08:35 (22.00°N, 72.40°E)  MODIS 17.92 137 1497 14337
2024-05-13 08:48 (22.00°N, 72.00°E) ~ VIIRS SNPP 13.12 150 1187 13161
2024-05-13 09:12  (22.00°N, 72.00°E) ~ VIIRS NOAA-20 16.82 150 1529 15972
2024-05-13 07:36  (24.61°N, 73.67°E)  VIIRS NOAA-20 1443 8 70 12904
2024-05-13 08:48 (24.61°N, 73.67°E)  VIIRS SNPP 16.65 127 1284 13132
2024-05-13 09:30 (24.61°N, 73.67°E)  MODIS 13.35 150 1209 13846

The deep convective clouds associated with the dust storm resulted in intense pre-
cipitation over Ahmedabad. Dust particles interact with clouds, altering their micro-
physical characteristics and influencing precipitation processes (Bangert et al., 2012;
Feng et al., 2023; Huang et al., 2018; Weger et al., 2018; Yin et al., 2002). Insolu-
ble dust becomes a more effective cloud condensation nucleus (CCN) after acquiring
a sulfate coating within convective clouds, thereby enhancing droplet activation and
precipitation formation in subsequent cloud development (Yin et al., 2002). Moreover,
dust particles can intensify extreme precipitation by promoting ice cloud formation and

strengthening convection. Acting as ice nuclei in the upper troposphere, they facilitate
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ice cloud growth and amplify convection through latent heat release (Feng et al., 2023).
These observations underscore the significant influence of the dust storm on cloud de-
velopment and microphysical properties in the region. Satellite data from MODIS and
VIIRS offer valuable insights into the complex interactions between dust aerosols and

cloud dynamics during such atmospheric events.

5.2 ABL and low-level cloud/fog evolution during se-

vere pollution episodes over Delhi

This study addresses the critical need to understand how meteorological conditions
and ABL dynamics influence pollution buildup and fog formation in Delhi, with a par-
ticular focus on dense smog episodes. Delhi, the National Capital Territory of India,
is a densely populated metropolitan area situated in the Indo-Gangetic Plain (IGP).
The city, encompassing approximately 1483 km?, lies between 28.39°N and 28.88°N
latitude and 76.84°E and 77.33°E longitude, spanning three main geographical zones:
the low-lying Yamuna floodplains, the Aravalli Ridge, and the broader Indo-Gangetic
Plain (Figure 5.8). The Yamuna River flows through the city, with most urban areas
located to its west. Delhi’s elevation ranges from 180 to 316 meters above mean sea

level.

The city’s unique topography and geography heavily influence its air quality, fog
formation, and boundary layer processes. Delhi is vulnerable to regional pollution
transport, especially from agricultural residue burning in Punjab and Haryana during
the post-monsoon season, while the Himalayas to the north limit pollutant dispersion
(Govardhan et al., 2023). The Aravalli Ridge on Delhi’s western and southern borders
disrupts wind flow, reducing ventilation and promoting pollutant accumulation. These
features create a natural bowl-like basin that inhibits pollution dispersion. The Yamuna
floodplains contribute to higher humidity, enhancing fog formation that often mixes
with pollutants to form dense smog (Sathiyamoorthy et al., 2016). During winter,

temperature inversions trap pollutants near the surface, intensified by Delhi’s urban
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heat island effect, which inhibits vertical mixing (Pandey et al., 2012). Together, these
factors create a complex microclimate driving severe pollution and fog episodes in

Delhi’s post-monsoon and winter seasons.

5.2.1 PM,; 5, PM;(, and AOD over Delhi and the IGP region during

post-monsoon and winter

The IGP has experienced severe air pollution in recent decades, particularly during
the post-monsoon (October and November) and winter months (December, January,
and February). This is attributed to increased transportation, industrial activities,
residential energy use, and biomass burning, combined with the influence of local and
large-scale meteorological conditions (Awasthi et al., 2024; Garsa et al., 2023; Singh
et al., 2020). Figure 5.9 shows the monthly mean surface concentrations of PM, s
(a—e), PM1¢ (f—), and total aerosol optical depth (AOD) (k—o) over the IGP region
from October 2023 to February 2024 obtained from CAMS reanalysis. Clearly, the

pollution hotspots include Delhi and parts of the eastern IGP.
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Over Delhi and the IGP region, the concentrations of PM;, s and PM;y begin
rising in October, peak in November and December, and then decline in January
and February. Delhi exhibits the highest levels of PM; 5 and PM g within the IGP
region. The monthly mean PM, s concentrations in Delhi from October 2023 to
February 2024 were found to be 248 pgm >, 398 ugm >, 358 ugm >, 344 pgm 3,
and 268 ,ugm_3, respectively, as per CAMS reanalysis data (Fig. 5.9a—e). Similarly,
the monthly mean PM;( concentrations were 349 ugm >, 561 pgm >, 506 pgm >,
487 ugm_3, and 379 /,Lgm_3, respectively (Figure 5.9f—j). Vehicular emissions and
biomass burning are among the primary sources of these high levels of PM; 5 and
PM;o in Delhi during the post-monsoon and winter seasons (Singh et al., 2020).
The surge in PM; 5 and PM;( concentrations is also driven by stable meteorological
conditions, pollution transport from agricultural burning in Punjab and Haryana, and

greater domestic heating during colder months (Jain et al., 2020).

Latitude

Latitude

Longitude Longitude Longitude Longitude Longitude

Figure 5.9: Monthly mean values of surface PM, 5 (a-¢), PMyq (f-j), and total AOD (k-
o) over the IGP during post-monsoon (October and November) and winter (December,

January, and February), based on CAMS reanalysis data from 2023 to 2024.

In contrast to PM, 5 and PM g, the AOD does not follow the same spatiotemporal
trend during October 2023 to February 2024. AOD over the Indo-Gangetic Plain is
higher during November and January than in October, December, and February due
to a combination of agricultural and meteorological factors (Jethva et al., 2005). In

November, widespread crop residue burning in Punjab and Haryana releases large
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quantities of aerosols transported across the region by prevailing winds. While burning
activity subsides by January, winter meteorological conditions, such as low BLH,
temperature inversions, and calm winds, trap pollutants near the surface, maintaining
high aerosol concentrations. In contrast, October marks the start of post-monsoon
burning with lower initial AOD, while December and February experience slightly

better atmospheric dispersion, leading to comparatively lower AOD levels.

While PM; 5 and PMjg concentrations are highest over Delhi from October to
February due to local emissions and strong wintertime surface inversions, AOD
is higher over the central and eastern IGP. This discrepancy arises because AOD
measures the total columnar aerosol load, not just surface-level particles. In eastern
IGP, aerosols transported from upwind regions like Punjab and Delhi accumulate
aloft, and higher humidity supports secondary aerosol formation, enhancing AOD.
Thus, while surface PM peaks in Delhi, regional transport and vertical distribution
cause higher AOD further east. Over Delhi, the monthly mean AOD values during
October 2023 to February 2024 were 0.62, 1.28, 0.73, 0.98, and 0.67, respectively.

