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Abstract

Clouds are integral components of the hydrological cycle and exert significant influence
on regional and global weather patterns. Understanding cloud height, layers, and fraction
in the atmosphere is crucial for precipitation and regulating Earth’s energy balance. This
study investigates the cloud characteristics such as the cloud base height (CBH), cloud top
height (CTH), and the vertical visibility over Udaipur, an urban city situated in the Aravalli
ranges of Western India, employing ground-based Lidar (Ceilometer), satellite (MODIS),
and reanalysis datasets (ERAS). The analysis focuses on CBH observations from Ceilom-
eter Lidar during 2021-22, evaluating reanalysis and satellite-derived CBH. Results reveal
peak detection (cloud presence or fully obscured sky) during the southwest monsoon, with
frequencies reaching approximately 44%, 79%, 71%, and 37% in June, July, August, and
September, respectively. While single-layer clouds are prevalent throughout the observa-
tion period, multiple layers are primarily observed during the monsoon, peaking in July
and August. CBH exhibits a seasonal pattern, remaining low during the monsoon and
high during pre-monsoon periods. Cloud type quantification based on CTH properties
from MODIS satellites shows cirrostratus clouds as the most prevalent (approximately
36%) during the study period. Although CBH derived from MODIS CTH aligns with
Ceilometer observations, the overall correlation is weak. Additionally, a seasonal variation
is observed in ERAS reanalysis performance regarding cloud base height detection over
Udaipur. Therefore, the findings could contribute to broader scientific knowledge on cloud
formation over complex hilly regions and these insights are crucial for improving weather
prediction models by offering detailed data on cloud behavior, essential for accurate local
weather forecasts.
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1 Introduction

Clouds cover most of the Earth (~67%), and even a slight variation in their properties can
disturb the radiation budget, modulate weather, and impact climate change (King et al.
2013; Ramanathan et al. 1989; Stubenrauch et al. 2013). Due to their crucial roles in the
climate system, including the radiative budget, hydrological cycle, and various cloud feed-
back processes, the study of clouds has remained pivotal in climate research. The radiative
effect of clouds depends on factors such as cloud height, amount, thickness, phase, and
microphysical properties (Schmetz 2016; Stephens and Webster 1981). Given their dynamic
nature in space and time, accurately representing clouds in weather and climate models
poses significant challenges. Improper representation of these parameters introduces uncer-
tainty in models, making it difficult to accurately predict future weather and climate. There-
fore, continuous monitoring and investigation of clouds is essential for climate diagnosis
and forecasting.

Cloud properties such as cloud base height (CBH), cloud top height (CTH), cloud frac-
tion, and vertical layer structure significantly affect the radiative balance, atmospheric circu-
lations, and other meteorological processes (Lii et al. 2015; Samanta et al. 2020). The lack
of comprehensive observations and an incomplete understanding of various cloud processes
have made cloud representation in weather and climate models a dominant source of uncer-
tainty for decades (Bony et al. 2006; Cess et al. 1989; Randall et al. 2003). Remote sensing
techniques, both ground-based and satellite-based, are commonly used to study cloud prop-
erties. While passive remote sensing from satellites typically provides detailed observations
of high-level clouds, it often struggles with accurately detecting low and mid-level clouds.
Nonetheless, satellite observations are invaluable for retrieving global information related
to CTH. However, there is a need to further enhance the accuracy in measuring CTH and
deriving CBH using the cloud properties (An et al., 2019).

Satellite observations alone have limitations in accurately detecting cloud base proper-
ties like CBH. Integrating ground-based observations with satellite data can help bridge
these gaps and improve our understanding of clouds effects on climate, such as cloud radia-
tive forcing (Xu et al. 2021). Ground-based detection of clouds is gaining importance due
to its reliability and high temporal and vertical resolution. Lidar, a powerful instrument
for investigating cloud characteristics and vertical structure from the ground, has become
increasingly prevalent with advancements in laser technology (Wang and Menenti 2021).
The Ceilometer, a low power Lidar, is widely used for continuous ground-based measure-
ment of CBH due to its high temporal and vertical resolution (Costa-Surds et al. 2013).

