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Abstract

Land surface temperature (LST) provides an important indicator of surface thermal behaviour and reveals
differences in energy exchange across heterogencous landscapes. This study investigated the spatio-temporal
dynamics of LST over the Theri soil landscape of southern Tamil Nadu, India, and its thermal association with
surrounding built-up, vegetation, agricultural and barren land uses across multiple spatial scales. Landsat 8
imagery from 2015-2024 was processed in Google Earth Engine to derive LST and assess thermal relationships
within 0—1, 1-2 and 2-5 km zones from the Theri soil boundary. Temporal analysis, correlation matrices and
pairwise scatter plots were used to evaluate thermal synchrony and spatial dependence, complemented by ground
observations from representative landscape conditions. Theri soil exhibited substantial seasonal and interannual
variability and generally higher LST than vegetated and agricultural surfaces. The strongest association occurred
between Theri soil and built-up land at 1 km (r = 0.92), decreasing to 0.85 and 0.82 at 2 and 5 km, respectively.
Vegetation and agriculture also remained strongly associated with Theri soil, whereas barren land exhibited a
strong but non-monotonic relationship across spatial scales. Field observations revealed pronounced thermal
contrasts, with exposed red sand reaching 57.3 °C compared with substantially lower temperatures under
vegetated conditions. The findings demonstrate that Theri soil forms a distinct yet thermally interconnected
landscape unit and highlight the importance of spatial context, vegetation cover and surrounding land-use

characteristics in understanding its thermal behaviour.

Keywords: Land surface temperature; Theri soil; Landsat §; Thermal landscape; Land use/land cover; Spatial

thermal association
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1 Introduction

Land Surface Temperature (LST) is a fundamental biophysical variable that represents the thermal state
of the Earth's land surface and provides an integrated response to the exchanges of radiation, heat and moisture
between the land surface and the lower atmosphere (Z. Li et al., 2023). Unlike conventional air-temperature
observations, which are generally obtained from a limited number of meteorological stations, remotely sensed
LST provides spatially continuous information on the thermal characteristics of heterogeneous landscapes. Land
surface temperature (LST) is a key indicator of the thermal state of the land surface and reflects the exchange and
partitioning of energy between the land and atmosphere (Taheri et al., 2022). Satellite-derived LST provides
spatially distributed observations that enable thermal variability to be examined across heterogeneous landscapes
and through time (Firozjaei et al., 2022). It has consequently been applied extensively in studies of land—
atmosphere interactions, surface energy balance, hydrological processes, vegetation dynamics, drought,
agricultural water management, urban climate and environmental change (Z.-L. Li et al., 2013). Remotely sensed
LST has also been used as an indicator of surface soil-moisture conditions and drought stress, providing an indirect
means of assessing hydrothermal variability over areas where conventional observations are spatially limited
(Cammalleri & Vogt, 2015). Advances in thermal remote sensing have further improved the capacity to
characterize surface thermal conditions at local and regional scales, while Landsat provides a useful spatial
resolution for investigating thermal contrasts within heterogeneous landscapes. The availability of cloud-based
processing environments has additionally made multi-temporal Landsat LST analysis more practical and

reproducible (Ermida et al., 2020).

LST is not determined by land-cover class alone but by the combined effects of atmospheric forcing and
surface characteristics, including emissivity, albedo, roughness, soil texture, mineral composition, vegetation
fraction and moisture availability. Among these controls, soil moisture has a particularly important role because
it influences both the physical properties of soil and the partitioning of available energy between sensible and
latent heat. A soil water—heat coupling model showed that a 1% decrease in soil moisture could increase soil
surface temperature by approximately 0.08—0.43 °C, while greater moisture availability reduced temperature
variability (Zhang et al., 2022). At a broader climatic scale, net radiation, soil moisture and atmospheric humidity
together explained approximately 92% of long-term LST variability, demonstrating that surface thermal patterns
are strongly governed by coupled water—energy processes rather than by temperature forcing alone (Jiang et al.,

2023).
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Vegetation provides an important counteracting control through canopy shading, increased surface
roughness and evapotranspiration. Its cooling effect, however, varies with vegetation density, climatic conditions
and water availability. Vegetation abundance, spatial configuration and landscape context can influence both the
magnitude and spatial extent of surface cooling (Ziter et al., 2019a). A global review of LULC-LST studies
similarly found that built-up surfaces commonly exhibit among the highest LST wvalues, followed by barren
surfaces, whereas vegetation and water bodies generally show lower surface temperatures (Nega & Balew, 2022).
Recent evidence from tropical environments further indicates that vegetation-cover changes can modify surface
temperature, with the response becoming particularly dependent on water availability in dryland environments
(Feldman et al., 2023). These thermal contrasts are also evident in agricultural and human-modified landscapes.
In the lower Himalayan region, mean LST reached 35.76 °C in built-up areas and 28.08 °C on bare soil, while
agricultural and vegetated surfaces generally exhibited lower temperatures (Ullah et al., 2023). In Aligarh, NDVI
showed a strong negative relationship with LST, whereas NDBI and bareness indices were positively associated
with surface temperature, demonstrating the combined influence of vegetation density and exposed or built-up
surfaces (Khan et al., 2025). In Malang, a 0.1 increase in NDBI was associated with a 1.075 °C increase in LST,
whereas a 0.1 increase in NDVI corresponded to a 0.339 °C decrease (Hasyim et al., 2025). These findings
demonstrate that surface temperature reflects the interaction of vegetation, exposed ground, built-up materials and

