
32

1. Introduction 
One of the most important scientific and social issues 

of our time is global climate change. Since the 1970s, global 
surface air temperature has increased faster than any other 
50-year period in the past 2000 years, and over two decades 
of the 21st century (2001 to 2020) was 0.99 °C warmer than 
in the period 1850-1900 [1]. This increase in temperature 
affected the temperature regime of soils. Significant changes 
in the thermal and physical state of soils are also associated 
with anthropogenic factors: deforestation, fires, soil plowing, 
cattle grazing and other types of impact that affect the 
biological, food and water-air regimes of soils [2].

In general, soil temperature (ST) is recognized by the 
World Meteorological Organization as one of the important 
climatic parameters [3]. The state of vegetation largely 
depends on the ST. For example, the impact of extreme STs can 
affect the levels of biological organization [4, 5] and interact 
with other driving climate variables, changing the range and 
stability of many ecosystems [6]. The works [7, 8] noted the 
effect of ST on microbiological activity, mineralization of 
nutrients, and soil respiration. Short-term (12 h) near-surface 
ST extremes within 30-35 °C [7], as well as soil warming 
from 15 to 25 °C [9], significantly reduce microbial activity 

and soil respiration in ecosystems. Thus, the temperature 
regime of the soil is an important environmental factor, the 
understanding of which will allow us to evaluate climatic and 
microclimatic processes.

To obtain a complete view of the temperature regime of 
any territory, the indicator of the Earth’s surface temperature 
(EST) is often used [3, 10–21]. At the same time, most studies 
were aimed at comparing the EST with air temperature [11–
15, 18, 20]. At the same time, studies in the field of comparing 
EST and ST are not carried out on such a large scale, and at 
present, not many results have been accumulated.

In this regard, it is of interest to use data on EST for mapping 
ST. The Yangan-Tau Geopark was chosen as the study area, 
which since 2020 has been included in the network of global 
geoparks of UNESCO, and since 2021 it has been a model site 
of the carbon polygon of the Republic of Bashkortostan. The 
primary objectives of the present study were:

1. Assess changes in climatic conditions on the territory 
of the geopark.

2. Measure the temperature of the surface layer of the soil.
3. Compare the average monthly temperatures obtained 

from Landsat images, data loggers and weather station.
4. Derive conversion factors to produce temperature 

distribution maps using Landsat data.
5. Produce a digital map of the distribution of medium ST s.
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Changes in key climate index affect ecosystems and biodiversity. In this regard, the assessment of the climatic 
conditions is of particular relevance. This study presents the results of an analysis of climate change and digital 
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temperature was revealed, which causes an increase in the sum of active temperatures and the duration of the 
warm period of the year. Annual total precipitation during 1966-2020 changed the sign of the trend: positive trend 
(increase in precipitation) in 1966-1990, while in 1991-2020 is negative. The hydrothermal indicators determined 
the increase in aridity during the warm period. Based on the analysis of changes in the climatic conditions of 
the geopark, a comparison was made of the temperature regimes of air and soil, and the relationship between 
these indicators in the snow-free period was revealed (R2 = 0.62). An approach is presented for digital mapping 
of the temperature regime of the surface layer of soils based on ground-based research data and the results of 
interpretation of the Landsat thermal bands. A significant relationship between soil temperature and Earth surface 
temperature for the snow-free period was revealed (R2 = 0.83). Based on the obtained regression model and 
Landsat 8-9 data for the snow-free period of 2013-2022 the map of the distribution of average temperatures of the 
surface layer of soil from May to October was produced, which clearly demonstrated the relationship between 
soil temperature and biomes.
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2. Materials and methods
2.1. Study object
2.1.1. Climate of the Yangan-Tau UNESCO Global Geopark 

(Study Site Description)
Research is carried out on the territory of the Yangan-Tau 

UNESCO Global Geopark, located in the forest-steppe zone 
of the Republic of Bashkortostan (Russian Federation) (fig. 1). 
Its borders practically coincide with the borders of the Salavat 
municipal district, and the area is 1774 km2. The location of 
the geopark at the junction of the East European Plain and 
the Ural Mountains determines significant geological and 
biological diversity [22]. An important criterion for meeting 
the requirements for global geoparks is the implementation of 
climate change policy: research, education, adaptation. In 2021, 
the geopark was included in the carbon polygon program of 
the Republic of Bashkortostan as one of the model areas [23].

