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Abstract
The study area addressed in the present paper is the UNESCO World Heritage site, Ajanta caves of Maharashtra, India. The 
investigation aims to provide greater insights into the persistence of coolness and thermal comfort inside the caves. An in-situ 
assessment based on visual inspection is performed on the location, geography, and the internal and external design features 
of the caves, followed by measurement of thermal comfort parameters and microstructural assessment of stone samples col-
lected from the site using Scanning Electron Microscopy (SEM). This study emphasizes various factors, including passive 
architectural and design features, environmental conditions, and inherent characteristics of basalt rock. The combination 
of the caves' geological location, the intrinsic behaviour of basalt rock, and design features of the structures collectively 
contributes to the persistence of coolness inside the Ajanta caves. In addition, the airflow patterns and temperature inside 
the caves are measured using anemometers. The airflow observations revealed the dominance of airflow near the entrance, 
and a diminishing airflow pattern towards the interior of the selected caves. The temperature within the caves also shows a 
similar pattern, with elevated levels near the main entrance that progressively diminish further into the depths of the caves. 
Overall, the SEM analysis disclosed the presence of water-retaining secondary minerals, which results in a cool and humid 
micro-climate inside the caves.
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1  Introduction

Cave architecture, one of the earliest forms of human habita-
tion and artistic expression, involves the creation of struc-
tures or spaces carved directly into natural rock formations. 
The natural caves are formed due to geological phenom-
ena such as erosion, volcanic, and tectonic activities that 
vary in shape and size. The Mammoth Cave in Kentucky 
is an example of a natural cave (Palmer, 2017). During 
ancient times, man-made caves were carved or developed 
to serve various functions such as shelter, religious worship, 
and storage (Agrawal et al., 2016; Itanyi et al., 2013). The 
unique feature of rock-cut cave complexes is the persistence 
of a cool atmosphere at their interior, and hence the thermal 
comfort. The thermal comfort inside any cave is directly 
related to its microclimate (Wang & Liu, 2002).

The microclimate inside caves is characterized by 
parameters such as thermal stability, humidity, airflow and 
ventilation, entry and availability of sunlight inside caves, 
biological factors, and seasonal variations. All these fac-
tors collectively influence the thermal comfort and coolness 
inside a natural cave structure. The humidity in the cave’s 
interior is higher than that of the exterior. Damp conditions 
occur inside the caves due to the seepage of water from 
the roof and its condensation on interior cool surfaces. The 
absolute humidity or vapor pressure in limestone caves of 
Palestine is observed to be higher on the internal wall near 
the foot and the top. Humidity in such cases is influenced 
by a parameter called saturation deficiency, which is the dif-
ference between the saturation vapor pressure and actual 
vapor pressure. The temperature significantly influences the 
saturation deficiency in caves and varies at different times of 
day and night (Buxton, 1932).

Seasonal variation is a vital factor influencing the micro-
climate of rock caves. The cold and hot air will enter and 
circulate inside the caves during winter and summer, respec-
tively. The studies reveal that the Ajanta caves experience a 
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high humidity condition at their exterior region from June 
to September, which is almost equivalent to their internal 
humidity. However, due to the existence of internal water 
sources, when the external humidity is low, the cave interior 
experiences higher humidity (Uno & Shimazdu, 2012).

Due to the enclosed nature of caves, the airflow is gener-
ally limited, resulting in a stable microclimate within  the 
interiors. However, the natural flow or circulation of air can 
be caused by a pressure difference, which further cools down 
the internal cave parts. The airflow can be influenced by 
design features such as the size and location of the entrance 
opening and the presence and location of interconnected 
vaults. The location and size of the entrance opening also 
influence the entry of sunlight inside caves, and the deep 
interior of most caves is dark, which also results in a cool 
microclimate. In the case of a large cave entrance opening, 
the warm, moist air enters the caves and merges with cold 
air, resulting in condensation and, hence, the formation of 
visible aerosol particles. This happens near the ceiling as the 
warm air forms a stratum beneath the roof. Upon condensa-
tion, the water particles will fall on the floor, which results 
in further cooling of the lower portion of the caves (Perry, 
2013).