moisture conditions rather than the effect of any single land-cover characteristic.

The importance of these controls becomes particularly pronounced in sandy and semi-arid environments,
where sparse vegetation, rapid drainage and strong surface exposure can favour intense daytime heating. In semi-
arid Indian cities, soil moisture showed a closer association with surface urban heat intensity than vegetation
condition, and high LST was frequently observed in peripheral areas where dry surfaces acted as important thermal
sources (Shahfahad et al., 2023). Experimental observations from gravel-sand systems likewise demonstrated a
significant negative relationship between soil moisture and soil temperature, with increased moisture enhancing
heat conduction and buffering extreme surface-temperature fluctuations (Han et al., 2025). Such evidence
indicates that the thermal behaviour of exposed sandy surfaces must be considered in relation to moisture

availability and surrounding surface conditions.

The Theri soil landscapes of southern Tamil Nadu provide a distinctive setting in which these thermal
relationships can be examined. Theri terrains comprise red sandy dune formations distributed across the southern
coastal and inland tracts of Tamil Nadu, with important occurrences in Thoothukudi district (Venugopal et al.,

2024), including the Kuthiraimozhi region. The deposits are characterized by loose sandy materials containing
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abundant quartz and feldspar together with heavy minerals such as ilmenite, rutile, garnet, magnetite and hematite.
Their characteristic reddish colour has been associated with weathering, leaching and oxidation of iron-bearing
minerals. Investigations of the Kuthiraimozhi deposits have documented their distinctive textural, mineralogical
and geochemical characteristics and established their significance as a distinctive sedimentary landscape (Venu
& Velmayil, 2021). The sandy and highly permeable nature of these formations also makes their relationship with
surface moisture and groundwater processes environmentally important. Within and around the Theri formations,
exposed red sand occurs alongside natural and planted vegetation, agricultural fields, barren surfaces, settlements
and other human-modified land uses. This juxtaposition creates strong contrasts in surface properties over
relatively short distances. Consequently, the thermal response of exposed Theri sand may differ substantially from
that of vegetated or cultivated surfaces, while all surfaces may simultaneously respond to common seasonal
atmospheric forcing. The thermal behaviour of Theri therefore needs to be considered as a landscape-level

phenomenon, rather than simply as the temperature characteristic of an individual soil class.

Recent LST investigations provide evidence that such landscape context can be important. In New Town
Kolkata, changes in LULC composition were accompanied by substantial changes in LST, demonstrating the
close association between land-cover transformation and surface thermal conditions in an Indian landscape
(Mahata et al., 2024). Similarly, analyses of Indian landscapes have demonstrated significant relationships among
LULC, NDVI and LST, confirming that vegetation condition and land-cover composition contribute substantially
to spatial thermal variability (Singh et al., 2024). At a broader scale, a systematic assessment of LULC-LST
studies has shown that the magnitude of thermal differences depends on land-cover characteristics as well as
landscape configuration and environmental context (Patel et al., 2024). However, most existing studies have
concentrated on urban, peri-urban, agricultural or generalized semi-arid environments rather than distinctive red
sandy-dune systems such as the Theri landscape. An important unresolved issue is therefore the spatial scale of
thermal association. In a heterogeneous landscape, neighbouring land-use classes may exhibit similar temporal
temperature fluctuations because they are exposed to common meteorological conditions, even though their
absolute LST values differ because of surface-specific characteristics. Conversely, thermal associations may
weaken with increasing distance as local surface controls become less influential. Buffer- and gradient-based
studies provide evidence for such distance dependence. In Krakow, urban park cores were approximately 2.1-2.6
°C cooler than their 150 m buffers and approximately 2.6—3.3 °C cooler than their 300 m buffers (Glowienka &
Kucza, 2026). Along an urban—rural gradient in Guangzhou—Foshan, LST decreased rapidly near the urban

boundary before the rate of decrease became progressively smaller farther from the urban area (S. Zhou et al.,
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2023). Similarly, analysis of greenery and water bodies in Rajshahi demonstrated that cooling magnitude varied
according to feature size, surrounding land-use composition and distance from the cooling feature (Faridatul et
al., 2025). These findings support the use of multiple spatial zones when evaluating the thermal association of a

distinctive surface with its surroundings.