The climate of the territory is temperate continental with 
warm summer and cold winter. The average annual air 
temperature in this region is 2.2 °C for the period 1961-2020 
according to the data of the Duvan meteorological station. 
The highest air temperature is observed in July (17.7 °C), 
the lowest – in January (-14.2 °C) (table 1). When comparing 
climatic norms in different base periods, it can be seen that 
the average annual air temperatures tend to increase, which 
is clearly demonstrated by the coefficient of slope of the linear 
trend (CSLT) (fig. 3a). At the same time, according to earlier 
studies by the authors [24], the largest significant increase 
in the average annual temperature was observed in the last 
thirty-year period (0.37 °C per decade). 

The average long-term annual amount of precipitation is 
522 mm. At the same time, the analysis of trends in certain 
periods (table 1) shows that in 1966-1990 precipitation had a 
significant upward trend (almost 60 mm/10 years), in 1981-
2010 the trend reversed its sign (-15.21 mm/10 years) and 
the trend becomes positive again (8.47 mm/10 years) in 1991-
2020. In general, over the entire study period (1966-2020), the 
precipitation trend is positive and amounts to 13.15 mm per 
decade (fig. 2a).

The long-term dynamics of the Pedya aridity index shows 
a steady upward trend (0.23 units/10 years). Consequently, 
the conditions of the summer vegetation are shifting towards 
greater aridity [25]. 

The duration of the warm period (temperatures above 
0 °C), in which active vegetation processes take place, has 
a steady tendency to increase its duration (almost 3 days 
per decade). An analysis of the calculation of the sum of 
active temperatures shows that they are increasing at a rate 
of 48.45 °C/10 years (fig. 2b). Consequently, the growing 
season and its heat supply infrastructure on the territory of 
the geopark increases.

Thus, the assessment of changes in climatic factors 
revealed that there is a steady increase in air temperature 
against the background of a slight increase in precipitation. 
At the same time, the duration of the warm (above 0 °C) 
and summer (above 15 °C) periods increases, and the winter 
season becomes less severe. 

The soil cover of the geopark is mainly represented by 
Grey-Luvic Phaeozems, Luvic Retic Greyzemic Phaeozems 
and Luvic Greyzemic Chernic Phaeozems according to the 
IUSS Working Group WRB classification [26]. The parent 
material is eluvial-deluvial and deluvial deposits [27].

2.1.1. Research sites on the territory of the Yangan-Tau 
UNESCO Global Geopark 

Field studies were carried out using CEM-DT-171 air 
temperature and humidity data loggers, which were placed in 

Fig. 1. Location of the Republic of Bashkortostan, 
Yangan-Tau UNESCO Global Geopark, study sites (1-10) 

and the Duvan meteorological station (MS)

Table 1 
Average monthly, average annual air temperatures and 

total precipitation and indicators of their variability
Period Indicator I II III IV V VI VII VIII IX X XI XII Год

1961 - 
1990

t, °С -15.0 -13.2 -6.4 2.9 10.9 15.4 17.6 14.7 9.3 1.3 -5.9 -11.4 1.7
CSLT t 0.50 0.48 0.38 -0.08 -0.33 1.08 0.16 0.28 0.03 0.06 -0.75 0.37 0.18

1981 - 
2010

t, °С -13.1 -12.5 -5.6 3.4 11.0 16.4 18.0 15.3 9.6 3.0 -6.0 -11.5 2.3
CSLT t -0.34 -0.17 1.01 -0.06 0.83 -0.25 0.13 0.52 0.50 0.64 1.09 -0.49 0.28

1991 - 
2020

t, °С -13.0 -12.0 -5.2 3.7 11.7 16.1 18.0 15.7 9.9 3.4 -5.6 -11.3 2.6
CSLT t -0.09 0.64 0.84 -0.07 0.43 -0.37 0.51 0.96 0.33 -0.28 0.78 0.71 0.37