The factors that influence evaporation in the cave com-
plexes are humidity, airflow, temperature, and air pressure. 
The rate of airflow is directly related to the rate of evapora-
tion in caves. The evaporation is higher when the humidity 
inside a cave is low. A slight variation in humidity signifi-
cantly influences the rate of evaporation. Studies reveal an 
increase in evaporation near the entrance of Kentucky’s 
Mammoth Cave during winter compared to summer (Perry, 
2013).

The cave’s microclimate is significantly affected by bio-
logical influences such as the presence of insects, microor-
ganisms, bats, etc. The existence of bats together can vary 
the temperature to some extent on a small scale. The absence 
of sunlight in cave interiors plays a pivotal role in main-
taining moisture and, hence, the growth of microbes. The 
microbes result in biological degradation and weathering of 
rocks, which results in the formation of water-retaining sec-
ondary minerals in the rock’s microstructure (Perry, 2013).

A study on understanding the airflow pattern in the Wind 
caves and Jewel caves revealed maximum airflow at the 
cave entrance and significant variation in inter-cave air flow 
velocity and air pressure (Gomell and Pflit, 2022). A critical 
factor that affects the cave micro-climate is its ventilation 
(Kašing & Lenart, 2020). The cave systems are classified 
in the literature as static and dynamic based on the venti-
lation or entrance provided. The caves with one entrance 
are termed static caves, and the caves with more than one 
entrance are termed dynamic caves. Based on the above 
classification, the wind speed or airflow inside the caves 
may vary, which results in a varying cave climate. The air 

currents inside the static and dynamic caves are reported as 
low and high, respectively (Pflitsch & Piasecki, 2003). A 
cave’s micro-climate is influenced by the presence of tour-
ists inside the caves. The human presence in large numbers 
has the potential to vary the inside temperature and CO2 
concentration, for a short duration during the peak time. 
The internal temperature of a cave can be altered by using 
artificial lighting facilities provided for tourists (Russell & 
MacLean, 2008).

The present study assesses the features and microclimate 
of the Ajanta caves, as its interior’s thermal comfort is note-
worthy research endeavour due to the essentiality to main-
tain the integrity of ancient Indian art and architecture along 
with implementing a comfortable environment for the visi-
tors. The Ajanta caves are located in the Aurangabad district 
of Maharashtra, and the name was derived from the nearby 
village of Ajanta. The Ajanta caves are a rock-cut complex 
comprising an array of 30 caves at an altitude of 586 m 
above sea level and amid thick forest (Fig. 1) and remained 
undiscovered till 1819 (Agrawal et al., 2016). It remains a 
testament to the ancient rock-cut architecture. The sculp-
tures, carvings, and paintings inside the caves are sensitive 
to environmental changes in terms of varying temperature 
and humidity, which causes the deterioration of the latter. 
Hence, the knowledge about the thermal environment inside 
the caves is crucial to understand in order to perform con-
servation and repair works. The maintenance of the exist-
ing thermal comfort inside the caves is essential to enhance 
the experience of tourists, as the sightseer’s well-being and 
comfort are indispensable in heritage tourism (Russell & 
MacLean, 2008). The thermal condition assessment inside 
the caves is vital as it contributes towards sustainability in 
the ancient structures and modern construction as well as 
reduces energy consumption by aligning with nature. In 
other words, understanding its thermal performance paves 
the way for formulating a sustainable design concept for 
modern architecture. Hence, the current study emphasizes 
the correlation between heritage preservation and conserva-
tion with the environmental factors, which can be imple-
mented while addressing and advocating the contemporary 
challenges.