The distinction between thermal association and thermal causation is particularly important in this
context. A strong correlation between Theri LST and the temperature of a neighbouring land-use class does not
necessarily demonstrate that one surface directly heats or cools the other. Similar temporal patterns may instead
arise from shared atmospheric forcing, seasonal moisture conditions, vegetation phenology or spatial proximity.
LULC explained approximately 26—-64% of LST variation in Ilorin during 2002—-2020, but the strength of the
relationship varied spatially and temporally, demonstrating that LST-LULC relationships are context dependent
(Njoku & Tenenbaum, 2022). Likewise, multi-temporal analysis in Phnom Penh reported LST values ranging
approximately from 20 to 69 °C and showed that the response of surface temperature to LULC change varied
among locations rather than following a single uniform pattern (Mohiuddin & Mund, 2023). These observations
indicate that thermal synchrony and spatial association should be interpreted within their environmental context
rather than as evidence of a simple one-way thermal influence. Landsat 8 is particularly suitable for investigating
these relationships because its OLI/TIRS configuration provides multispectral information for characterizing
surface conditions together with thermal infrared observations for LST retrieval. Band 10 is commonly preferred
for Landsat 8 thermal analysis because of the greater calibration uncertainty associated with Band 11 (Hasyim et
al., 2025). Landsat-based spectral indices and thermal information can also be processed efficiently within Google
Earth Engine, enabling multi-scene analysis and spatial extraction across defined landscape zones (Roy & Bari,
2022). Emissivity estimation remains an important consideration, particularly where exposed soil and vegetation
occur together. Recent work using NDVI-based emissivity in Google Earth Engine reported improved LST
precision compared with ASTER-GED-based emissivity, although accuracy varied among surface types and was
lower for mixed surfaces (Bobalova & Opravil, 2026). This consideration is directly relevant to Theri landscapes,
where transitions between exposed sand, vegetation, agriculture and built-up surfaces can produce heterogeneous
thermal pixels. Understanding the relationships between Theri soils and other LULC has practical significance for
land-use planning, ecological conservation, agricultural management and climate-resilient development in Theri
landscapes. If Theri soils are inherently sensitive to changes in surface moisture and vegetation, then maintaining
vegetation cover around and within Theri formations may help moderate extreme surface heating. Similarly,

avoiding unnecessary conversion of vegetated or agricultural land into barren surfaces could limit the expansion
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of thermally hot areas. Where urban development occurs near Theri landscapes, spatial planning that maintains
vegetation buffers and minimizes continuous impervious surfaces may help reduce localized thermal coupling.
Such measures are consistent with the broader evidence that vegetation and landscape configuration play

important roles in regulating surface thermal environments (Yao et al., 2017; Ziter et al., 2019b).

Therefore, the present study addresses an important gap by investigating the spatio-temporal thermal
behaviour of Theri soils and their relationship with adjacent land-use classes using satellite-derived LST. Landsat
imagery provides the spatial resolution necessary to distinguish individual land-use environments and to
investigate thermal relationships across multiple buffer distances, while the decade-long analysis provides an
opportunity to examine both seasonal/interannual variability and persistent spatial associations. In particular,
evaluating LST relationships at three concentric zones of 0—1 km, 1-2 km and 2-5 km provides an explicit means
of examining whether the thermal association of Theri soil with vegetation, built-up, agricultural and barren land
is localised or spatially extensive. Unlike conventional LST-LULC studies that primarily classify thermal
differences among land-cover categories, this study evaluates Theri soil as a distinct thermal landscape unit and
quantifies its association with neighbouring land-use classes across multiple spatial distances, complemented by

field-based surface-temperature observations.

2 Materials and methods

2.1 Study area

The study area, Kuthiraimozhi Theri, is located in the Udangudi Block of Thoothukudi district, Tamil
Nadu, India. It forms part of the Theri soil landscape of southern Tamil Nadu, characterized by distinctive red
sandy dune deposits locally known as Theri. The broader geographical extent of the region ranges from 8°15'0"
N to 9°25'0" N latitude and 77°05'0"” E to 78°35'0" E longitude. Theri landscapes are predominantly distributed
along the coastal belt of Thoothukudi and Tirunelveli districts, with the largest extent occurring in Thoothukudi
district. Earlier soil-survey investigations reported approximately 20,171 ha of Theri soils, of which about 16,978
ha occur in Thoothukudi district. Major Theri belts include Kuthiraimozhi, Thisaiyanvilai, Surangudi, Uvari,
Udangudi, Nangaimozhi and Servaikaranmadam. The Kuthiraimozhi Theri forest ecosystem has been protected
as a reserve forest by the Department of Forests, Government of Tamil Nadu, since 21 July 1982. The area forms
part of a relatively flat alluvial plain, with elevations ranging from 5 to 62 m above mean sea level. Drainage
density is low, and the drainage network exhibits a sub-dendritic pattern. The southern branch of the Tamirabarani