1966 - 
1990

R, mm 22.6 17.9 18.4 30.9 40.7 58.1 81.7 62.4 58.7 48.5 35.3 26.6 502.2
CSLT R 2.26 0.91 -3.50 12.3 2.75 -4.49 2.63 -0.91 23.3 2.16 6.95 3.94 59.19

1981 - 
2010

R, mm 27.2 23.1 21.4 29.9 51.2 64.5 71.2 68.2 58.9 49.2 38.4 30.1 533.3
CSLT R 1.72 2.67 4.35 -3.33 8.84 1.44 -10.38 -5.32 -13.37 -5.17 1.95 1.40 -15.21

1991 - 
2020

R, mm 25.9 22.5 24.5 29.6 54.9 64.4 74.5 71.9 49.6 51.8 35.8 30.3 535.7
CSLT R -4.29 0.23 1.73 5.11 3.36 -5.44 12.74 -1.32 0.26 0.65 -1.72 -2.87 8.47

Note: CSLT t (°C/10 years), CSLT R (mm/10 years). Statistically significant trends at the p = 0.05 significance level are highlighted in bold.
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a ventilated container in the soil at a depth of 15-20 cm (fig. 3).
Measurements were taken every half an hour. For the 

study, 10 representative sites were selected on the territory of 
the geopark (fig. 1). Research began in November 2020 and 
continues to the present. With a frequency of once every six 
months, data is read from data loggers and battery rails are 
replaced. This study used measurements from May 2021 to 
June 2022. The vegetation of the plots is homogeneous and 
is represented by secondary birch forests (Betula pendula L.).

2.2. Study methods
2.2.1. Identification of relationships between the data of data 

loggers and the Duvan weather station
A regression analysis of data from data loggers and 

temperature readings obtained from the Duvan weather 
station for the snow-free period of 2021 was carried out. Both 
daily averages and average temperatures over decades were 
compared. Temperature readings were taken by data loggers 
every half an hour (i.e. 48 times a day), and measurements at 
the weather station were made 8 times a day.

2.2.2. Mapping the Earth’s surface temperature
An important aspect was the choice of remote sensing 

methods and the correlation of their results with the obtained 
field-based observations. Landsat 8-9 (OLI/TIRS C2 L1) 
images, including thermal channels B10 (10.60-11.19 µm) and 
B11 (11.50-12.51 µm), served as the basis for remote analysis. 
For analysis, 18 low-cloud images (10%) were selected for the 
period from May 2021 to June 2022 (including winter ones) 
and the pixel values of the locations of data loggers were 
used (fig. 1).

At the same time, the corresponding images contain 
information about the reflectivity of the Earth’s surface in the 
thermal zone of the infrared region of the electromagnetic 
spectrum. Therefore, to obtain data on thermodynamic 
temperature, equation 1 [28] was used:

                 ( )2 1/ ln / 1 273.15T K K R= + −                         (1)

where: T – thermodynamic temperature, ˚C; K1 and K2 – 
calibration constants, the value of which is presented in 
table 2. R – the radiation intensity of the object, calculated by 
equation (2):

                            ,R RR M Q A= ⋅ +                               (2)

where: MR and AR – calibration coefficients, the value of which 
is presented in table 2; Q – discrete calibrated pixel value. 

The value of the calibration coefficients is presented in a 
metadata file named «*_mtl.txt» included in the image archive.

At the same time, it is possible to automatically 
recalculate the reflectivity value in the thermal region of the 

Fig. 2. Changes in climatic conditions on the territory of the Yangan-Tau Geopark 
(according to the data of the Duvan meteorological station): 

(a) Long-term dynamics of the average annual air temperature and annual precipitation; 
(b) Long-term dynamics of the sum of active temperatures and the duration of the warm period

Fig. 3. Data logger CEM DT-171 before 
placement in the soil

Table 2
Calibration coefficients for Landsat 8-9 images

Calibration 
coefficient Band B10 Band B11

К1 774.9 480.9
K2 1321.1 1201.1
MR 3.3420E-0.4 3.3420E-0.4

AR 0.1 0.1
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electromagnetic spectrum in the EST to ˚C using the Semi-
Automatic Classification Plugin (SCP) of the QGIS program 
[29]. The obtained EST indicators were compared using 
equation 1 (the calculation was made in the raster calculator 
of the QGIS program) and SCP of both Landsat 8-9 thermal 
channels.