While CAMS reanalysis data provided valuable insights into the regional spa-
tiotemporal patterns of PM; 5, PMjg, and AOD across the IGP region, due to their
broad spatial coverage and consistent data availability, a comparison with ground-
based measurements over Delhi reveals a notable overestimation of PM, 5 concen-
trations. The overestimation is likely due to limitations in the vertical resolution and
surface-level calibration of reanalysis products, particularly in complex urban environ-
ments like Delhi, where local emission sources and boundary layer dynamics play a

critical role in pollutant accumulation.

5.2.2 Diurnal variation of BLH and PM, 5 over the Delhi region

during post-monsoon and winter

The ABL is essential in governing the dispersion of pollutants, which directly impact

air quality. One of the key factors influencing pollutant concentrations is the BLH,
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which, along with emission and deposition rates, determines how pollutants spread
and accumulate in the atmosphere (Murthy et al., 2020). Figure 5.10a—e shows the
monthly mean diurnal variation of the BLH over the Delhi region from October 2023
to February 2024, derived using Ceilometer Lidar observations and ERAS reanalysis
data. The Ceilometer-derived BLH (represented by the black line) reveals a very
shallow boundary layer in November and January, with peak BLH values reaching
only 312 4+ 265 m and 184 m, respectively. The BLH increases slightly in December,
with a peak value of 551 4+ 244 m. However, the BLH is notably deeper in October
and February, with peak values of 1093 + 469 m and 1119 + 1048 m, respectively.

These monthly variations in BLH over the Delhi region are primarily driven by
changes in surface temperature, solar radiation, and atmospheric stability. In October
and February, relatively higher solar insolation and warmer surface temperatures
enhance convective turbulence, leading to deeper boundary layers. In contrast, during
the winter months of November to January, the region experiences reduced solar
heating, lower temperatures, and frequent temperature inversions that stabilize the
atmosphere and suppress vertical mixing. The nighttime values of BLH are very low.
At night, a strong radiative thermal inversion results in the region being covered by a
shallow ABL (Murthy et al., 2020; Raj et al., 2021). The ERAS5-derived BLH shows
a gradual decrease from October to January and then an increase in February, with
corresponding peak values of 1759 + 428 m, 1439 + 353 m, 1015 4+ 287 m, 827
4 282 m, and 1142 + 442 m, respectively. Notably, the ERAS reanalysis tends to
overestimate BLH compared to ground-based Ceilometer Lidar observations during

the day, while underestimating it at night.

Figure 5.10f—j shows the monthly mean diurnal variation of PM; 5 concentration
over the Delhi region from October 2023 to February 2024 obtained from the air
quality monitoring system at the US Embassy in Delhi. The maximum hourly mean
PM, 5 values during October, November, December, January, and February are 125
4+ 73 ugm >, 301 + 110 pgm—3, 253 + 83 ugm—>, 280 + 90 ugm >, and 135 +

60 u gm_3, respectively. Earlier studies reported similar and higher hourly mean val-
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Figure 5.10: (a-e) Monthly mean diurnal variation of the BLH over Delhi derived
using backscatter signal from Ceilometer Lidar from October 2023 to February 2024.
The background illustrates a typical boundary layer profile for each month, represent-
ing the average boundary layer characteristics for that month. The black and white
markers represent the hourly mean (with standard deviation) of BLH derived from
Ceilometer Lidar and ERAS reanalysis, respectively. (f-j) Variation of PM, 5 concen-

tration derived from the air quality monitoring system at the US Embassy in Delhi.

ues of PM, 5 concentration over the Delhi region (Dumka et al., 2019b; Tiwari et al.,
2018; Tyagi et al., 2017). The minimum mean concentration of PM; 5 occurs between
09:00 to 12:00 UTC in October, November, December, and February when the BLH
is maximum. This is in agreement with the inverse relationship between the PMj; 5
concentrations and BLH. It is found that a negative relationship exists between PM, 5
concentrations and BLH, which can be approximated as a power function. A similar
relationship between the PM» 5 concentrations and BLH is reported in a study of haze

episodes in winter in the North China Plain (Li et al., 2020).

5.2.3 Meteorological conditions over the Delhi region during post-

monsoon and winter

The local and large-scale meteorological conditions play a critical role in shaping
heavy air pollution and fog formation in the Delhi region. Figure 5.11 shows the
monthly mean diurnal variation of temperature, dew point, relative humidity, wind

speed, wind direction, and the ventilation coefficient (VC) over the Delhi region
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from October 2023 to February 2024. The VC is a parameter that indicates the
atmosphere’s capacity to disperse pollutants and is considered a measure of air quality
(Iyer and Raj, 2013). It is calculated as the product of the BLH and wind speed. The
VC is calculated using wind speed data obtained from AWS and BLH data from the

Ceilometer Lidar measurements.

During the observation period, maximum and minimum temperatures were
recorded in October and January, respectively (Figure 5.11a). The monthly mean
temperatures during October 2023 — February 2024 were approximately 26+5 °C
(October), 20+5°C (November), 154+5°C (December), 12+4°C (January), and
18+6°C (February). The dew point followed a similar monthly trend. However, its
diurnal variation remained weak (Figure 5.11b). This weak diurnal variation in dew
point, combined with consistently high nighttime relative humidity, approaching 100%
on several occasions in December and January (Figure 5.11c), indicates favorable
conditions for persistent fog formation. These fog events can significantly hinder pol-
lutant dispersion, promote secondary aerosol formation via aqueous-phase reactions,
and contribute to poor visibility and elevated particulate matter levels (Acharja et al.,
2022; Jia et al., 2023; Mishra et al., 2023). Relative humidity was highest during
December and January, with monthly mean values of 81+21% and 83417%, respec-
tively, compared to 70%=+20% (October), 80%+18% (November), and 70%+22%
(February). Wind speed showed a contrasting trend, with the highest values observed
in February and the lowest in November and December (Figure 5.11d). The monthly
mean wind speeds were 0.8341.19ms ™! (October), 0.4440.87ms ™! (November),
0.59+1.01ms™" (December), 1.01+1.14ms™! (January), and 1.44-+1.54ms ™" (Febru-
ary). These low wind speeds during post-monsoon and winter further exacerbate
pollution accumulation by reducing horizontal ventilation and pollutant dispersion

(Garsa et al., 2023).