Several studies have utilized Ceilometers to examine cloud base and vertical structure
across different parts of the world (Lee et al. 2018; Martucci et al. 2010; Maturilli and Ebell
2018; Sharma et al. 2016; Viadez-Mora et al. 2015). For instance, Martucci et al. (2010)
retrieved the multilayer cloud base heights using two different collocated Ceilometers at
the Mace Head Atmospheric Research Station in Ireland. The study reported significant
differences in the CBH outputs from the two Ceilometers. Viadez-Mora et al. (2015) used
a Ceilometer to observe CBH and study overcast conditions at Girona (NE Iberian Penin-
sula) based on a radiative transfer model, finding good correlation between calculated cloud
radiative effect values and observations. The study showed that the calculated cloud radia-
tive effect values correlate well with the observations when the Ceilometer observed CBH is
used in the model. Maturilli and Ebell (2018) studied the annual cycle of cloud occurrence

@ Springer



Bulletin of Atmospheric Science and Technology... Page3of 17 11

frequency over Ny-Alesund, Svalbard, and the Arctic using 25 years of CBH observations
from Ceilometers. Lee et al. (2018) investigated the relationship between CBH, cloud fre-
quency, and precipitation over two urban locations in Seoul, Korea, using a Ceilometer and
microwave radiometer. Sharma et al. (2016) compared CBH observed from a Ceilometer to
that derived from the Moderate Resolution Imaging Spectroradiometer (MODIS) on board
Aqua and Terra satellites over the Ahmedabad region. Another study by Vaishnav et al.
(2019) performed a statistical analysis of CBH and the seasonal variation of cloud occur-
rence frequency over the same region. These ground-based observations are crucial for
enhancing regional and global weather and climate models, providing better quality ground
truth data for model inputs.

The vertical distribution of clouds, including their height, layering, and thickness, plays
a pivotal role in the Earth’s radiation budget. However, accurately representing this distribu-
tion remains a significant challenge in both regional and global climate models, leading to
uncertainties in climate projections. Previous research has highlighted the influence of cloud
vertical structure on atmospheric circulation and precipitation (Kubar and Hartmann 2008;
Potter and Cess 2004; Wang and Rossow 1998; Weare 2000; Yan et al. 2016). This study
focuses on statistically analysing the vertical distribution of clouds over the Udaipur region.
In this study, we present a statistical analysis of CBH during 2021-22 using ground-based
observations from the Ceilometer Lidar stationed in Udaipur. CTH properties from MODIS
are used to quantify the occurrence of various cloud types. This study also evaluates the per-
formance of reanalysis and satellite-derived CBH over the study region. Udaipur’s unique
geographical location, surrounded by lakes and mountains, and its climate characterized
by hot and dry conditions with limited rainfall, makes it an interesting site for studying
cloud behavior. The presence of surface water bodies and orographic features enhances
the potential for cloud formation and provides a natural laboratory for investigating how
these elements interact with atmospheric conditions to produce clouds. By analyzing CBHs
using a combination of ground-based and satellite-derived data, we provide insights into the
characteristics of clouds over the Udaipur region which will be potentially useful for the
development of predictive models for similar environments. The rest of the paper is outlined
as follows. Section 2 describes the various data sources used in this study. The key findings
are presented in Sect. 3 as results and discussions. Finally, the study is concluded in Sect. 4
with a summary.