2  �Research significance

The present study mainly aims to understand the factors that 
govern the persistence of thermal comfort in cave architec-
ture by taking into account the case of the Ajanta caves. This 
investigation intends to bridge the research gap by analyzing 
the material properties of basalt rock with the aid of micro-
structural characterization techniques. A snippet of the main 
objectives of the study includes the following:
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	 i.	 Understanding the physical features that contribute to 
thermal comfort by visual inspection.

	 ii.	 Evaluating the airflow inside the caves.
	 iii.	 Analysing the microstructure of the rock used for 

constructing the caves by examining its morphology, 
understanding the extent of weathering by the altera-
tion of its mineralogy, and their influence on thermal 
comfort inside the caves.

3 � Methodology

The present study evaluates the thermal comfort in the cave 
environment of Ajanta caves by integrating the environmen-
tal monitoring of caves using visual inspection, in situ eval-
uation of air velocity, and material characterization using 
the Scanning Electron Microscopy (SEM) analysis on the 
weathered samples collected. The detailed methodology of 
the study is explained in Fig. 2.

Fig. 1   Panoramic view of horseshoe shape of Ajanta caves

Fig. 2   Methodology
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The visual inspection was conducted on the external 
environment of Ajanta caves, comprising its location and 
geography, and the internal micro-environment. To under-
stand the internal microclimate, the interior of each cave 
was categorized into various zones, such as the entrance 
section, middle area, and the deep internal zone. The design 
features, ventilation, and appearance of rock and sculptures 
in all three zones were observed to understand the factors 
that contribute to the internal coolness and thermal comfort, 
as well as the zone or section of the highest and the lowest 
coolness.

In addition to the visual inspection and the SEM analysis, 
anemometers are used to measure the selected caves’ indoor 
temperature and air velocity. The Testo 440 anemometer, 
set to logger mode, is used to measure the indoor tempera-
ture and air velocity in the Ajanta caves with a data logging 
frequency of 60 s, recording continuously over one hour. 
This anemometer provides a wide temperature range from 
− 200 °C to + 1370 °C, with an accuracy of ± 0.3 °C and a 
resolution of 0.1 °C. It measures air velocity from 0.3 to 
35 m/s with a fine resolution of 0.01 m/s, enabling monitor-
ing of airflow dynamics. In this study, two anemometers 
were deployed to capture minute-by-minute variations of 
environmental temperature and air velocity spanning every 
hour.

Further, the microstructural characterization of the weath-
ered samples collected from the Ajanta caves was performed 
using SEM analysis. Naturally, cleaved samples provided 
with platinum sputter coating to accelerate their conductivity 
to the incident electrons were subjected to SEM.

4 � Results and discussion

4.1 � Cave climate and passive design features

The Ajanta caves are carved into a horseshoe-shaped struc-
ture with an array of 30 caves. The caves are located in a 
forested and hilly region, which may have a cooler micro-
climate compared to the surrounding areas. The greenery 
and the presence of water bodies in the area also contribute 
to a cooler ambient temperature. The Waghora River flows 
near the Ajanta caves, and the presence of water can have a 
cooling effect on the nearby environment, contributing to the 
overall coolness within the caves (Fig. 3a and b).

The rock provides natural insulation, helping to main-
tain a cooler temperature inside the caves compared to the 
exterior environment, similar to how the cellars and under-
ground spaces are liable to remain cool. The basalt rock 
walls of the caves are expected to have high thermal mass, 
i.e., they can absorb and store heat energy. During the day, 
the rock absorbs heat slowly and releases it at a slow pace. 

This helps to moderate the temperature fluctuations, keeping 
the interior cool.

In order to figure out the causes of coolness and thermal 
comfort inside the Ajanta caves, visual inspection was done, 
and the interior of each cave was categorized into zones 
named the entrance zone, the middle zone, and the deep 
internal zone. The entrance and middle zone comprises vari-
ous internal features such as entrance openings, walls, wall 
carvings and sculptures, roof, floor, and internal chambers 
or vaults.