Figure 5.11e shows the diurnal variation of the VC in the Delhi region from Octo-
ber 2023 to February 2024, showing a midday peak pattern similar to that of BLH. VC

values remained below 1000m?s ™! during November, December, and January, indica-
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Figure 5.11: Monthly mean diurnal variation of (a) temperature, (b) dew point, (c)
relative humidity, (d) wind speed, (e) wind direction, and (f) ventilation coefficient

over Delhi from October 2023 to February 2024.

tive of limited vertical mixing. The average monthly VC values were approximately
592+1171m?%s~! (October), 1124367m%s ™! (November), 1824+423m?s ™! (Decem-
ber), 223+547m?s~!' (January), and 994-£2257m’s~! (February). These low VC
values during the winter months significantly restrict the atmospheric dispersion po-
tential, thereby facilitating the buildup of pollutants near the surface and aggravat-
ing air quality degradation. Saha et al. (2019) reported a long-term average VC of
12494236m?s ! in Delhi during 2006-2014. Another study by Iyer and Raj (2013) re-
ported a decreasing trend in VC over four metropolitan cities, Mumbai, Delhi, Kolkata,
and Chennai, between 1970 and 2000. This decline suggests an increasing pollution
potential and deteriorating air quality in these urban centers. Compared to Delhi, other
metros exhibited lower pollution potential due to the mitigating effects of sea breezes,
which facilitated pollutant dispersion and reduced ground-level concentrations. Delhi’s
landlocked geography and winter meteorological conditions contribute to poorer dis-

persion capacity and higher pollution levels.

5.2.4 Fog occurrence frequency over Delhi and the IGP region

during winter

Fog is a low-lying cloud that touches the ground, significantly reducing horizontal

visibility to less than 1 km. In Delhi, dense fog typically forms during winter due
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to stable atmospheric conditions, lower surface temperatures, high relative humid-
ity, and a strong low-level inversion that sometimes persists throughout the night
(Kulkarni et al., 2019). These conditions are further exacerbated by local emissions
from vehicular traffic and industrial sources, which contribute to the availability of
condensation nuclei and can enhance fog formation and persistence. Furthermore,
the role of synoptic systems such as western disturbances has been emphasized in
multiple studies (Parde et al., 2024; Smith et al., 2023). These systems contribute
to fog formation by increasing low-level moisture and enhancing radiative cooling
during winter nights. The fog episodes over Delhi and adjoining areas often coincide
with the passage or influence of western disturbances, which reinforces the importance

of integrating synoptic-scale analysis in future fog prediction models.

Figure 5.12 presents the spatial distribution of fog occurrence frequency over the
IGP during December 2023 and January 2024, derived from INSAT-3D and INSAT-
3DR satellite observations. The monthly mean fog occurrence exceeds 75% in certain
regions, highlighting the intensity and spatial extent of fog episodes during the core
winter months. A clear seasonal progression is evident, with higher fog occurrence
frequencies in January compared to December. This increase can be attributed to
more prolonged and intense radiative cooling events in January, often coinciding with
calm wind conditions and higher moisture availability. Notably, INSAT-3D exhibits
higher fog detection frequencies than INSAT-3DR. This discrepancy may result from
differences in their observation geometry, channel sensitivity, and temporal sampling,
as the satellites operate in a staggered manner. Moreover, both satellites reveal a
consistent west-to-east decrease in fog frequency across the IGP, likely influenced by
regional variations in surface characteristics, aerosol loading, and moisture gradients

(Bharali et al., 2024).

Figure 5.11e shows the diurnal variability of fog frequency over Delhi. According
to INSAT-3D, the fog frequency remains below 20% throughout the day in Decem-
ber, suggesting limited fog persistence beyond early morning hours. In contrast,

INSAT-3DR shows a similar frequency to INSAT-3D between 03:15 and 10:45 UTC,
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Figure 5.12: (a-d) Fog occurrence frequency over the IGP region in December and
January during 2023-2024 derived from INSAT-3D and 3DR satellites. (e) Diurnal

variation of fog occurrence frequency over the Delhi region.

indicating a similar daytime fog detection performance of the two satellites. However,
during the nighttime, the fog occurrence frequency values from INSAT-3DR reach up
to 40%. The discrepancies between the two satellites are observed in the detection
of nighttime and early morning fog. In January, a substantial increase in diurnal fog
frequency is observed over Delhi and the IGP region. INSAT-3D data indicate a range
between 10% and 74%, with maxima occurring during the nighttime (18:00-00:00
UTC) and morning hours (00:00-06:00 UTC), corresponding to typical radiative
fog formation times under clear skies and calm conditions. INSAT-3DR shows a
comparable pattern, reinforcing the diurnal dependence of fog formation on surface

cooling rates and nocturnal boundary layer dynamics.

Several studies attempted to study the trend in fog occurrence frequency over Delhi
and the IGP region. Kutty et al. (2020) investigated a 37-year dataset (1977/78 to

2013/14) and identified a statistically significant increasing trend in wintertime fog
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frequency. This increase was attributed to changes in associated meteorological param-
eters such as surface cooling, moisture content, and synoptic-scale influences. Inter-
estingly, the study also identified a shift in fog visibility patterns before and after 1998,
possibly linked to the rise in aerosol loading and land-use changes. Smith et al. (2023)
corroborated these findings using ground-based observations, noting significantly pos-
itive trends in the frequency of fog events at key IGP locations, Delhi, Lucknow, and
Patna, between 1997/1998 and 2018/2019. Their analysis revealed that this increase
was primarily driven by radiation fog, a type that forms under clear, stable, and hu-
mid conditions typically found in the region during winter. These long-term trends
affirm the continued relevance of studying fog using both ground-based and satellite

platforms.

5.2.5 Severe air pollution and fog episodes over Delhi during Oc-

tober 2023 — February 2024

Figure 5.13 presents the temporal variation of BLH, vertical visibility (VV), cloud
base heights (CBH1 and CBH2), PM; 5 concentration, and relative humidity over
the Delhi region from October 2023 to February 2024. With the onset of the post-
monsoon season in October, the region begins to experience a buildup of haze and
pollution, along with a gradual decline in BLH. A prolonged episode of heavy haze
and pollution is evident between 20 October and 25 November 2023, characterized
by consistently low BLH, poor visibility (VV < 2 km), and high surface-level PM; 5
concentrations exceeding 500 ,ugm*3. Concurrently, an increase in daily maximum
relative humidity is observed, which further contributes to the trapping of pollutants
near the surface. Following this period, from 4 December to 19 December 2023, a
temporary improvement in air quality is observed, as PM; 5 concentrations slightly

decline and haze conditions subside.