2.2.3. Analysis of the relationship between EST and ST and 
produce a map of the ST dis-tribution

The use of EST indicators for further mapping the 
distribution of soil surface temperature requires 
determining the relationships between these indicators. 
Therefore, a regression analysis of the EST and ST was 
carried out for the corresponding pixels of the location 
of the data loggers (fig. 2) and directly for the indicators 
of the data loggers for the corresponding date and 10.00-
10.30 local time. It is during this time interval that the 
Landsat satellite survey was made. Further, based on the 
obtained regression model, images of the ST distribution 
for the snow-free period from May 2013 to May 2022 were 

generated. A total of 45 images with 5% cloudiness were 
used. Using the averaged values of the selected images, a 
distribution map of the average ST values for the geopark 
was produced.

3. Results
3.1. Comparison of temperature indicators obtained by 

data loggers and Duvan weather station
The comparison was carried out for a snow-free period, 

since the snow cover has low thermal conductivity and high 
albedo, which has a great influence on the thermal regime 
of the soil [30]. The isolation of the soil layer with snow 
can cause significant differences between air temperature 
(AT) and ST. For regions with a temperate climate, there 
were significant differences in the indications between ST 
and AT [31]. In this regard, the temperature indicators were 
estimated from May to October 2021. It should be noted the 
difference in the number of measurements n for data loggers 
and the Duvan weather station. Measurements were taken 
by data loggers every 30 minutes (i.e. 48 times a day), while 
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Table 3
Monthly average soil temperatures (data loggers) and air (The Duvan weather station) 

for the period from May to October 2021
Parameter May June July August September October

Date-loggers, n = 1488-1440*
Average 8.40 12.56 15.5 15.77 10.57 5.55
Standard error 0.06 0.04 0.02 0.03 0.05 0.05
Median 8.01 12.20 15.50 15.90 10.70 5.70
Mode 11.10 11.00 14.80 16.60 10.80 6.40
Standard deviation 2.62 1.85 1.06 1.23 2.06 1.35
Minimum 2.40 9.10 12.70 12.70 6.30 2.00
Maximum 12.60 17.30 17.80 18.00 14.50 8.90

The Duvan weather station, n = 248-240**
Average 17.20 18.79 18.02 19.48 7.61 3.45
Standard error 0.46 0.40 0.32 0.48 0.35 0.29
Median 17.30 19.10 18.10 19.10 6.70 3.10
Mode 12.50 20.00 14.80 13.40 6.70 0.50
Standard deviation 7.06 6.14 4.95 7.44 5.42 4.50
Minimum 0.40 4.40 5.70 3.50 -4.00 -8.70
Maximum 32.30 34.50 29.50 35.50 25.60 15.20

*1488 – for May, July, August and October, 1440 ‒ for June and September

**248 – for May, July, August and October, 240 – for June and September

E. A. Bogdan et al. / SOCAR Proceedings Special Issue 2 (2022) 032-041
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readings at the weather station were taken 8 times a day.
As can be seen from table 3, in the period from May to 

September, the average AT was higher than the ST. The 
largest gap was observed in the month of May, when the 
AT increased sharply, and the soil has not yet had time to 
warm up after the winter. The reverse situation was observed 
in the autumn period, when the average monthly ST was 
more than 2 degrees higher than the AT, which was also the 
thermal conductivity of the soil and air. A similar situation 
was observed when comparing by decades of months (fig. 5). 

Based on the data obtained from the images and data 
loggers, a regression analysis was carried out. Both the 
whole series of annual results and the results by seasons 
were analyzed. According to table 5, during the year, a 
close correlation was revealed between the results obtained 
by ground-based measurements and data from Landsat 8-9 
(OLI/TIRS C2 L1) images. The highest correlation coefficient 
was found in the autumn period.

The analysis of table 4 showed that there were no 
significant differences in the correlation relationships 
between the results of ground-based measurements and the 
data of the B10, B11 bands and their average value, therefore, 
in the future, we used the average value of these channels 
B10 and B11. 