The Ajanta caves are a complex of cave structures, con-
sisting of chaityas and viharas. The chaityas are prayer 
halls with carved high arched ceilings, which complement 
the entry of ample sunlight and are shown in (Fig. 3c). The 
chaitya halls of Ajanta caves are elevated, long and nar-
row in shape with their façade comprising an arch-shaped 
opening for ventilation known as gavaksha or chandrashala 
(Fig. 3d). The semicircular end of the chaitya hall comprises 
the central element of worship known as the stupa (Fig. 3c). 
The stupa is a hemispherical or dome-shaped structure, 
which symbolizes Buddha’s enlightenment. The ceiling of 
the chaitya resembles a barrel vault on stones and sometimes 
with wooden ribs or cladding. Pillars are carved on either 
side of the central nave of the chaityas of Ajanta caves. The 
monks used the viharas as their private space for resid-
ing and meditation (Fig. 3e). Hence viharas were carved 
towards the interior of the caves with flat ceilings of low 
height to restrict the entry of sunlight. The interior design of 
the caves, in terms of the ceiling height of viharas and chai-
tyas, was observed to be varying, which enabled sunlight to 
enter the caves based on the utility of the space inside. The 
caves, 9, 10, 19, 26, and 29 are chaityas in the Ajanta caves. 
The rest of the caves are viharas except caves 5, 24, and 29, 
whose construction is observed to be incomplete.

The pillars of Ajanta caves are square and polygonal in 
shape, both with and without carvings and paintings (Fig. 3f 
and g). The decorative carvings were observed on the pillars 
of Cave 1, 19, and 26 (Fig. 3h). The musical pillars were 
observed in the incomplete cave, 24. Small streams were 
observed on the caves' exterior, which also flowed over the 
caves and fell in front of either the entrance or the external 
walls (Fig. 3i–k). The presence of natural moisture on the 
internal walls and water flow on the external walls in combi-
nation, serves a significant internal coolness. The Buddhist 
monks used an assembly known as cisterns as a water storage 
system inside the caves. Cisterns were observed at several 
locations, and their presence is a vital factor contributing to 
a cool atmosphere inside the Ajanta caves. The lime plas-
ter used in the internal walls also imparts a cooling effect 
(Fig. 3l). The interior of incomplete caves was observed 
to be highly dark and cold, with immensely undulating 
rocky floors. The smell of mold or fungus was predominant 
inside such caves (cave 24), which is an indication of the 
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Fig. 3   a Location of Ajanta Caves amid thick green forest b stream flowing aside c chaitya hall d carvings on exterior wall on chaitya and the 
ventilation for chaitya e Buddha carving in vihara central hall f external rectangular pillars g internal polygonal pillars h pillars with carvings i 
streams and water flowing over the exterior walls j water falling infront of a cave k pathway for the flow of water on the exterior wall l deterio-
rated plasters inside the caves m interior of incomplete cave 24 n the sculptures and carvings highlighting the thickness of rock walls of Ajanta 
caves

                         (a)                        (b)                      (c)

                         (d)                         (e)                      (f)

                         (g)                        (h)                      (i)

                         (j)                        (k)                    (l)

                      (m)                        (n)
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biological growth (Fig. 3m). The walls of the Ajanta caves 
were observed to be a highly thick mass of basalt rock with 
limited windows and openings. The thick walls act as a heat 
barrier, and the presence of moisture was observed on the 
internal walls, contributing to the persistence of a cool inter-
nal climate. Figure 3n shows the close-up appearance of thick 
carvings on the basalt rock wall, which gives an idea about 
the thickness of the wall. The rock floors of the Ajanta caves 
absorb moisture, particularly during the monsoon season. 
The cave floors impart an even distribution of heat inside; 
hence, the chances of localized heating were not observed, 
which influences the internal thermal comfort. From a thor-
ough visual inspection, the deep internal section was found 
to have the highest level of coolness, which is contributed by 
the combined effect of the above-mentioned factors. Minimal 
human activity further supports the preservation of this cool 
environment. Although overcrowding and the use of artificial 

lighting (Fig. 3e, g, and h) can elevate temperatures, the con-
trolled access measures implemented at the Ajanta caves play 
a crucial role in maintaining the natural thermal conditions.