However, starting 20 December, PM; 5 levels spike once again, initiating another
phase of severe pollution. From 25 December, early morning fog events begin to

appear, persisting until 28 December, followed by the formation of persistent low-level
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Figure 5.13: (a) Temporal variation of BLH, VV, CBH1, and CBH2 over the Delhi
region derived from Ceilometer Lidar during October 2023 to February 2024. Periods
of heavy haze pollution (red box) and fog/low-level clouds (blue box) are highlighted.
(b) Variation of PM; 5 and relative humidity during the same period. The blue shaded

regions represent the rain events.

clouds (Figure 5.13a). This fog episode, lasting from 25 December 2023 to 26 January
2024, is marked by shallow BLH, high relative humidity reaching 100% during
nighttime and early mornings, and the presence of a second cloud layer between 3 to
5 km, indicating complex vertical stratification. The combination of fog, low-level
clouds, and elevated humidity during this period further suppresses vertical mixing,
allowing pollutants to accumulate near the surface. A noticeable decline in PM, s
concentrations is observed from 13 February 2024 onwards, coinciding with a rise in
BLH, indicating improved atmospheric dispersion conditions. Several short-duration
rain events occurred throughout the study period, and each is associated with a distinct
and immediate drop in PM; 5 concentrations (Figure 5.13b), highlighting the role of

wet deposition in temporarily improving air quality.

Table 5.2 compares the meteorological conditions during the two events: a heavy
haze pollution episode from 12-18 November 2023 and a fog event from 25-31 De-
cember 2023.

Between October 2023 and February 2024, the combined frequency of haze pol-

lution, fog, and low-level clouds was approximately 22.46%, as observed using the
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Table 5.2: Summary of key meteorological and air quality parameters over Delhi dur-

ing 12-18 November and 25-31 December 2023.

Parameter 12-18 Nov 2023 25-31 Dec 2023
Surface Temperature (°C) ~19 4+ 5 ~14 +4
Relative Humidity (%) 80+ 19 87 + 14
mostly stagnant; light;

Wind Speed (m s_l)

Mean: ~0.33 + 0.76 Mean: ~0.7 = 0.9
Dominant Wind Direction Calm, NW NW, W
Boundary Layer Height (m) 247 £263 163 £+ 90

3 Peak: ~599; Peak: ~385;

PM;s (ugm ~)

Mean: ~236 + 117 Mean: ~258 + 56
Fog/Smog Presence Haze Persistent fog & dense smog

Ceilometer Lidar. For haze and fog events, the Ceilometer provides vertical visibil-
ity. The strength of the backscatter signal follows the order: haze < fog < cloud.
In foggy conditions, most of the backscatter signal is concentrated below 500 m. In
contrast, during haze events, the signal is not completely attenuated near the surface
and extends throughout the 0-2 km range. During the observation period, the highest
frequency of these phenomena occurred in November (45.10%) and January (39.55%).
In November, haze pollution was the dominant contributor, whereas fog and low-level
clouds were more prevalent in January. Relatively lower frequencies were observed in

October (10.92%), December (14.26%), and February (2.42%).

5.3 Summary and conclusions

This chapter presented two distinct case studies highlighting the interplay between
ABL dynamics, meteorological conditions, and extreme atmospheric events over dif-
ferent regions of India. The first study examined a sudden dust storm over Ahmedabad

on 13 May 2024, triggered by the outflow of two convective systems from southwest
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Gujarat and southeast Rajasthan. Satellite observations from INSAT-3D, MODIS, and
VIIRS, along with ground-based Ceilometer Lidar data, revealed an abrupt collapse of
the mixed layer from ~ 2.5 km to ~ 250 m, accompanied by reduced vertical visibility
(340-660 m) and significant increases in near-surface humidity. The event led to the
formation of deep convective clouds with vertical extents up to 11 km and heavy
rainfall (~ 19 mm). Surface temperatures initially rose to 42°C but dropped sharply
the following day, indicating a dust-induced cooling effect. These results underscore
the strong coupling between moist convection, dust transport, and ABL structure, and
demonstrate the value of integrated satellite, lidar, and meteorological observations

for real-time monitoring.

The second study investigated ABL behavior during severe air pollution and
fog episodes over Delhi between October 2023 and February 2024. Continuous
Ceilometer Lidar observations revealed pronounced seasonal and diurnal variability,
with shallow daytime BLH during peak pollution months (November—January) and
persistently low nocturnal BLH due to temperature inversions. An inverse relationship
between PM, 5 concentration and BLH was identified, with ventilation coefficients be-
low 800 m? s~ corresponding to the most severe events. Satellite-based fog detection
showed peak occurrence in December—January (up to 75%), with ground-based data
confirming high frequencies of haze, fog, and low clouds, particularly in November
and January. The findings highlight the limitations of model and reanalysis products
in representing shallow inversions and underscore the importance of high-resolution

ground-based monitoring for accurate urban air quality forecasting.

Together, these case studies demonstrate how extreme atmospheric events—
whether dust storms in arid regions or pollution—fog episodes in megacities—are intri-
cately linked to ABL processes. They reinforce the critical role of localized meteoro-
logical conditions, topographic influences, and synoptic-scale forcing in driving event
intensity and persistence. Furthermore, they illustrate that combining ground-based
remote sensing, satellite observations, and reanalysis products provides a powerful

framework for diagnosing and forecasting atmospheric hazards. Such integrated ap-
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proaches are essential for improving early warning systems, mitigating public health
risks, and guiding long-term environmental management strategies in climate-sensitive

and densely populated regions.
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Chapter 6

Evaluating and Improving ABL
Forecasts from WRF using Machine

Learning and Lidar Observations

The ABL is the lowest part of the troposphere directly influenced by interactions
with the Earth’s surface, where turbulent motions govern the exchange of heat,
momentum, and moisture (Stull, 1988). It responds rapidly to surface forcings such
as heating, cooling, and friction, and plays a central role in processes like energy
balance, moisture transport, pollutant dispersion, and cloud formation (Garratt,
1994). As a transitional zone between the surface and the free troposphere, the
ABL exhibits pronounced spatial and temporal variability shaped by land surface
characteristics, atmospheric stability, and synoptic-scale conditions (Mahrt, 1999).
Its depth, commonly referred to as the BLH, varies significantly in response to the
diurnal cycle of solar radiation and surface heterogeneities such as vegetation, soil
moisture, and terrain roughness. Given its central role in weather patterns, air quality,
and the hydrological cycle, the ABL is crucial across multiple disciplines, including

meteorology, hydrology, agriculture, aeronautics, and climate science (Garratt, 1994).

Accurate forecasting of the ABL is essential for improving weather prediction, air
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quality assessments, and climate modeling. The ABL strongly influences near-surface
meteorological conditions such as temperature, wind speed, humidity, and cloud
cover, all of which are critical inputs for NWP models (Holtslag et al., 2013). Errors
in estimating the BLH can lead to significant biases in simulated surface temperature
and pollutant concentrations, particularly under stable and convective conditions
(Banks et al., 2016; Seidel et al., 2012). In air quality forecasting, underestimation
of the BLH often results in overprediction of pollutant concentrations near the
surface, while overestimation can dilute emissions unrealistically (Cheng et al., 2012;
Davies et al., 2007; von Engeln and Teixeira, 2013; Yang et al., 2017). Furthermore,
ABL processes regulate vertical mixing and cloud development, thereby affecting
convective initiation, precipitation forecasts, and radiative forcing estimates (Davy and
Esau, 2016). Thus, reliable representation and prediction of ABL dynamics are vital
for a wide range of atmospheric applications, from local-scale dispersion modeling to

global climate projections.