Based on the obtained data, a linear prognostic model 
of the relationship between data from Landsat 8-9 satellite 
images and the results of soil temperature measurements by 
data loggers were formulated (equation 3):

                        3.06 0.28soil surfaceT T= +
                     

(3)

where Tsoil – ST; Tsurface – EST value, obtained from Landsat 8 
images.

More accurate values can be obtained in the autumn period 
using other values of the correction factors (equation 4):

                        3.60 0.35soil surfaceT T= +
                     

(4)

To build a temperature regime scheme, a linear prognostic 
model of the relationship between data from Landsat 8-9 
satellite images and the results of measurements by data 
loggers of soil temperature for a snow-free period were used 
(fig. 7) (equation 5):

                         3.40 0.30soil surfaceT T= +
                    

(5)

Based on the average EST values obtained from Landsat 

8-9 (OLI/TIRS C2 L1) images for the period 2013-2022 and 
equation 3, the scheme of distribution of the temperature 
regime of the surface soil layer was formed (fig. 8).

Vectorization of the resulting raster showed that the 
territory of the geopark was mainly characterized by three 
temperature zones of the surface layer of soils: 8-9 °С (30.9% 
of the studied area), 9-10 °С (27.5%) and 10-11 °C (30.8%). 
The smallest share was occupied by the temperature zones 
of 7-8 °С (8.7%) and 11-12 °С (2.1%). The comparison of the 
resulting map with a satellite image clearly demonstrated the 
following:

1. The region of 7-8˚С belongs on the mountain-forest region 
(the Karatau ridge is a spur of the Ural Mountains, the height 
is from 500 to 600 m above sea level) and the Yuryuzan River.

Table 4
Relationships between the results of ground-based 

studies of ST and satellite data of EST

Band
Parameter

R R2 Standard error
Year

B10 0.84 0.71 3.80
B11 0.84 0.70 3.82

Mean value 0.84 0.71 3.80
Snow-free period (May-October)

B10 0.91 0.83 1.34
B11 0.90 0.83 1.33

Mean value 0.90 0.83 1.33
Spring

B10 0.85 0.73 1.37
B11 0.86 0.74 1.38

Mean value 0.86 0.74 1.38
Summer

B10 0.76 0.58 3.73
B11 0.77 0.59 3.73

Mean value 0.76 0.58 3.74
Autumn

B10 0.96 0.93 1.15
B11 0.96 0.92 1.18

Mean value 0.96 0.93 1.16

Fig. 6. Relationships between average daily air and soil 
temperatures
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2. The area of 8-9 °C belongs to forest areas, swamps and 
heated reservoirs.

3. The area of 9-10 °С belongs mainly in floodplain 
meadows and overgrown agricultural lands.

4. The area of 10-11 °C belongs on the steppe areas and 
settlements.

5. The area of 11-12 °C belongs to arable land and other 
devoid of vegetation areas.

4. Discussion
4.1. Assessment of soil temperature as an important 

environment-forming factor
Changes in the thermal regime of ST affect a number 

of environmental factors and landscape conditions. The 
study of STs is extremely useful for assessing the fire 
hazard of an area. The study by Voropay et al. [32] of the 
temperature regime of soils during post-fire restoration of the 
subtaiga light coniferous geosystems of the Tunka depression 
demonstrated the differences between soil temperatures 
in the disturbed and natural areas. Open soils on the site 
subjected to fire warm up more in summer and freeze more 
in winter. The snow cover, acting as a heat insulator on 
both sites, reduces the differences, but when it is established 
late, the contrasts increase. A decrease in micro-climatic 
differences was also noted as the vegetation cover was 
restored in the pyrogenic area.

In study by Chaparro et al. [21], temperature and soil 
moisture were considered as linking factors between climate 
and fires. The results showed that conditions of humidity 
and temperature limited the extent of forest fires, and a 
potential maximum fire area was obtained for paired values 
of humidity and temperature (R2 = 0.43).