2 Study region

Udaipur, an urban city located in the desert land of the Aravalli ranges of Western India,
is surrounded by lakes and mountains. The climate of Udaipur is usually hot and dry, with
scanty rainfall occurring primarily during the wet season. Known as the city of lakes and
a renowned tourist spot in India, Udaipur’s surface water bodies and orographic features
play essential roles in cloud formation. This study investigates cloud base height over the
Udaipur region using ground-based Lidar (Ceilometer), satellite (MODIS), and reanalysis
(ERAS) datasets. The measurement site’s location and the Ceilometer Lidar installed at the
roof top of Udaipur Solar Observatory’s main office are shown in Fig. 1.
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Fig.1 (a) Location of Udaipur on the map of India, (b) elevation (in meters) map of Udaipur region using
30 s United States Geological Survey (USGS) data, (¢) Ceilometer Lidar installed at the rooftop of Udai-
pur Solar Observatory (USO), main office at Udaipur, and (d) Ceilometer Lidar instrument

3 Data
3.1 Ceilometer Lidar (CL31)

The Ceilometer (CL31) used in this study is a low-power, pulsed Lidar instrument used to
detect cloud base heights at up to three different layers simultaneously. It employs an Indium
Gallium Arsenide (InGaAs) diode laser with a central wavelength of 910 nm (at 25 °C) and
operates at a repetition rate of 10 kHz, enabling atmospheric sounding up to approximately
7.6 km (Martucci et al. 2010). The pulse width of the laser is around 110 ns, with an aver-
age power output of 12 mW. The backscattered light from atmospheric components such
as aerosols, water vapor, and clouds is detected by a silicon avalanche photodiode. The
instrument identifies cloud base heights from the extinction profile through which single
and multi-layer clouds is derived. Additionally, it provides data on vertical visibility and
the altitude of the highest detected signal when the sky is fully obscured due to haze, fog,
and during rain. In this study, the Ceilometer data are utilized with a vertical resolution of
10 m and 16 s temporal resolution to study the cloud characteristics over the Udaipur region.
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3.2 MODIS

The Moderate Resolution Imaging Spectroradiometer (MODIS) is among the five instru-
ments aboard the Terra and Aqua satellites, which were launched in December 1999 and
May 2002, respectively. These satellites, operating in a near-polar sun-synchronous orbit
at an altitude of approximately 705 km, 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. MODIS captures data across
36 spectral bands ranging from 0.4 um to 14.38 pm, facilitating comprehensive studies of
terrestrial, oceanic, and atmospheric phenomena. Further information about MODIS can be
found at https://modis.gsfc.nasa.gov/. This study utilizes the MODIS/Aqua Level-2 cloud
properties dataset (L2 5 Min Swath 1 km) to examine cloud characteristics over the Udaipur
region.

3.3 ERAS5 reanalysis

The European Centre for Medium-Range Weather Forecasts (ECMWF) generates compre-
hensive datasets for land surfaces, oceans, and the atmosphere, serving both research and
commercial purposes through climate reanalysis. The latest iteration in this series, ERAS,
represents the fifth generation of ECMWF reanalysis, produced by the Copernicus Climate
Change Service (Hersbach et al. 2020). ERAS reanalysis products integrate model data with
observational data to create a consistent and comprehensive global dataset. These datasets
are freely accessible and can be downloaded from the Climate Data Store (CDS, https://cds.
climate.copernicus.eu). This study employs ERAS hourly cloud base height data, provided
at a spatial resolution of 0.25° x 0.25° (~27 km x 27 km), for the Udaipur region.

4 Results and discussions
4.1 Cloud occurrence and cloud layer statistics over Udaipur

This section utilizes data obtained from Ceilometer Lidar to analyse the cloud occurrence
and cloud layers over the Udaipur region during 2021-2022. Data was available for about
75% of the study period. However, in April 2022, there was a complete absence of data due
to Ceilometer maintenance. The Ceilometer measures the atmospheric backscatter every
16 s to categorize cloud status into single and multilayer clouds, including no cloud situa-
tions and a full obscuration, which occurs when the sky/cloud is obstructed by haze, fog,
dust, smoke, or rain. Fig. 2 shows the monthly frequency of different cloud layers (1, 2, and
3) and full obscuration. The occurrence frequency of a cloud layer is calculated as the ratio
of the number of observations when that layer is present to the total number of observations.
Total detection refers to instances when either clouds or full obscuration were present. The
total detection during the observation period was about 31%, with cloud frequency (occur-
rence of at least one cloud layer) about 27% and full obscuration (haze, fog, and rain)~4%.
Out of the total cloud frequency, single layer, double layer, and triple layer clouds occurred
about 26.3%, 0.61%, and 0.006%, respectively. The annual cloud frequency (~27%) over
the Udaipur region is significantly lower compared to the urban location of Ahmedabad
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Fig. 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 the
month’s name is showing the total number of observations from the Ceilometer. (b) Frequency of two-
layer clouds. (¢) Frequency of three-layer clouds