Despite advancements in modeling capabilities, capturing the ABL’s evolution
remains a significant challenge for NWP and regional climate models. A large
part of this uncertainty arises from the simplifications inherent in boundary layer
parameterization schemes, particularly in complex terrain, coastal regions, and
under weakly forced conditions. Existing schemes often struggle to accurately
simulate BLH, especially during nocturnal and transition periods when turbulence
is suppressed or intermittently generated (Maroneze et al., 2023). Additionally,
observational constraints have historically limited the evaluation and improvement
of ABL representations in models, although recent advancements in remote sensing
platforms, such as ground-based Lidars, have enabled continuous, high-resolution

BLH observations over extended periods.

To address these gaps, blending physical modeling with data-driven techniques has
emerged as a promising avenue. Machine learning (ML) methods, which can identify
complex nonlinear relationships in data, offer potential to correct systematic model

biases, enhance forecasts, and improve model-observation agreement (Gupta et al.,
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2021; McGovern et al., 2019). In particular, the integration of ML post-processing
frameworks with high-frequency observational datasets allows for model output
correction in a computationally efficient manner, without the need to modify the
model’s internal dynamics. Such hybrid modeling approaches have gained momentum

across a range of meteorological variables (Kaushik et al., 2025).

In this study, the performance of a state-of-the-art mesoscale model in simulating
BLH over a complex urban environment, Ahmedabad, is evaluated, using an exten-
sive Lidar observation dataset spanning two years (2022-2023). The study further
demonstrates the application of ML-based bias correction techniques to improve the
representation of BLH in the model output. By conducting a systematic evaluation
using both continuous and categorical verification metrics, we assess the skill of the
original and corrected forecasts across various temporal and seasonal regimes. The
results provide new insights into the limitations of current physical parameterizations
and the potential of data-driven corrections in enhancing boundary layer predictions

for both weather and air quality applications.

6.1 Machine learning based hybrid model

Despite the widespread use of the WRF model in simulating atmospheric processes,
it often struggles to accurately represent the BLH, especially under stable or weakly
convective conditions. These inaccuracies stem from several factors: (i) the choice of
PBL schemes, which differ significantly in their treatment of turbulence, entrainment,
and surface-layer coupling (Hu et al., 2010); (ii) simplified assumptions in vertical
mixing and surface flux parameterizations; and (iii) inadequate representation of local-
scale processes like urban effects, vegetation heterogeneity, and land-atmosphere
feedbacks (Shin and Hong, 2011). These issues lead to systematic biases, particularly
under nighttime stable conditions or during transition periods (morning/evening),

where BLH is often under- or overestimated.

To address these deficiencies, hybrid model approaches that incorporate ML
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techniques into physical model outputs have shown promising results in recent studies
(Chattopadhyay et al., 2020; Han et al., 2022; Peng et al., 2023). ML models can learn
non-linear relationships between input meteorological variables and observed BLH
values, effectively compensating for the limitations of physical parameterizations. By
integrating Ceilometer-based observational data with WRF model output, ML algo-
rithms can correct systematic biases and improve the fidelity of BLH forecasts without
altering the underlying physics of the numerical model. This hybrid methodology
leverages both the process-based strengths of WRF and the data-driven flexibility of
ML.

The schematic of the proposed hybrid model framework is shown in Figure 6.1.
The process begins with quality-controlled (QC) outputs from WRF forecasts and
ground-based Ceilometer observations of BLH. These datasets are temporally col-
located to ensure alignment between model output and observed data. A suite of
machine learning regression models is trained to map WRF-predicted features to the

observed BLH.

| |
WRF-D : I
Forecast I |
c : i :
w© O =
1 glﬁ l ‘% Optimal :
Q0 =
£ [ I Model : i
2ol ! |48
o | :
Lidar I |
Observation : :
| |

]

Figure 6.1: Flowchart depicting the machine learning-based hybrid model designed to

enhance boundary layer height (BLH) predictions from WRF.

A suite of machine learning regression models is trained to map WRF-predicted

features to the observed BLH. The ML models considered include:
¢ CatBoost,
e XGBoost,
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* Random Forest Regressor,
* Linear Regressor,

* Support Vector Machine (SVM) Regressor,

AdaBoost Regressor,
* Bagging Regressor, and

» K-Nearest Neighbors (KNN) Regressor.

Each model is evaluated using standard statistical metrics (e.g., RMSE, MAE, RZ),
and the best-performing model is selected as the optimal model. If the model does not
meet the predefined accuracy thresholds, the process is iterated with adjusted hyper-
parameters or feature selections. Once an optimal model is identified, it is integrated

with WREF output to generate an improved forecast, denoted as WRF-ML.

6.2 Comparison of BLH obtained from Ceilometer Li-

dar, WRF, and WRF improved using ML

Figure 6.2 presents a comparison of the BLH derived from Ceilometer Lidar obser-
vations, the direct WRF model output (WRF-D), and the machine learning-corrected
WRF output (WRF-ML) during 2022-2023. The WRF-D consistently overestimates
the BLH compared to Ceilometer Lidar observations, particularly during the pre-
monsoon and monsoon months (March—August), when convective boundary layers are
typically deeper (Figure 6.2a). This positive bias is indicative of the model’s difficulty
in capturing the fine-scale processes that govern turbulent mixing, entrainment, and
surface flux variability. The WRF-ML shows significantly improved alignment with
the observed values throughout the observation period. Notably, during pre-monsoon
and monsoon, when the deviation between WRF-D and Ceilometer Lidar observations
is most pronounced, WRF-ML demonstrates substantial bias reduction and variability
closer to the observations. This reflects the ability of the machine learning model to

learn and correct for systematic seasonal errors in the WRF outputs by leveraging
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observational data patterns.
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Figure 6.2: (a) Monthly mean boundary layer height (BLH) over Ahmedabad dur-
ing 2022-2023 obtained from Ceilometer Lidar, WRF-D, and WRF-ML. Error bars
represent + half the standard deviation to avoid negative BLH values (b) Frequency
distribution of BLH values derived from Ceilometer Lidar observations, WRF-D, and

WRF-ML during 2022-2023, binned at 250-meter intervals.