River and the Karamanayar River occur to the north and south of the study area, respectively.
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The climate is humid, with an average annual rainfall of approximately 700 mm, predominantly received
during the northeast monsoon from October to December. The soil assemblage is diverse and includes coastal
sands and Quaternary alluvial deposits associated with black soils (Udayanapillai and Ganeshamoorthy, 2013).
The Theri formations are geomorphologically distinctive red sand dunes developed from sandy deposits and are
particularly prominent around Kuthiraimozhi. Geological investigations have described these deposits as
containing abundant quartz and feldspar together with accessory heavy minerals such as ilmenite, rutile, garnet,
magnetite, hematite, zircon, diopside, hypersthene and biotite (Alagaiah Venu & Velmayil, 2021b). The
characteristic reddish colour of the Theri sands has been attributed to leaching, weathering and oxidation processes
affecting iron-bearing minerals. The geological framework comprises a Proterozoic basement overlain by Tertiary
and Quaternary deposits, including shell limestone and laterite, together with recent black soils, red Theri soils,

river alluvium and beach sands (Jayangondaperumal et al., 2012).
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Fig. 1 Theri soil landscape of Thoothukudi, Tamil Nadu

Land use within and around the Theri landscape is heterogeneous, with agriculture occurring alongside
natural vegetation, forest patches, settlements, barren surfaces and extensive Theri sand-dune formations. The
natural vegetation includes xerophytic species such as Acacia planifrons, Prosopis juliflora, Acacia holosericea,

and Acacia melanoxylon, with forested areas also present in the landscape (V. Muneeswaran & M. Udayakumar,
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2022). The coexistence of these contrasting land-use and land-cover types provides a suitable setting for
examining spatial variations in land surface temperature and the thermal association of Theri soils with
neighbouring surfaces. The study area is well connected by national and state highway networks linking
Thoothukudi, Tirunelveli and Tiruchendur. The elevated dunes could also be recognised as potential groundwater
recharge zones (Carretero et al.,, 2014). In the present study, the Theri soil landscape (Fig. 1) is therefore
considered a thermally sensitive sandy surface, and its LST is evaluated in relation to four major surrounding
land-use categories: built-up land, vegetation, agricultural land and barren land, using multiple spatial buffers.
This enables assessment of whether the thermal association, or the association of the Theri soil, is localised or

extends into the surrounding landscape.
2.2 Computation of land surface temperature

Land Surface Temperature (LST) deals with energy exchange between the Earth's surface and the
environment. This study utilizes Landsat 8 satellite data to analyse LST. Specifically, the thermal band (Band 10)

data from Landsat 8 is used for LST calculation (Abidin et al., 2021).

The equation for estimation of surface temperature is as follow:

K,

In (%)

T, =

The surface temperature was estimated based on the radiance values calculated from these thermal bands.
The spectral radiance (py) for Band 10 was computed using the digital number (DNp) of each pixel and the
radiometric rescaling factors provided in the image metadata. These constants correspond to Band 10 of the
Landsat 8 thermal sensor. Once the radiance is determined, the surface temperature (Ts) is calculated using a
standard thermal conversion formula that includes K1 and K2 constants for Band 10, which are 774.8853 and

1321.0789 respectively, as per the metadata file. The radiance was calculated using the following equation:
Py = Add,qqp + (Multyaqy * DNy)

Where Addrap and Multgp are the additive and multiplicative rescaling factors used to convert digital
numbers (DN) into spectral radiance for each band. The values of Add;.q and Multraq for band 10 are 0.10000 and

3.3420E-04, respectively.



220

221

222

223

224

225

226

227

228

229

230

231

232

233

234

235

236

237

238

Surface Emissivity (&) is defined as the ratio of thermal energy emitted by a real surface to that emitted
by a perfect blackbody at the same temperature, and it was estimated to account for the land surface’s ability to

emit thermal radiation compared to a perfect blackbody.