(23.03°N, 72.54°E) in the Western-Indian region. Vaishnav et al. (2019) has found annual
cloud frequency of ~ 64% over the Ahmedabad region during 2014-2015. This suggests
the less availability of moisture over the Udaipur region for the cloud formation. Due to
the prevalent clear sky conditions, the study site is part of the Global Oscillation Network
Group (GONG), which includes ground-based stations dedicated to helioseismology (Hill
2018).

Fig. 2a depicts the monthly frequency of single-layer clouds and full obscuration. Single-
layer clouds were observed throughout the year and constituted the majority of cloud occur-
rences. They were particularly dominant in March and November. The highest frequency of
single-layer clouds occurred during the monsoon season, with frequencies of approximately
33%, 75%, 64%, and 36% in June, July, August, and September, respectively. Full obscura-
tion was most prevalent during the winter, peaking at about 13% in December, mainly due
to fog. This fog is prevalent in Udaipur because of the presence of surface water bodies,
which play a crucial role in fog formation by providing moisture (Hinova et al. 2022).
The study site is near Fateh Sagar Lake, an artificial lake with an area of around 4 km?.
During the monsoon season, obscuration mainly occurs due to rain, with full obscuration
frequencies of 10%, 2%, 4.6%, and 1.1% in June, July, August, and September, respectively.
Total cloud or full obscuration detection is low in February and March, at about 8% and
9%, respectively. November has mostly clear skies, with the lowest detection of clouds or
obscured sky at around 2%.

Multi-layer clouds are more prevalent during the monsoon. Two cloud layers were most
common in July and August, with frequencies of approximately 2.7% and 2.2%, respec-
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tively (Fig. 2b). Similarly, three cloud layers were predominantly observed during these
months, with frequencies around 0.022% and 0.025%, respectively (Fig. 2c). Notably, the
third layer of clouds was absent during February, March, May, and November. The occur-
rence of multi-layer clouds in Udaipur was found to be lower compared to other tropical sta-
tions in India. In a study, conducted by Narendra Reddy et al. (2018) over Gadanki (13.45°
N, 79.16° E), India it was observed that multi-layer clouds persist across all seasons, with
the highest occurrence during the monsoon. Vaishnav et al. (2019) reported a peak occur-
rence of double-layer clouds during the pre- and post-monsoon periods and triple-layer
clouds during the monsoon over a semi-arid region of Ahmedabad, India.

4.2 Cloud base height (CBH) characteristics over Udaipur

CBH is a fundamental characteristic of clouds, influencing the balance of shortwave radi-
ation reaching the Earth’s surface and longwave radiation emitted from the surface into
space. The presence of thick low clouds typically cools the atmosphere by reducing incom-
ing shortwave radiation and enhancing outgoing longwave radiation compared to clear sky
conditions (Lee et al. 2001). Conversely, thin high clouds tend to warm the atmosphere
by amplifying downward shortwave radiation and diminishing upward longwave radiation
(Slingo and Slingo 1988). Therefore, the changes in CBH affect the radiation budget and
significantly affect the climate system. The Ceilometer Lidar used in this study can detect
up to three layers of clouds, provided that the emitted laser signal is not completely attenu-
ated by the lowest cloud layer. The cloud base heights for the first, second, and third layers
from the bottom are referred to as CBH1, CBH2, and CBH3, respectively. Fig. 3 presents
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Fig. 3 Box plot showing (a) CBH1 and (b) CBH2 observed over Udaipur using Ceilometer during 2021—
2022. The blue and green squares in each box represents the average value, the central line is median,
edges indicate the 25th and 75th percentiles values, and red ‘+’ symbol are outliers. Whiskers are drawn
with 1.5 times of the Inter Quartile Range (IQR)
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the monthly statistics of CBH1 and CBH2 over the Udaipur region for the years 2021-2022.
CBH3 is not included due to the limited number of occurrences.