On the other hand, there was a relationship between soil 
temperatures, soil moisture, and vegetation characteristics 
[4-9]. The temperature in the topsoil, rather than in the air, 
ultimately determines the distribution and productivity 
of most terrestrial species, as well as many ecosystem 
functions at or below the soil surface [33-36]. Voropay et al. 
[2] demonstrated that changes in vegetation cover caused by 
anthropogenic factors, as well as changes in soil moisture, 
its morphological structure and granulometric composition 
of the upper layer, lead to a change in the temperature 
regime of permafrost and its degradation with decreasing 
its upper limit. The soil under the fallow warms up better 

and cools down faster than under the spruce forest. On 
the anthropogenically disturbed territory, the warm period 
(at the soil temperature above 0 °C) on the surface was on 
average 22 days longer than in the natural area. In a certain 
sense, our study also demonstrated such relations, since 
forest areas fall on the areas with the lowest ST, and the 
warmest areas belong to arable lands and other areas without 
vegetation.

At the same time, it is absolutely clear that a strong 
relationship was manifested in ST with AT. The large-
scale study by Lembrechts et al. [37] led to the creation 
of global soil temperature maps. This paper showed that 
the mean annual soil temperature was differed markedly 
from the corresponding air temperature in the grid, up to 
10 °C (average = 3.0 ± 2.1 °C), with significant fluctuations 
depending on biomes and seasons. For forests of the temperate 
zone, temperature offsets were slightly negative: soils were on 
average 0.7 ± 2.7 °C colder than the air temperature in the grid. 
The results of the study are consistent with these findings: soil 
temperature was on average 2.7 °C colder than air. However, 
it should be noted that we analyzed only the snow-free period 
from May to October. The annual averages may vary.

Temperature shifts in the annual minimum and maximum 
temperature amounted to a maximum of 10 °C. Whereas 
the annual ST minima was on average higher than the 
corresponding gridded AT minima in all biomes. Similar 
conclusions were also demonstrated by the study: the ST 
minima was higher than the AT by an average of 7 °C. The AT 
maxima for temperate forests was higher than the ST maxima 
by an average of 10 °C. Our study also showed 13 °C excess of 
AT over ST. Thus, a one degree warming of the AT can lead to 
either a greater change in soil temperature. Soils of cold biomes 
are especially vulnerable, since they not only experience 
the greatest (positive) temperature shifts and reductions in 
climatic ranges compared to AT, but they are also character-
ized by a strong rate of macroclimate warming [38-40].

4.2. EST assessment
EST is one of the most important parameters related to 

the energy balance and water cycle on the land surface. It 
acts as a necessary source of models in various disciplines 
such as climatology, meteorology, hydrology, agriculture, 
environmental science and ecology [33, 41], which leads to the 
growth of thematic articles. From 2010 to 2020, the number of 

Fig. 7. Values of ST and EST in the snow-free period 
(May-October) 2021-2022

Fig. 8. Spatial distribution of ST zones on the territory 
of the Yangan-Tau UNESCO Global Geopark
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citations of publications devoted to remote analysis of the 
Earth’s surface has increased significantly [10].

EST is also recognized as a factor that complements data 
on surface air and spatial temperature in nature, thereby 
helping to achieve climate sustainability goals [17,42,43]. 
Satellite images of such programs as Terra/Aqua MODIS, 
NOAA AVHRR, NPP VIIRS FY-3 VIRR and Landsat ETM+ 
LST, etc. are used to produced thematic maps. Most of the 
research is carried out on the basis of MODIS and Landsat 
images. Meanwhile, the results of shooting in the thermal 
zone of the infrared region of the spectrum have significant 
differences in spatial resolution. MODIS has 1 km per pixel, 
while Landsat has 30 m per pixel. Therefore, for small areas, 
it is preferable to use Landsat images, despite the longer time 
interval between surveys (Landsat – once every 18 days; 
MODIS – almost daily).

4.3. Interrelation of EST with AT and ST
Most studies assessed the relationship of EST with AT. 

Garouani et al. [11] showed that the surface temperature 
had a high correlation with air temperature and differed 
only by a few degrees. In the paper [12], for the Novosibirsk 
city (Russia), a comparison was made of data obtained at 
meteorological stations and from Landsat satellites. The 
standard deviation between temperature values ranged from 
0.5 to 1.9 °C. For the Republic of Tyva (Russia), according 
to Landsat 8 satellite data in the winter period of 2014–2017 
the value of the surface temperature differed from the air 
temperature by –1.9 °C on average [13].