Figure 6.2b shows the frequency distribution of BLH values categorized in
250-meter bins derived from Lidar, WRF-D, and WRF-ML. The Ceilometer Lidar
observations exhibit a sharp peak in the 0-250 m range, with a steep decline in
frequency for higher BLH values, indicating that shallow boundary layers are
dominant throughout the year. In contrast, WRF-D shows a broader and slightly
flatter distribution, with a considerable number of cases extending into the 1000-3000
m range. This highlights the model’s tendency to overpredict deeper boundary
layers, which aligns with the positive seasonal biases discussed in Figure 6.2a. The
overrepresentation of high BLH values in WRF-D underscores its mischaracterization
of convective mixing, particularly in regimes where shallow or stable boundary layers
are more likely. The WRF-ML model, however, brings the distribution much closer

to that of the observations. It captures the peak in the lower BLH bins (0-500 m)
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more accurately and substantially reduces the exaggerated frequency of high BLH
values (>1500 m) seen in WRF-D. This improved match across the entire distribution
supports the conclusion that the ML correction effectively suppresses unrealistic

growth of the BLH while preserving natural variability.

Overall, the frequency distribution further confirms the WRF-ML model’s su-
perior performance not only in mean seasonal representation but also in accurately
replicating the statistical structure of BLH, making it more suitable for operational

and research applications where fidelity to observed variability is crucial.

Figure 6.3a compares the monthly averaged BLH across different forecast lead
times, ranging from 3 to 72 hours. The Ceilometer-derived BLH shows characteristic
seasonal and diurnal patterns, with elevated BLH values during pre-monsoon and
monsoon months (April-July), particularly at forecast lead times corresponding
to late afternoon hours. These features are consistent with enhanced convective
activity and solar heating during this time of year. In contrast, the WRF-D forecasts
substantially overestimate BLH during the same periods and forecast hours, with
values exceeding 2.5-3.0 km, particularly in April through June (Figure 6.3b). These
exaggerated peaks are likely due to WRF’s misrepresentation of turbulent entrainment
and overactive convective mixing within the ABL, especially when using default PBL.
parameterizations. This leads to a strong positive bias in convective boundary layer

growth that is not supported by observations.

The WRF-ML output, on the other hand, shows markedly improved fidelity in
reproducing the observed seasonal and diurnal variations (Figure 6.3c). The overesti-
mated peaks present in WRF-D are effectively suppressed, and the resulting patterns
closely resemble those seen in the Ceilometer Lidar observation. The ML correction
performs particularly well in reducing the BLH overprediction during mid-day and
early evening hours, key times for boundary layer evolution. These results further
highlight the effectiveness of the hybrid WRF-ML approach in not only improving

seasonal and statistical performance but also in capturing the temporal evolution of
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the boundary layer across different forecast lead times. By integrating observational
constraints, the ML correction dynamically adjusts model biases and enhances the
spatiotemporal realism of BLH forecasts, an improvement particularly relevant for

applications in air quality forecasting, plume dispersion, and weather prediction.

(a) Lidar

(b) WRF-D

(c) WRF-ML

Forecast time (in hour)

Figure 6.3: Comparison of monthly averaged BLH forecast from WRF-D and WRF-
ML with the Ceilometer Lidar observations over Ahmedabad during 2022-2023.

6.3 Statistical performance of the WRF-D and WRF-
ML

This section evaluates the performance of the WRF-D and WRF-ML against
Ceilometer-derived BLH. Figure 6.4 illustrates the spatiotemporal performance of

both WRF-D and WRF-ML using three standard statistical metrics, bias and root
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mean square error (RMSE), across varying forecast lead times (3-72 hours) and
months. The WRF-D exhibits a persistent positive bias in BLH, especially during the
pre-monsoon and monsoon months (April to September). This overestimation, which
frequently exceeds 2 km, reflects the model’s tendency to generate overly deep mixed
layers due to the parameterized surface heat fluxes and convective schemes. The bias
becomes more prominent at longer forecast lead times, suggesting the accumulation

of systematic errors as synoptic information degrades.

In contrast, the WRF-ML forecasts demonstrate substantial improvement, with
biases significantly reduced across all months and lead times. The machine learning
correction effectively compensates for the seasonal dependence of model errors,
particularly under conditions of intense surface heating and active convection. During
winter and post-monsoon periods (November to February), the corrections bring the
model closer to observations, though a slight underestimation is occasionally noted.
This may be attributed to the difficulty in capturing shallow stable layers and low-level
inversions, which are often poorly represented in deterministic setups due to coarse

vertical resolution and simplified turbulence closure.

The RMSE values further substantiate the improved performance of WRF-ML.
While WRF-D shows RMSE values exceeding 2 km during periods of strong diurnal
ABL variability (e.g., March to June), the corrected forecasts exhibit consistently
lower RMSE, particularly for forecast hours between 12 and 48. These improvements
are pronounced during spring and early winter when the ABL transitions rapidly
between stable and unstable states. The ability of WRF-ML to learn from historical
deviations enables it to constrain overpredictions and smooth spurious variability

inherent to the physical parameterizations.

Table 6.1 shows the statistical performance of both models seasonally using three
standard metrics: mean absolute error (MAE), RMSE, and mean absolute percentage
error (MAPE). Across all seasons, the WRF-ML shows substantial improvements.

These seasonal metrics underscore the limitations of the standalone WRF model
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Figure 6.4: Spatiotemporal evaluation of WRF-D (left column) and WRF-ML (right
column) BLH forecasts against Ceilometer Lidar observations during 2022-2023. Pan-
els show monthly mean (a-b) bias (WRF Lidar) and (c—d) root mean square error

(RMSE) at various forecast lead times.

in capturing BLH dynamics and highlight the capacity of ML-based correction to

enhance both accuracy and reliability across contrasting meteorological regimes.

The relative improvement in forecast accuracy achieved by WRF-ML is quantified
in Figure 6.5, which shows the percentage reduction in RMSE compared to WRF-D
across all forecast lead times and months. The improvements are widespread and
robust, with the most significant gains (exceeding 100%) occurring during summer
and post-monsoon months. These periods are characterized by strong diurnal cycles
and large variability in cloud cover and surface heating, conditions under which

deterministic models typically struggle.

Notably, medium-range forecasts (12-60 hours) benefit the most from ML
corrections, suggesting that the ML layer effectively captures residual errors after the
primary synoptic signals have decayed. However, there is also occasional degradation

in performance (blue regions), particularly at the extreme short (3—6 hours) and long
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Table 6.1: Seasonal performance of WRF-D and WRF-ML in BLH estimation over
Ahmedabad during 2022-2023.

Season Model MAE (m) RMSE (m) MAPE (%)
Winter WREF-D 312.31 518.91 93.61
WRF-ML 130.53 242.26 44.87
Pre-monsoon ~ WRF-D 640.35 1037.88 211.83
WREF-ML 243.93 409.90 78.04
Monsoon WRF-D 433.61 618.36 167.99
WRF-ML 282.90 427.13 97.40
Post-monsoon WREF-D 430.99 728.29 92.94
WREF-ML 141.16 253.34 37.91

(66—72 hours) forecast ranges. These cases may reflect instances where the original
model already performed adequately or where the training data were insufficient to
resolve subtle error structures. Such limitations underscore the importance of model

interpretability and data representativeness in ML-based forecast systems.
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Figure 6.5: Monthly and forecast hour-wise distribution of the Improvement Parame-
ter (%), quantifying the relative enhancement in BLH estimation by the WRF-ML over
the WRF-D during 2022-2023. The improvement parameter is computed based on the

reduction in RMSE relative to Ceilometer Lidar observations.