During the monsoon season, the average CBH1 remains below 4 km, reaching a mini-
mum in August. Specifically, the average CBH1 values are 3.4 km, 1.8 km, 1.4 km, and
3.1 km in June, July, August, and September, respectively (Fig. 3a). Conversely, CBH1
exceeds 5 km in March and May, indicating a prevalence of high-level clouds during these
months. Outliers in CBH1 are most prominent in May, July, and August, while they are
absent in January, March, June, September, and October. Notably, the Inter-Quartile Range
(IQR) exhibits substantial monthly variations, ranging from approximately 4 km in June to
0.5 km in May. Figure 3b illustrates that the average CBH2 mirrors the pattern observed for
average CBH1 across most months. Notably, the IQR for CBH2 generally appears smaller
compared to CBH1 throughout the year. Outliers in CBH2 occur exclusively in December,
July, August, and October.

Figure 4 (a, b, ¢) shows the probability density of various cloud layers (CBH1, CBH2,
and CBH3) over Udaipur across different height ranges. The height range from 0 to 8 km is
divided into eight 1 km bins. As the third cloud layer is not observed above 7 km, it has only
seven bins. The CBH1 is most frequently observed below 1 km, while CBH2 and CBH3
are most commonly found between 1 and 2 km. Above 1 km, CBH2 shows a continuous
decline in probability density with height, whereas CBH3 is mainly concentrated between
1 and 4 km. Fig. 4d shows the diurnal variation of cloud frequency over Udaipur for the
period 2021-2022. The frequency distribution was calculated for different hours of the day.
The frequency of total cloud detection and the first cloud layer remains steady at around 4%
throughout both day and night. This indicates that cloud occurrence is evenly distributed
over the 24-hour period. The second layer frequency exceeds 4% from 10:00 PM to 05:00
AM local time, indicating a higher occurrence during nighttime. The frequency of third
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Fig.4 (a, b & ¢) Probability density of cloud layers CBH1, CBH2, and CBH3 in different height ranges
and (d) Diurnal pattern of frequency of total detection, cloud layers (CBH1, CBH2, and CBH3), and full
obscuration.
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layer clouds peaks between 01:00-02:00 AM, 11:00 AM-12:00 PM, and 7:00-8:00 PM.
Notably, sky obscuration is greater during nighttime than daytime.

4.3 Cloud observation over Udaipur using MODIS

A total of 735 sample observations by MODIS were analysed to study the cloud top proper-
ties over the Udaipur region during the study period (2021-2022). Out of the total MODIS
passes over Udaipur, CTH was reported 270 times. Fig. 5a illustrates the CTH observed
from MODIS over Udaipur, showing that most clouds were observed during the monsoon
season. The observed CTH ranged from approximately 0.2 km to 16 km, with 14% occur-
ring between 0 and 2 km, 25% between 2 and 6 km, and 61% above 6 km.

Of the 270 cloud observations, cloud top pressure and cloud optical thickness data were
available for 102 instances. These parameters were used to classify clouds into various types
according to the International Satellite Cloud Climatology Project (ISCCP) cloud classifi-
cation (Rossow et al., 1999). The clouds observed by MODIS were categorized into nine
types: cumulus, stratocumulus, stratus (low clouds), altocumulus, altostratus, nimbostratus
(mid clouds), and cirrus, cirrostratus, cuamulonimbus (high clouds). Cirrostratus clouds were
the most frequent, occurring 36% of the time, while stratus (<1%) and altocumulus (2%)
clouds were the least common (Fig. 5b). The occurrences of cumulonimbus, altostratus, and
cirrus clouds were 13%, 17%, and 10%, respectively.