Es

B {1.009 +0.047(In(NDVI)) - (NDVI > 0)
~ U - (NDVI < 0)

It was derived empirically using NDVI-based methods. NDVI (Normalized Difference Vegetation Index)

was calculated using the following formula (Tucker, 1979):

NIR — RED

NDVI = S ¥ RED

Surface emissivity values were then adjusted based on NDVI thresholds, as different land covers (e.g.,

vegetation, soil, urban areas) exhibit different emissivity characteristics.
2.3 Data sources, period and LST computation

Landsat 8 satellite imagery was used to assess the spatio-temporal variation of LST over the Theri soil
landscape and its surrounding land-use classes during 2015-2024. The analysis was implemented in the Google
Earth Engine (GEE) cloud-computing platform, which enabled systematic processing of the multi-temporal
satellite observations. The derived LST was then extracted for Theri soil and the surrounding built-up, vegetation,
agricultural and barren land-use classes at three concentric zones of 0—1 km, 1-2 km and 2-5 km from the Theri
soil boundary. The resulting multi-temporal LST datasets were used for comparative analysis, correlation and
pairwise scatter analysis to evaluate the strength and spatial dependence of thermal relationships between Theri
soil and the adjacent land-use classes. The overall workflow adopted for LST estimation using GEE is presented

in Fig. 2.
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Fig. 2 Flowchart LST Estimation using Google Earth Engine

2.4 Ground truth verification of LST

Ground truth observations were carried out to assess the reliability of the satellite-derived LST values
over the Theri soil landscape (Fig. 3). Field measurements were obtained using a handheld infrared thermometer
at representative locations covering the major surface conditions considered in the study, including Theri soil,
vegetation, agricultural land, built-up surfaces and barren land. The geographic coordinates of the observation
locations were recorded, and the measured temperature values were subsequently compared with the
corresponding Landsat-derived LST values. To corroborate the satellite-derived LST patterns above, field-based
surface-temperature observations were collected across six sites (Nalumavadi, Kayamozhi, Angamangalam,
Kuthiraimozhi, and Thoothukudi), each visually classified into a land-use/landscape type. For comparability with
the satellite land-use scheme, were consolidated into six categories: Theri Soil (Open/Exposed), Theri Soil
(Vegetated), Barren Land, Built-up, Vegetation, and Agriculture. The comparison was used to evaluate the
agreement between field observations and remotely sensed LST and to provide an independent ground reference

for the satellite-based temperature estimates.
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Fig. 3 Field observations of Theri soil surface temperature at Kuthiraimozhi, Tamil Nadu: (A) red sand dune
landscape and (B) in situ temperature measurement of the exposed Theri sand surface

3 Results

3.1 Temporal variability of LST across Theri soil and surrounding land-use classes

The temporal variation in LST of Theri soil and the surrounding land-use classes was examined for the
period 2015-2024. The time-series plots revealed substantial temporal variability across all land-use categories,
with recurrent periods of simultaneous increases and decreases in LST (Figs. 4-7). Despite differences in the
magnitude of surface temperature among land-use classes, the major temporal fluctuations were broadly
synchronous, indicating a common regional thermal forcing. Theri soil generally exhibited the highest LST
throughout the observation period. The Theri soil LST frequently reached approximately 40-45 °C, particularly
during several high-temperature episodes, whereas vegetation, agricultural and, in most cases, built-up surfaces
exhibited lower temperatures. Several pronounced reductions in LST occurred simultaneously across Theri soil

and surrounding land uses, demonstrating that the thermal behaviour of the different surfaces was not independent.
3.1.1 Theri soil and vegetation

The temporal profiles of Theri soil and vegetation showed a clear correspondence throughout the study
period (Fig. 4). Although Theri soil generally maintained higher LST, vegetation within the Theri landscape and
vegetation at 1 and 2 km followed the major temporal fluctuations of Theri soil. The correlation matrix showed a
strong positive relationship between Theri soil and vegetation within the Theri landscape (r = 0.89). The
correlations remained strong at 1 and 2 km, with r = 0.83 for both distances (Fig. 8). Thus, the strength of the

association declined with increasing distance from 0 to 1 km but remained substantial at 2 km. The pairwise scatter



275 plots supported these findings, showing a distinct positive and approximately linear distribution of observations
276 (Fig. 9). Vegetation within the Theri landscape exhibited relatively compact clustering around the increasing
277 trend, whereas vegetation at 1 and 2 km showed somewhat greater dispersion, particularly at lower LST values.
278 This indicates that vegetation retained strong temporal thermal synchrony with Theri soil but exhibited greater

279  variability in its surface thermal response.
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Time Series Plot of Theri Soil and Barren Land Areas
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Fig. 9 Pairwise scatter plots of Theri Soil and Vegetation

3.1.2 Theri soil and agricultural land

Agricultural surfaces also exhibited strong temporal correspondence with Theri soil (Fig. 10). Theri soil
generally recorded higher LST than agricultural land, particularly during high-temperature periods. Agricultural
land at 1 and 2 km showed broadly similar temporal fluctuations, while the 5-km agricultural area exhibited
comparatively greater variability. The correlation coefficients between Theri soil and agricultural land were 0.83
at 1 km, 0.83 at 2 km and 0.78 at 5 km. Thus, the association was strongest within the immediate 1-2 km

surroundings and declined at the 5-km scale. The corresponding pairwise scatter plots (Fig. 11) displayed strong