The relationship between EST and AT was assessed by 
Mutiibwa et al. (2015) [15] for the state of Nevada (USA) 
using images from the MODIS sensor (Terra). It was found 
that the relationship between EST and AT was strongest in 
late summer and autumn, and weakest in winter and early 
spring. It is noted that an increase in the unevenness of the 

relief reduced the relationship between the EST and the AT. 
Interestingly, the correlation between daytime EST and AT 
was stronger (R2 = 0.96) compared to night time (R2 = 0.84). 
Other study [14] also found a stronger correlation between 
MODIS EST and AT during the day than at night.

In terms of the seasons of the year, the relationship 
between EST and AT was strongest in autumn, followed 
by summer, spring, and least in winter. It should be noted 
that the results of our study show (table 5) that the greatest 
relationship was observed in autumn (R2 = 0.93). Further, 
there are some discrepancies, after autumn, the next period 
with large connections is spring, followed by summer. 
Winter is not included in the study due to the insulating 
properties of snow. Mutiibwa et al. [15] noted that the good 
ratio in autumn and summer was likely due to the prevailing 
clear sky conditions, while the poor ratio in winter and 
early spring may be due to the predominance of cloudy 
conditions and snow cover. The study by Benali et al. [20] 
also demonstrated the best accuracy of estimates in summer, 
which was again associated with the prevailing clear sky 
factor. Another situation with the relationship between EST 
and ST in summer was explained by the peculiarities of the 
thermal conductivity of the soil, which heats up longer and 
retains heat longer in the autumn, unlike air.

4.4. Mapping using space images
Most of the known global maps of soil temperature 

have been prepared on the basis of instrumental field-based 
observations [2, 30, 31, 44, 45]. At the same time, the use of 
remote sensing data allows a more detailed analysis of the 
HF distribution pattern. Similar methods have been tested 
to assess the relationship between EST and AT [12–15, 20]. 
Preferably, materials were prepared for large areas using 
MODIS images [3, 14–16, 20]. Soil ST mapping is a developing 
area and Landsat data can be used for small areas.
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  Conclusions
Global and regional changes in climatic conditions affect the course of natural processes. Such 

consequences due to climate change are negative for the natural environment. In this regard, it is extremely 
important to assess the change in the climatic conditions of the territory. Soil temperature is an important 
climatic factor, which, due to its significant impact on vegetation, plays a significant role in studying the 
manifestations of global climate change. In this regard, mapping of the surface soil layer is a significant 
direction in adaptation to global climate change and sustainable development.

In this study, we investigated changes in the main climatic indicators and performed digital mapping 
of the topsoil temperature of the Yangan-Tau Global Geopark of UNESCO (Russia). We identified a steady 
increase in air temperature, which causes an increase in the sum of active temperatures and the duration of 
the warm season. It was found that the annual precipitation in 1966-1990 had a positive trend (increase in 
precipitation), while in 1991-2020 – negative. According to hydrothermal indicators, there was an increase in 
aridity during the warm period.

The relationship between air and soil temperatures in the snow-free period was revealed (R2 = 0.62). 
Based on the results of the regression analysis of ST and EST (R2 = 0.83), a map of the distribution of average 
ST for the snow-free period (2013-2022) was produced. At the same time, digital mapping was possible only 
for a snow-free period, because the insulating properties of snow break the connection between ST and EST. 
The map clearly demonstrated the relationship between ST and biomes: the coolest zones were in forest areas 
and water bodies, while the warmest zones were in arable land and devoid of vegetation.

This research was funded by grant from the Ministry of Education and Science of the Republic of Bashkortostan 
REC-RMG-2022 «Creation of methodological foundations for evaluating of greenhouse gases balance and determining 
the carbon sequestration potential in ecosystems».
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Изменение климатических показателей и картографирование температуры почвы 
с использо-ванием данных Landsat на примере глобального геопарка 