4.2  �Airflow parameters

The assessment of the cave’s microclimate conducted 
using two anemometers placed at ten strategic positions 
within the cave’s interior is illustrated in Fig. 4. Each 
monitoring point is positioned at a height of 1.1 m above 
the ground, as this height aligns with the human breathing 
zone, capturing conditions relevant to thermal comfort. 
Standards such as ASHRAE155 and ISO 7726 recommend 

Fig. 4   2D CAD model representing all monitoring points within the cave (with all dimensions in meters)

1  Ventilation and acceptable indoor air quality in residential build-
ings, American Society of Heating, Refrigerating and Air-Condition-
ing Engineers (ASHRAE), 2016..
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this height to reflect the experience of occupants in indoor 
or enclosed spaces (De Dear & Brager, 2002). Further, air-
flow velocity and temperature measurements are recorded 
every minute and averaged hourly over five hours, pro-
viding a detailed view of the cave’s thermal and airflow 
patterns.

Figures 5a and b demonstrate the hourly averages for 
velocity and temperature at the selected monitoring points. 
The main entrance displays the highest airflow velocities, 
indicating good ventilation in this region, accompanied 
by elevated temperatures. This airflow gradually weakens 
deeper within the cave, with some inner areas experiencing 
nearly stagnant air, with velocities approaching 0 m/s. Tem-
perature readings follow a similar gradient, starting higher 
near the entrance and steadily decreasing with distance 
into the cave. This reflects reduced ventilation and cool-
ing effects in these isolated areas. Therefore, these findings 
reveal distinct cave zones, with dynamic, warmer airflow 
near the entrance and cooler, stagnant air deeper inside, 
highlighting natural airflow gradients that shape the cave’s 
microclimate conditions.

4.3 � Microstructural characterization of basalt 
stone using SEM analysis

The minerals present in the rocks play a crucial role in water 
retention and resultant thermal comfort as well. The SEM 
findings revealed the presence of feldspar and pyroxene. 
The pyroxene exhibits a prismatic morphology, and feldspar 
appears as a cleaved surface in the SEM image (Fig. 6a). 
The chemical weathering of feldspar results in forming a 
hydrophilic mineral, smectite. The smectite has a very high 
water retention capacity, resulting in swelling. The presence 
of smectite has been revealed by the SEM images exhibit-
ing a rose petal-shaped morphology (Fig. 6b). The pyroxene 
itself is low permeable, but after chemical weathering, it 
forms chlorite and smectite. Chlorites can hold water mod-
erately, and smectite has a high-water retention capacity. 
The chlorite has a stacked plate-like appearance in the SEM 
micrograph, as shown in Fig. 6c. The chemical weather-
ing of feldspar and pyroxene to smectite and the high-water 
retention capacity of smectite are illustrated in Fig. 7a and 
b, respectively. Feldspar weathering produces smectite, a 
hydrophilic mineral with high water retention capacity and 
swelling properties. Smectite's layered structure allows it 
to absorb water molecules between its layers, causing sig-
nificant expansion (Roy et al., 2023). Pyroxene weathering 
forms chlorite and smectite. Chlorite has moderate water-
holding capacity, while smectite retains water efficiently. 
Chlorite's sheet-like structure provides some water retention, 
while smectite's expansive properties enhance overall water-
holding capacity (Uzarowixz et al., 2011).