The cloud top properties from MODIS are used to derive the CBH. The CBH is derived
using the CTH and cloud geometrical thickness (CGT), where CGT depends on the micro-
physical properties of the cloud (Seaman et al. 2017).

CBH =CTH - CGT @)
For liquid clouds,
LwpP
- = 2
CGT = s @

where, LWP (liquid water path) depends on cloud optical thickness and cloud effective
radius (Liou 1992), and the value of LWC (liquid water content) varies with the cloud type.
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Fig.5 (a) Cloud Top Height (CTH) observed by MODIS over the Udaipur region during the study period
(b) Percentage of occurrence of different cloud types (classification as per ISCCP on the basis of cloud
top temperature and cloud optical thickness).
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In this study, MODIS/Aqua Level-2 cloud properties product available at 1 km spatial reso-
lution is utilized to derive the CBH. To calculate the CBH, first clouds are classified using
the ISCCP cloud classification based on cloud top pressure and cloud optical thickness.
The LWC for each cloud type as specified by ISCCP is applied to calculate the CGT using
Eq. 2, and subsequently CBH is derived using Eq. 1. However, there are some limitations
in deriving CBH from MODIS data. First, CBH can only be derived from MODIS during
the daytime because cloud optical thickness and cloud effective radius are obtained from
sunlight reflectance off clouds. Another limitation of the algorithm is the assumption that
LWC is constant throughout the geometrical thickness of the cloud (Hutchison 2002). For
comparison purposes, the nearest MODIS pixel from the Ceilometer site is utilized through-
out the study.

Out of 102 cloud detections, 51 instances were identified as liquid phase clouds. For
these water clouds, CBH was calculated using Eqs. 1 and 2. Table 1 presents a compari-
son between ground-based Ceilometer observation of clouds (CBH1 and CBH2) and the

Table 1 Comparison between S.no. Date/Time MODIS MODIS Ceilom- Ceil-
Ceilometer Cloud base height (UTC) CTH CBH eter ometer
(CBH1 & CBH2) and MODIS (km) (km) CBHI CBH2
derived CBH for liquid phase (km) (km)