ЮНЕСКО «Янган-Тау»
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Реферат

Изменение основных климатических показателей воздействует на экосистемы и биоразнообра-
зие. В этой связи оценка климатических условий территории имеет особую актуальность. В насто-
ящем исследовании представлены результаты анализа климатических изменений на территории 
геопарка «Янган-Тау». Выявлен устойчивый рост температуры воздуха, который обуславливает уве-
личение суммы активных температур и продолжительности теплого периода года. Годовая сумма 
осадков в течение 1966-2020 гг. меняла знак тренда: в 1966-1990 гг. тенденция положительная (рост 
атмосферных осадков), в 1991-2020 гг. – отрицательная. Гидротермические показатели определили 
нарастание засушливости в теплый период. На основе анализа изменений климатических условий 
геопарка проведено сопоставление температурных режимов воздуха и почвы и выявлена взаимос-
вязь межу этими показателями в бесснежный период – R2 = 0.62.  Представлен подход цифрового 
картографирования температурного режима поверхностного слоя почв на основании данных назем-
ных исследований и результатов дешифрирования тепловых каналов спутниковых снимков Landsat.  
Выявлена значимая взаимосвязь температуры почвы и температуры поверхности Земли за бесснеж-
ный период – R2 = 0.83. На основании полученной регрессионной модели и снимков Landsat 8-9 за 
бесснежный период 2013-2022 гг. построена карта распределения усредненных температур поверх-
ностного слоя почвы в глобальном геопарке ЮНЕСКО «Янган-Тау» в период с мая по октябрь, кото-
рая наглядно демонстрирует взаимосвязь температуры почвы с биомами.

Ключевые слова: температура почвы; температура поверхности земли; дистанционные методы; 
изменение климата; Глобальный геопарк ЮНЕСКО «Янган-Тау»; Башкортостан.

YUNESKO-nun «Yanqan-Tau» qlobal geoparkının timsalında Landsat məlumatları əsasında  
iqlim göstəricilərinin dəyişməsi və torpaq temperaturunun xəritələndirilməsi
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Xülasə

Əsas iqlim göstəricilərin dəyişməsi ekosistemlərə və biomüxtəlifliyə təsir göstərir. Bu baxımdan 
ərazinin iqlim şəraitinin qiymətləndirilməsi xüsusi əhəmiyyət kəsb edir. Məqalədə «Yangan-Tau» 
geoparkının ərazisindəki iqlim dəyişmələrinin təhlili nəticələri təqdim edilir. Hava temperaturunun 
sabit artımı aşkar edilib, bu da aktiv temperaturun və ilin isti  müddətinin  uzanmasına səbəb olur. 1966-
2020-ci illər ərzində illik yağıntıların miqdarı trend işarəsini dəyişdirdi: 1966-1990-cı illərdə tendensiya 
müsbətdir (atmosfer yağıntılarının artması), 1991-2020-ci illərdə ‒ mənfidir. Hidrotermik göstəricilər 
isti dövrdə quraqlığın artmasını göstərir. Geoparkın iqlim şəraitindəki dəyişikliklərin təhlili əsasında 
havanın və torpağın temperatur şəraiti müqayisə olunub və bu göstəricilərin  qarsız dövrdə qarşılıqlı 
əlaqəsi müəyyən edilib – R2 = 0.62. Torpaq tədqiqatlarının məlumatlarına və Landsat peyk görüntülərinin 
istilik kanallarının deşifrələnməsi nəticələrinə əsasən torpaqların səth qatının temperatur rejiminin 
rəqəmsal xəritələndirilməsinə yanaşma təqdim olunur. Qarsız dövrdə torpaq temperaturu ilə Yer səthinin 
temperaturu arasında əhəmiyyətli bir əlaqənin olması müəyyən edilib – R2 = 0.83. Alınan reqressiya modeli 
və Landsat 8-9 görüntüləri əsasında 2013-2022-ci illərin qarsız dövrü üçün may-oktyabr ayları arasında 
YUNESKO-nun «Yanqan-Tau»» qlobal geoparkında torpaq səthinin orta temperaturunun paylanması 
xəritəsi qurulmuşdur ki, bu da torpaq temperaturunun biomlarla əlaqəsini əyani şəkildə nümayiş etdirir.

Açar sözlər: torpaq temperaturu; yer səthinin temperaturu; distansion üsullar; iqlim dəyişikliyi; 
YUNESKO-nun «Yanqan-Tau» qlobal geoparkı; Başqırdıstan.
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