The machine learning correction significantly enhances the performance of BLH

forecasts in both amplitude and structure, especially during dynamically active periods
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and at operationally relevant forecast horizons. These results demonstrate the promise
of hybrid dynamical—statistical approaches in improving ABL characterization, with
potential implications for urban meteorology, air quality forecasting, and coupled

Earth system modeling.

To further examine the model performance in terms of the distribution
of errors, Figure 6.6 presents the frequency distribution of BLH differences
(ABLH = Lidar — WRF) for both the WRF-D and WRF-ML configurations. The
distribution for WRF-D (blue curve) is noticeably broader, with a pronounced negative
bias (—0.36 km) and a root mean square deviation (RMSD) of 0.68 km, reflecting
systematic overestimation of the boundary layer depth. In contrast, the WRF-ML
output (red curve) exhibits a sharply peaked and symmetrically centered distribution,

with near-zero bias (0.00093 km) and a significantly reduced RMSD of 0.36 km.
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Figure 6.6: Frequency distribution of BLH differences (ABLH = Lidar — WRF) for
WRF-D (blue) and WRF-ML (red), along with statistical metrics: bias and root mean
square deviation (RMSD). The ML-corrected output shows significantly reduced bias

and RMSD, highlighting improved agreement with observed BLH.

This improvement demonstrates that the machine learning correction not only nar-
rows the spread of forecast errors but also effectively eliminates systematic bias. The
sharper peak at ABLH = 0 in the WRF-ML distribution indicates a high concentra-
tion of predictions closely matching observed values, which is particularly important

for applications sensitive to accurate ABL depth (e.g., pollutant dispersion, cloud ini-
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tiation, and convective triggering). Both datasets include an equal number of valid
samples (N = 10,968), ensuring a fair comparison and reinforcing the robustness of

these improvements.

6.4 Categorical verification of forecast skill

To provide an event-based perspective on model skill, categorical verification metrics
were computed for varying BLH thresholds using observed and forecast values.
Figure 6.7 presents four key skill scores, Probability of Detection (POD), False Alarm
Ratio (FAR), True Skill Statistic (TSS), and Equitable Threat Score (ETS), for both
the WRF-D and WRF-ML, evaluated over the 2022-2023 period. Across all four
metrics, the WRF-ML demonstrates notable improvement over WRF-D, particularly
for lower to moderate BLH thresholds (< 1500 m). The POD values are consistently
higher in WRF-ML, indicating improved detection of shallow boundary layers that
often govern near-surface pollutant dynamics and cloud initiation. Simultaneously,
the reduction in FAR highlights fewer false detections, which is critical for operational

reliability.

The composite metrics, TSS and ETS, also favor WRF-ML, especially in the low-
to-mid BLH range. The TSS, which accounts for both hits and false alarms while being
unbiased to event frequency, and the ETS, which adjusts for random chance agreement,
both exhibit higher values under the ML-enhanced system. These improvements sug-
gest that the machine learning correction not only enhances deterministic accuracy
but also improves the model’s ability to probabilistically discriminate between the oc-
currence and non-occurrence of specific BLH thresholds. However, at higher BLH
thresholds (> 1500 m), both configurations show deteriorated performance across all
metrics. This may reflect increased uncertainty in Lidar retrievals at elevated altitudes,
limitations of model physics in capturing deep convective boundary layers, or reduced
observational sampling in such conditions. Nonetheless, WRF-ML maintains rela-
tively better skill even in this degraded regime, indicating its robustness across a range

of ABL depths.
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Figure 6.7: Evaluation of categorical verification metrics across BLH thresholds us-
ing WRF-D (blue) and WRF-ML (red) during 2022-2023. The panels show: (a)
POD, (b) FAR, (c¢) TSS, and (d) ETS. WRF-ML consistently outperforms WRF-D
for lower BLH thresholds (< 1500 m), exhibiting higher POD, TSS, and ETS, along
with reduced FAR, reflecting enhanced capability in detecting shallow to moderate
boundary layers. Both models show degraded performance at higher BLH thresholds
(> 1500 m), though WRF-ML retains relatively more skill.

6.5 Summary and conclusions

This chapter presents a comprehensive assessment of the BLH forecasting capabilities
of the WRF model over Ahmedabad, a semi-arid urban city in Western India, and
demonstrates how ML techniques can be effectively integrated with physics-based
models to enhance BLH prediction accuracy. The ABL is a critical component of
the lower atmosphere, modulating energy, momentum, and mass exchanges between
the Earth’s surface and the free troposphere. Accurate prediction of BLH is essential
for a wide range of applications, including weather forecasting, air quality modeling,
and climate research. However, traditional numerical weather prediction models
such as WREF often suffer from systematic errors in representing BLH, especially

under stable or transition regimes. To address these limitations, the study combines
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WRF model outputs with a data-driven machine learning correction scheme, referred
to as WRF-ML. The evaluation spans a two-year period (2022-2023), leveraging
high-resolution BLH observations from a ground-based Ceilometer Lidar deployed in

Ahmedabad.

The performance of the WRF-D and WRF-ML is assessed through multiple ap-

proaches:

1. Spatiotemporal error analysis reveals that WRF-ML substantially reduces both
the mean bias and RMSE in monthly forecasts compared to WRF-D, especially

during convective months and at shorter forecast lead times.

2. Frequency distribution analysis demonstrates that WRF-ML better captures the
distribution of BLH differences (ABLH = Lidar — WRF), with narrower spread

and reduced bias, suggesting improved alignment with observed conditions.

3. Categorical verification metrics, including POD, FAR, TSS, and ETS, show that
WRE-ML consistently outperforms WRF-D across low to moderate BLH thresh-
olds (< 1500 m), where accurate detection is often more challenging. Perfor-
mance for both models declines at higher thresholds, but WRF-ML still retains

relatively better skill.

Through this analysis, the study highlights the strengths and limitations of WRF
in representing ABL dynamics over a rapidly urbanizing region and demonstrates the
potential of machine learning corrections to mitigate systematic biases inherent in

physical models.

Overall, this hybrid modeling framework, combining the dynamical consistency
of WRF with the adaptability of ML, offers a promising avenue for improving high-
resolution BLH forecasts in complex urban and transitional boundary layer environ-
ments. The results support broader adoption of physics—ML fusion techniques in op-

erational forecasting systems and environmental applications.
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Chapter 7

Summary and Scope for Future Work

7.1 Summary

This thesis aimed to enhance the understanding of the dynamics of the ABL
and cloud processes over three climatically diverse semi-arid locations in Western
India, Ahmedabad, Mt. Abu, and Udaipur, using an integrated observational and
modeling framework. The overarching goal was to improve the understanding of
ABL, clouds, and their interactions in this complex and understudied environment,
where heterogeneous land cover, rugged terrain, and strong diurnal variability in
surface energy balance make the region highly sensitive to land—atmosphere coupling,
particularly under monsoonal and pre-monsoonal conditions. Despite their climatic
and socio-economic importance, the study of ABL and clouds in these regions is
scarce, limiting the accuracy with which weather and climate models represent key
processes such as convective initiation, fog and low cloud formation, and pollution

dispersion.