clouds over Udaipur during De-

cember 2021 to November 2022 1 2021-12-03 07:20 3.628 3.478 2.027 NaN
2 2022-01-04 09:00 5.811 5.443 4.305 4.705
3 2022-01-05 08:05 4.882 4.715 3.408 NaN
4 2022-03-23 09:10 3.176 3.116 NaN NaN
5 2022-06-14 07:50 2.521 2.243 1.949 2.235
6 2022-06-16 09:15 1.546 1.459 1.582 NaN
7 2022-06-18 09:05 2.298 2.245 1.982 2.46
8 2022-06-19 08:05 3.081 2.888 1.599 NaN
9 2022-06-26 08:10 5.524 5.348 3.077 3.095
10 2022-06-28 08:00 3.894 3.47 1.36 NaN
11 2022-07-04 09:00 6.369 6.013 4.054 NaN
12 2022-07-12 08:10 5.238 4.658 1.217 2.025
13 2022-07-22 08:45 3.793 3.337 2.221 2.215
14 2022-07-31 08:35 2.912 1.209 0.976 NaN
15 2022-08-17 07:35 1.389 1.338 0.71 NaN
16 2022-08-18 08:20 2.032 1.672 0.987 NaN
17 2022-08-19 09:00 3.866 3.766 1.616 1.715
18 2022-08-24 07:40 5.877 5.477 0.406 0.665
19 2022-08-26 07:30 3.724 3.557 1.022 1.155
20 2022-09-09 09:15 1.881 1.744 2917 NaN
21 2022-09-11 07:25 1.68 1.593 3.964 3.705
22 2022-09-12 08:05 3.666 3.198 1.108 NaN
23 2022-09-15 08:35 6.628 6.304 4.615 NaN
24 2022-09-2507:35 1.174 1.084 1.173 NaN
25 2022-09-2509:10 1.288 1.268 NaN NaN
26 2022-10-04 07:25 4.296 4.064 2.547 NaN
27 2022-10-06 08:50 4.065 3.945 4.368 NaN
28 2022-10-07 07:55 5.42 5.02 2.291 NaN
29 2022-10-08 08:35 5.58 4.82 0.974 1.815
30 2022-10-09 07:40 2.366 2.219 2.12 2.175
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MODIS-derived CTH and CBH for liquid phase clouds. Notably, the Ceilometer did not
observe a third cloud layer during any MODIS passes over Udaipur in this study. A com-
parison of MODIS-derived CBH and Ceilometer observations on 14 June 2022, 16 June
2022, 31 July 2022, and 9 September 2022 is depicted in Fig. 6. On 31 July 2022, MODIS
retrieved a CTH of 2.9 km and a derived CBH of 1.2 km, which is approximately 100 m
higher than the Ceilometer’s observed CBH. Fig. 6b shows that CTH from MODIS is
slightly lower than the Ceilometer-observed clouds. This discrepancy could be due to the
spatial differences between the MODIS and ground-based observations. Numerous studies
have compared the CTH and CBH derived from MODIS with ground-based observations
across various regions to estimate the bias (Baum et al. 2012; Huo et al. 2020; Kim et
al. 2011; Sharma et al. 2016; Sporre et al. 2016). Huo et al. (2020) found that CTH from
MODIS above 6 km shows lesser discrepancies compared to those below 4 km. Sporre et
al. (2016) investigated CTH from MODIS and found that satellites overestimated CTH for
single-layer clouds but underestimated it for multilayer clouds. Comparing and validating
satellite-derived cloud properties with ground-based observations is crucial for improving
the techniques used for cloud product retrieval.

Figure 7 compares MODIS-derived cloud top and base heights for liquid and ice phase
clouds with Ceilometer observations. This study is limited to deriving cloud base height
from MODIS only for liquid-phase clouds. The CTH retrieved by MODIS for ice phase
clouds (Fig. 7a, b, and c) is above 8 km, beyond the Ceilometer’s range. However, for these
cases Ceilometer reported cloud bases below 4 km, indicating the presence of multilayer
clouds. For liquid phase clouds on June 23, July 19, and July 22, the cloud base height
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Fig. 6 MODIS derived Cloud Top Height (CTH) and Cloud Base Height (CBH) for low-level clouds
compared with the Ceilometer observed CBH over the Udaipur region. The CBH derived from the
MODIS closely match the observations from the Ceilometer
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Fig. 7 Comparison of MODIS derived Cloud Top Height (CTH) and Cloud Base Height (CBH) for ice
phase clouds (a, b, ¢) and liquid phase clouds (d, e, f) with the Ceilometer observed CBH1 and CBH2

derived using MODIS differed from Ceilometer CBH by approximately 3.7 km, 3.6 km, and
1.1 km, respectively. It is noteworthy that for low-level clouds below 2 km, the cloud base
height derived using MODIS closely matches ground observations (Fig. 6). However, for
clouds above 2 km, the discrepancy between the two CBH measurements is larger, indicat-
ing that the algorithm performs better for low-level thick clouds.

4.4 Comparison of CBH derived from ERA5 with the Ceilometer

The ERAS reanalysis provides CBH data with an hourly temporal resolution. For multilayer
clouds, it only reports the base height of the lowest cloud layer. The CBH in ERAS is deter-
mined as the lowest altitude where the cloud fraction exceeds 1% and the condensate con-
tent surpasses 107 kg/kg, starting from the second-lowest level upwards (Hersbach et al.
2020). This study assesses the performance of ERAS in estimating CBH over the Udaipur
region by comparing it with observations from a Ceilometer. Given the Ceilometer’s verti-
cal range is limited to approximately 7.6 km, the analysis is confined to cloud observations
below this altitude.