301 positive relationships, although the agricultural observations were more widely dispersed than those of built-up
302 land. The greater dispersion was particularly evident at 5 km, where several observations deviated from the
303 principal linear trend. This suggests that agricultural LST is influenced not only by regional thermal conditions

304  but also by spatially variable surface conditions.
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Fig. 11 Pairwise scatter plots of Theri Soil and Agricultural Land

3.1.3 Theri soil and barren land

Barren land showed a strong temporal resemblance to Theri soil (Fig. 12). The major high- and low-
temperature episodes observed in Theri soil were generally reproduced by barren surfaces at the three investigated
distances. In several high-LST periods, barren land approached the LST values observed for Theri soil. The
correlation coefficients were 0.87, 0.76 and 0.79 for barren land at 1, 2 and 5 km, respectively. The strongest
relationship therefore occurred at 1 km, while the relationship weakened at 2 km before showing a slight increase
at 5 km. The pairwise scatter plots showed pronounced positive relationships at all three distances (Fig. 13). The

1-km observations were relatively tightly clustered around the principal trend, whereas the 2-km observations



317  exhibited greater dispersion and several deviations from the dominant relationship. The 5-km observations again

318 demonstrated a strong positive association.
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Fig. 13 Pairwise scatter plots of Theri Soil and Barren Land

3.1.4 Theri soil and built-up areas

10 20 30 40
Barren land (5 km)

Among all land-use classes, built-up land at 1 km exhibited the strongest correlation with Theri soil. The

correlation coefficients between Theri soil and built-up land were 0.92 at 1 km, 0.85 at 2 km and 0.82 at 5 km

(Fig. 14). The pairwise scatter plot for the 1-km built-up area showed a particularly compact linear distribution,

indicating strong thermal synchrony between nearby built-up surfaces and Theri soil (Fig. 15). The scatter

increased progressively at 2 and 5 km, although the positive relationship remained evident. The time series

similarly demonstrated that major increases and decreases in Theri soil LST were generally accompanied by



330 corresponding changes in built-up LST. However, built-up surfaces generally remained below the highest Theri

331 soil temperatures.
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3.2 Correlation structure among land-use classes

The correlation matrices demonstrated that the thermal relationships extended beyond the Theri soil—
land-use pairs to include relationships among the surrounding land-use classes themselves. For built-up areas, the
correlations among the 1-, 2- and 5-km zones were 0.84-0.87, indicating strong consistency in the temporal
thermal behaviour of built-up surfaces across spatial scales. Similarly, vegetation at different distances showed
strong interrelationships, with coefficients of approximately 0.84. Agricultural land exhibited correlations of 0.86
between | and 2 km, while the relationship between the 2- and 5-km zones was comparatively lower (r = 0.73).

This indicates increasing spatial variability in agricultural LST at larger distances. Barren land exhibited strong
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inter-zone correlations, ranging from 0.83 to 0.90, demonstrating considerable temporal consistency among barren
surfaces. The relatively high correlations among different buffer zones indicate that the temporal thermal

behaviour of each land-use class is influenced by a common regional signal.

3.3 Ground-Truth (In-Situ) validation

Field measurements confirmed the thermal hierarchy observed from the Landsat LST analysis: open
Theri soil (55.6 °C) > barren land (45.0 °C) > built-up (43.0 °C) > vegetated Theri soil (40.2 °C) > vegetation
(35.8 °C) > agriculture (35.0 °C). The maximum recorded temperature was 57.3 °C for open Theri soil, whereas
agriculture recorded the lowest value (35.2 °C). The strong agreement between handheld measurements and
Landsat-derived LST (R?=0.791) indicates good correspondence and supports the reliability of the satellite-based

LST estimates (Fig. 16).
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Fig. 16 Field Validation of Satellite-Derived LST
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4 Discussion

The combined temporal series, correlation matrices and pairwise scatter plots indicate that the Theri soil
landscape is a thermally interconnected system in which neighbouring land-use classes share a strong temporal
signal, although they differ in absolute surface temperature. Across 2015-2024, Theri soil generally recorded the
highest satellite-derived LST and frequently reached about 4045 °C, while vegetation and agriculture were
usually cooler and barren and built-up surfaces showed relatively higher values. The repeated coincidence of LST
peaks and troughs indicates that regional meteorological forcing is a major control on temporal variability. This
agrees with the established basis of thermal remote sensing, in which surface radiation and energy exchange
determine LST while heterogeneous land surfaces modify the partitioning of available energy (Roy & Bari, 2022;
Sobrino et al., 2020). Accordingly, the strong correlations observed here indicate thermal synchrony rather than
direct causal influence among land-use classes. The pronounced seasonal and interannual variability should also
not be interpreted as a statistically significant long-term warming or cooling trend because formal trend tests were

not undertaken.