This thesis addresses these gaps by integrating ground-based Lidar observations,
satellite products, reanalysis datasets, and numerical modeling to investigate the
spatiotemporal variability of ABL and cloud characteristics over these regions. These

sites were deliberately chosen to represent a range of surface and topographic condi-
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tions: an urbanized heat island with high pollution levels (Ahmedabad), a high-altitude
forested terrain influenced by orographic lifting (Mt. Abu), and a lake-dominated

semi-arid valley near the Thar Desert (Udaipur).

The observational analyses reveal pronounced seasonal and diurnal cycles in both
CBH and BLH, modulated by local meteorology, topography, and synoptic forcing.
The monsoon season is characterized by substantially lower CBHs (~1.5-2 km) and
BLHs (~1.0-1.5 km) due to persistent cloud cover and elevated humidity, conditions
favorable for moist convection and rainfall generation. In contrast, the pre-monsoon
months exhibit the highest BLHs (>2.5-3 km) and CBHs (up to 6.5 km), driven by
intense surface heating and vigorous convective mixing. Udaipur records the highest
frequency of cloud occurrence, while Mt. Abu experiences more frequent full-sky

obscuration events due to mist and orographically induced cloud formation.

Furthermore, long-term trends indicate notable shifts in the seasonal distribution
of rainfall and cloud occurrence, particularly over Ahmedabad, where September
has seen a significant increase in both rainfall and low-level cloud frequency over
the past two decades. These changes are likely linked to aerosol-cloud-radiation
interactions, which alter cloud microphysics and precipitation efficiency. Such shifts
have important implications for regional hydrology, agriculture, and urban water

management.

In addition to seasonal climatology, this thesis investigated and characterized
clouds forming near and below the LCL. The anomalous low clouds forming below
the estimated LCL were primarily observed in post-monsoon and winter, forming
within the mixed layer under conditions of moderate humidity, elevated latent heat
flux, and relatively suppressed sensible heat flux. Their occurrence highlights the
sensitivity of cloud processes to subtle changes in surface energy partitioning and

boundary layer thermodynamics.
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Furthermore, this thesis also underscores the critical role of ABL and cloud
processes during extreme atmospheric events. A pre-monsoon dust storm over
Ahmedabad demonstrated how convective outflows and dust transport can rapidly
collapse the mixed layer, trigger deep convection, and generate heavy rainfall.
Conversely, severe winter pollution and fog episodes over Delhi revealed how shallow,
inversion-trapped boundary layers exacerbate air quality degradation and limit vertical
dispersion. These findings emphasize that both dust-induced convective storms and
pollution—fog events are fundamentally rooted in boundary layer dynamics, and that
their intensity and persistence are shaped by the interplay of local and large-scale

drivers.

From a modeling perspective, the thesis evaluates the skill of the WRF model
in simulating BLH over the semi-arid region of Western India and demonstrates the
benefits of coupling physical models with ML corrections. The hybrid WRF-ML
framework markedly improves BLH forecasts by reducing systematic biases, better
capturing diurnal cycles, and enhancing detection of low-to-moderate BLH regimes
where traditional model skill is weakest. This approach showcases the potential of

physics—data fusion for operational forecasting in complex environments.

Overall, the thesis established a robust observational and modeling baseline for un-
derstanding ABL and cloud processes over the semi-arid Western Indian region. The
findings underscore the significant influence of local meteorology, surface characteris-
tics, and synoptic forcing on both BLH and CBH variability; reveal the occurrence of
unique low-cloud formations below the LCL; demonstrate the sensitivity of ABL dy-
namics to extreme dust, fog, and pollution events; and show how advanced modeling
techniques can enhance predictive capability. These insights address critical knowl-
edge gaps and provide a foundation for improving weather and climate model repre-

sentations of ABL—cloud interactions in complex semi-arid environments.
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7.2 Scope for future work

While this thesis has significantly advanced the understanding of ABL and cloud pro-

cesses over semi-arid Western India, it also opens several avenues for future research.

* There is a need to explore dynamically driven processes, particularly the role of
mesoscale and synoptic-scale atmospheric waves, such as gravity waves, Kelvin
waves, and Rossby wave trains, in modulating cloud occurrence, structure, and
variability over the region. Such phenomena can strongly influence convective
initiation, vertical mixing, and precipitation patterns, yet remain poorly charac-

terized in the context of semi-arid environments.

* The observational approach demonstrated here should be expanded to other ge-
ographic regions across India. Applying the same integrated ground-based Li-
dar, satellite, and reanalysis framework to coastal, Himalayan, and IGP regions
would enable a broader comparative understanding of ABL and cloud interac-
tions under diverse climatic and surface conditions. This would also help identify
region-specific sensitivities and improve the representation of local processes in

regional and global models.

* Long-term continuous observations of clouds and boundary layer characteristics
are essential. Extending the temporal coverage of such datasets would enable
the detection of multi-decadal trends, climate change signals, and the influence
of slowly evolving drivers such as urbanization, land-use change, and aerosol
loading. Such datasets are invaluable for identifying shifts in the seasonal cycle,

extreme event frequency, and cloud—precipitation relationships.

» Systematic observational records of the type used in this thesis can play a cru-
cial role in the calibration and validation of satellite retrievals. Ground-based
Lidar profiles, when combined with high-temporal-resolution meteorological
measurements, provide an independent reference against which satellite-based
cloud products (e.g., from INSAT, MODIS, and future missions) can be eval-

uated. Such validation efforts would improve the accuracy and reliability of
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satellite-based monitoring systems, benefiting operational forecasting and cli-

mate research.

* The model evaluation and improvement framework demonstrated here, where
observational datasets are used to assess model performance and machine learn-
ing techniques are applied to reduce systematic biases, can be applied to other
regions of India. This approach could enhance regional-scale weather predic-
tion, especially for parameters such as BLH, CBH, and low-cloud occurrence
that are critical for forecasting precipitation, fog, dust storms, and air quality
episodes. Implementing such frameworks in operational centers would support

more accurate hazard warnings and resource management strategies.

In summary, the methodologies and findings of this thesis provide a foundation for
both wider spatial application and deeper process-focused studies. Expanding the ob-
servational footprint, extending the temporal baseline, and integrating improved mod-
eling strategies across multiple regions will be essential for building a comprehensive,
high-fidelity understanding of ABL and cloud interactions across India’s diverse cli-

matic zones.
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