In a dataset comprising 3,236 instances of hourly cloud observations from both the Ceil-
ometer and ERAS, the Ceilometer detected clouds 2,844 times, while ERAS detected clouds
2,704 times. Table 2 presents a detailed comparison of cloud detection between the Ceil-
ometer and ERAS. The detection efficiency of ERAS, defined as the percentage of cases
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Table 2 Tal?le St:wvcm']lg the cloutfi S.no.  Ceilometer ERAS Percentage
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3 Cloud detected (No) Cloud detected (Yes) 7.14%
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Fig. 8 Comparison of ERAS hourly cloud base height data with the Ceilometer observed hourly average
CBH in different seasons

where ERAS detected clouds also observed by the Ceilometer, is approximately 76.42%.
Conversely, in 11.46% of the cases, ERAS failed to estimate the clouds that were observed
by the Ceilometer.

The seasonal correlation between ERAS and Ceilometer cloud base heights is illustrated
in Fig. 8. During winter (December, January, February), there are 318 instances where both
ERAS and the Ceilometer detected clouds below 7.6 km, with a correlation coefficient (R?)
0f 0.39 and a root mean square error (RMSE) of approximately 1.28 km. For the pre-mon-
soon period (March, April, May), the ERAS shows a correlation of 0.29 with the Ceilometer,
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with an RMSE of around 1.03 km. The highest frequency of cloud observations occurs dur-
ing the monsoon season (June, July, August, September), with 1834 cases of mutual detec-
tion below 7.6 km, but the correlation is the lowest (0.11) with an RMSE of 1.12 km. In the
post-monsoon period, the correlation improves, with R and RMSE values of 0.39 and 1 km,
respectively. The ERAS reanalysis tends to underestimate mid-level and high-level clouds
during the monsoon season. Discrepancies in the ERAS cloud parameters may result from
the parameterization schemes used in the reanalysis model and differences in spatial reso-
lution. The discrepancies in the ERAS cloud parameters have been previously reported in
several studies (Kundu et al. 2023; Wang et al. 2022; Yao et al. 2020a). These discrepancies
arise due to lack of observations assimilated in the assimilation models. Due to the limita-
tions of assimilation models, incorporating cloud observations into reanalysis is challeng-
ing, and cloud properties are largely parameterized (Yao et al. 2020b). Biases in these cloud
properties lead to uncertainties in weather and climate models (Wu et al. 2024). Therefore,
evaluating and improving reanalysis products is crucial for atmospheric research.

5 Summary and conclusions

The investigation of cloud base height (CBH) over Udaipur, an urban city in the Aravalli
ranges of Western India, has been conducted for the first-time using ground-based Lidar,
satellite, and reanalysis datasets. The study reveals that clouds predominantly appear during
the monsoon season, with the highest frequency in July. While cloud occurrence is similar
during both day and night, full sky obscuration is primarily a nighttime phenomenon caused
by fog, which forms from the interaction of cool air with warm, moist air over the city’s sur-
rounding lakes. The research shows that the average CBH is lower during the monsoon and
higher in the pre-monsoon and post-monsoon periods. Comparisons indicate that MODIS
satellite-derived cloud base heights align with Ceilometer observations for low clouds but
not for high clouds. Further, cirrostratus clouds are identified as the most common type,
accounting for about 36% of cloud observations; despite alignment, the correlation between
MODIS derived CBH and Ceilometer observations is generally weak. This discrepancy
underscores the necessity of regular ground-based observations of clouds. Additionally, the
ERAS reanalysis data fail to accurately estimate the CBH, exhibiting low correlation with
the Ceilometer observations. Therefore, ground-based Ceilometer observations are crucial
for validating and refining regional weather and climate models by filling in data gaps that
lead to model discrepancies. In the future, continuous cloud observations using Ceilom-
eters will be vital for assessing the impact of clouds on the radiation budget in this region,
enhancing our understanding and prediction of local weather and climate dynamics.
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