The strongest association occurred between Theri soil and built-up land, with r=0.92 at 1 km, decreasing
to 0.85 at 2 km and 0.82 at 5 km. The compact 1-km scatter relationship and increasing dispersion with distance
indicate stronger short-range thermal coherence. Built-up surfaces commonly have limited evapotranspiration and
appreciable heat storage, influencing their surface energy balance and LST (Voogt & Oke, 2003; Wang et al.,
2023). Globally, artificial impervious surface fraction is generally positively related to LST, while vegetation and
albedo modify the magnitude of this relationship, showing that built-up thermal behaviour is governed by
interacting surface properties rather than imperviousness alone (Q. Yang et al., 2021). Multi-scale analyses further
demonstrate that landscape composition and configuration influence LST relationships differently as
neighbourhood extent changes (Wu et al., 2022). These mechanisms help explain why the nearby 1-km built-up
zone was most closely synchronized with Theri soil, whereas more heterogeneous land-use mixtures at 2 and 5
km weakened the association. The result does not demonstrate that built-up land directly heats Theri soil; shared
meteorological forcing and similarly limited evaporative buffering provide the more defensible interpretation.
Vegetation showed a strong but physically different response. The correlation between Theri soil and vegetation
within the Theri landscape was r = 0.89, while vegetation at 1 and 2 km remained strongly associated at r = 0.83.
Nevertheless, vegetation consistently remained cooler than Theri soil. This contrast is important because
correlation describes the timing of thermal fluctuations, whereas the lower LST of vegetation reflects differences

in thermal magnitude. Vegetation can reduce surface heating through shading and enhanced latent heat flux
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associated with evapotranspiration. Long-term remote-sensing evidence shows that vegetation growth generally
produces negative feedback on LST in many land-cover settings, although the strength of cooling varies with
background climate and surface conditions (Xue et al., 2021). In subtropical landscapes, vegetation has also been
shown to reduce daytime LST, with the cooling response depending on vegetation condition and landscape context
(S. Zhou et al., 2023). Thus, vegetation around Theri appears to moderate heating while remaining temporally

coupled to the same regional forcing.

Agricultural land exhibited positive associations with Theri soil at 1 km (r = 0.83), 2 km (r = 0.83) and
5 km (r =0.78), with greater scatter at the larger distance. This pattern suggests persistence of the regional thermal
signal together with increasing local variability. Crop phenology, irrigation, soil moisture and harvesting alter the
surface energy balance and can change LST through time. Comparative observations in eastern China showed
that agriculture can cool the surface relative to surrounding conditions, whereas urbanization tends to warm it;
these effects depend strongly on vegetation activity, evapotranspiration, albedo and background climate (D. Zhou
et al., 2016). Thermal remote sensing at field scale similarly demonstrates the sensitivity of crop water status and
evaporative stress to LST dynamics (Y. Yang et al., 2018). The modest decline from 0.83 to 0.78 at 5 km is
therefore consistent with increasing agricultural heterogeneity rather than disappearance of the regional thermal

control.

Barren land showed a strong resemblance to exposed Theri soil, with correlations of 0.87 at 1 km, 0.76 at 2 km
and 0.79 at 5 km. This similarity is physically plausible because both surfaces have limited vegetation-mediated
cooling and are directly exposed to solar radiation. Dry exposed surfaces can develop high LST, while moisture
and thermal properties modify the response under different terrain conditions (Asadzadeh & Souza Filho, 2023).
The non-monotonic 0.87-0.76—0.79 sequence is therefore important because it shows that thermal association
need not decline smoothly with distance. Differences in moisture, texture, surface roughness and sparse vegetation
among barren patches are plausible explanations, although these variables were not directly measured. Landscape
studies show that the scale used to characterize composition and spatial arrangement can substantially alter the
observed LST relationship (Alexander, 2021). The inter-buffer correlations provide additional evidence for
regional thermal coherence. Built-up areas showed correlations of 0.84—0.87 across the 1-, 2- and 5-km zones,
vegetation remained near 0.84, and barren land showed 0.83-0.90. Agriculture was less spatially coherent,
including r = 0.73 between the 2- and 5-km zones. This indicates that thermal variability retains a common
regional component across kilometre-scale areas, while local land-surface characteristics introduce class-specific

heterogeneity. Such scale dependence is consistent with multi-resolution LST studies showing that both spatial
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grain and extent influence the strength of relationships between land-surface pattern and temperature (Weng et
al., 2004). The distinction between shared temporal forcing and land-use-specific thermal magnitude is therefore

central to interpreting the Theri landscape.