The SEM micrograph also reveals the presence of zeo-
lites (with clustered polygonal microstructure), which are 
highly efficient at holding water and are shown in Fig. 6c. 
These aluminosilicate minerals have a unique three-
dimensional framework structure with interconnected 
channels and cavities. This structure allows zeolites to 
trap and release water molecules, contributing signifi-
cantly to the rock's overall moisture retention capabili-
ties (Qiaolin et al., 2024). The secondary minerals within 
basalt can swell when saturated with water and shrink 
upon drying, causing internal stress and weakening the 
rock over time. Smectite has a high swelling capacity; 
it can absorb significant water between its layers, lead-
ing to substantial volume changes. The expansion and 
contraction of smectite within basalt can create internal 
stress, causing micro-cracks and weakening the rock over 
repeated wetting and drying cycles. In environments with 
fluctuating temperatures, water within the pores of basalt 
can freeze and expand, causing frost weathering. This 
expansion induces additional stresses and cracks, weak-
ening the rock structure. Repeated freeze–thaw cycles 
exacerbate micro-cracking, further reducing mechanical 
strength and increasing porosity. When moisture content 

(a)

(b)

Fig. 5   a Air velocity and b Temperature variation at respective moni-
toring points within the cave
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in basalt increases, water occupies pores and microcracks 
within the rock structure. Therefore, the water-retentive 
properties of the mineral constituents in basalt rock, 
combined with the reduced evaporation due to limited 
exposure to direct sunlight and wind within the caves, 
contribute significantly to the cool ambient temperatures 
experienced inside the caves. The moist environment cre-
ated by these water-retentive minerals can support micro-
bial life, including bacteria and fungi. These microorgan-
isms can further contribute to rock weathering through 
their metabolic activities and the production of organic 
acids (Fones et al., 2022). The basic structure of the stone 
can be altered by the presence of CO2, water, and oxygen, 
initiating the weathering process. When CO2 dissolves 

in water, it produces carbonic acid (H2CO3), which sub-
sequently breaks down into bicarbonate (HCO3

−) and 
hydrogen ions (H+) (Madonia et al., 2022). The hydro-
gen ions react with the minerals in basalt, particularly 
with silicate minerals, leading to the breakdown of these 
minerals. This reaction produces dissolved ions and sec-
ondary minerals, such as clays. These secondary min-
erals typically have lower mechanical strength than the 
original basalt, further weakening the rock. High humid-
ity levels in caves also facilitate the dissolution of CO₂ 
in water, enhancing the formation of carbonic acid. The 
increased availability of acidic water accelerates the 
chemical breakdown of basalt and the formation of the 
water-retaining secondary minerals.

(a)

   

                                              (b)                                                                  (c)

Fig. 6   SEM results showing the presence of a pyroxene and feldspar b smectite c chlorite and zeolites
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5 � Conclusions

The persistence of coolness and thermal comfort inside the 
Ajanta caves is due to the combined effect of parameters such 
as architectural design features, the composition and intrinsic 
properties of the basalt rock, and geographical features. The 
ventilation system in Ajanta caves is observed to have mini-
mal openings, which limit the entry of sunlight and warm air 
from outside. This facilitates the preservation of the trapped 
cool air inside the caves. Significant occurrences of moisture 
content on the roof, wall, and floor of caves were observed 
by visual inspection. The dampness inside the caves helps to 
maintain a sense of coolness. The airflow parameters analysis 
indicated that airflow was highest near the main entrance of 
the cave and stagnant in deeper regions. Temperature read-
ings were elevated at the entrance and gradually decreased 
further into the cave. The carbon dioxide concentration was 
observed to be high during the visitor’s time or when the 
caves are crowded with tourists. The CO2 dissolves in the 
moisture present in the caves over the surface of the basalt 
rock and reacts with the primary minerals of basalt to form 
secondary water-retaining minerals. The formation of sec-
ondary minerals such as smectite, zeolite and chlorites were 
revealed from the SEM micrographs. The high-water retain-
ing capacity of smectite, zeolites, and chlorite would help to 
maintain coolness inside the caves.
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