Field observations independently reproduced the broad thermal hierarchy: open Theri soil (55.6 °C) >
barren land (45.0 °C) > built-up (43.0 °C) > vegetated Theri soil (40.2 °C) > vegetation (35.8 °C) > agriculture
(35.0 °C). The maximum field temperature was 57.3 °C on exposed Theri soil. Handheld observations showed
reasonable correspondence with Landsat-derived LST (R? = 0.791; r = 0.889; n = 13; RMSE = 2.63 °C). This
supports the interpretation that the satellite analysis captured the major thermal contrasts among landscape
conditions. However, point-based field measurements and satellite pixels differ in spatial support, observation
time and surface representativeness, and mixed surfaces can contribute to discrepancies; therefore, the comparison

is best regarded as supporting agreement rather than definitive validation (Morgese et al., 2025).

Overall, Theri soil is a distinct thermal unit embedded within a broader land-use mosaic. The particularly
strong 1-km built-up relationship, persistent vegetation cooling, increasing agricultural variability with distance
and non-monotonic barren-land response demonstrate that its thermal behaviour results from the interaction of
regional forcing with local surface properties. This interpretation is consistent with systematic evidence that
LULC-LST relationships vary with land-cover type, spatial context and surface characteristics (Patel et al., 2024).
The significance of the present study therefore lies not simply in showing that Theri surfaces are hot, but in
demonstrating that their thermal trajectory is strongly connected to the surrounding landscape while the magnitude

of heating is regulated by land-use-specific processes.

5 Conclusion

The present study provides a multi-temporal assessment of the thermal behaviour of Theri soil and its
surrounding land-use classes using satellite-derived LST, spatial buffer analysis, correlation matrices, pairwise
scatter plots and time-series evaluation. The results demonstrate that the Theri landscape exhibits substantial
temporal variability in surface temperature, with recurrent periods of elevated and reduced LST throughout the
2015-2024 study period. Despite differences in absolute temperature, the major temporal fluctuations of Theri
soil were generally reproduced across the surrounding land-use classes, indicating strong regional thermal
coupling. A clear distinction was observed between exposed Theri soil and vegetated and agricultural surfaces.
Vegetation generally exhibited lower LST than Theri soil, consistent with the cooling effects of

evapotranspiration, canopy shading and greater surface moisture availability. Nevertheless, vegetation showed a
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strong temporal correlation with Theri soil, particularly within the Theri landscape (r = 0.89). This demonstrates
that high temporal correlation does not necessarily indicate similar thermal magnitude; rather, different surfaces
can respond synchronously to common climatic forcing while maintaining distinct surface-temperature regimes.
Built-up land showed the strongest short-range thermal association with Theri soil, with correlations of 0.92, 0.85
and 0.82 at 1, 2 and 5 km, respectively. The progressive reduction in correlation with distance suggests that spatial
proximity contributes to the degree of thermal synchronisation between Theri soil and built-up surfaces. However,
these correlations should not be interpreted as evidence of a direct causal influence of built-up development on
Theri soil temperature, because both surfaces are simultaneously affected by regional meteorological forcing.
Agricultural land exhibited strong associations at 1 and 2 km (r = 0.83) but a comparatively lower relationship at
5 km (r = 0.78). This spatial variation is likely associated with the influence of crop phenology, irrigation, soil
moisture and agricultural management on surface temperature. Barren land demonstrated a particularly strong
relationship with Theri soil at 1 km (r = 0.87), reflecting the similarity in thermal response between exposed
mineral surfaces with limited vegetation-mediated cooling. However, the lower correlation at 2 km (r = 0.76) and
subsequent increase at 5 km (r = 0.79) indicate that thermal association with barren land is influenced by spatial
heterogeneity rather than following a simple distance-decay relationship. The pairwise scatter plots further
confirmed predominantly positive and approximately linear relationships between Theri soil and the surrounding
land-use classes. The strong associations among different buffer zones within the same land-use category indicate
that regional climatic forcing is an important control on LST variability, while the differences in correlation
strength demonstrate the additional influence of local surface characteristics. The time-series analysis similarly
showed that major warming and cooling episodes were frequently shared among land-use classes, confirming the
presence of a coherent regional thermal signal. Overall, the findings indicate that Theri soil functions as an
important component of the regional surface thermal environment, while surrounding land-use types modify the
magnitude and spatial expression of LST. The results emphasise the importance of maintaining vegetation cover
and carefully managing land-use transitions around thermally sensitive Theri landscapes. In particular,
uncontrolled expansion of impervious surfaces and degradation of vegetated areas could alter surface-energy
exchanges and potentially intensify local thermal stress. Conversely, conservation of vegetation and appropriate

land-use planning can contribute to thermal regulation and landscape resilience.
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