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SPATIAL RESOLUTION ENHANCEMENT OF THE LAND SURFACE
THERMAL FIELD IMAGERY BASED ON MULTIPLE REGRESSION
MODELS ON MULTISPECTRAL DATA FROM VARIOUS SPACE SYSTEMS

The methodology has been developed for enhancing the spatial resolution of the land surface thermal field satellite imagery based on
the following steps: coupling images in the visible, thermal, and radar ranges into the single multispectral data product; constructing
regression models of the images’ relationship; performing the linear regression of the pseudo-thermal product with enhanced spatial
resolution from the visible and radar ranges data. The methodology is implemented on the Google Earth Engine open cloud platform
using the Earth Engine API and the software scripts created in the JavaScript language with the processing of multispectral image col-
lections of various space systems at specified time intervals.

The possibility of practical synthesis of the pseudo-thermal image with an enhanced spatial resolution of 10 m based on the thermal
image with the resolution of 100 m and the multispectral composite with the layers’ resolution of 10 m and 30 m is shown.

The technology has been developed for synthesis and calibration of the land surface temperature product with enhanced spatial
resolution and daily data providing rate based on the brightness temperature product in the B10 band of Landsat & and linear regres-
sion on the MODIS, ASTER, and Sentinel 1 products with daily to moderate data providing rates. The software in JavaScript has
been developed, and technology has been implemented in the interactive web service form with open access on the Google Earth Engine
Apps cloud platform.

The final data product provides the satisfactory relative root mean square error of the brightness temperature recovery of not more
than 6 % according to the reference cross-calibration data of the B10 Landsat 8 band in the moderate thermal field (up to 100° C).
The relative root mean square errors of the synthesized data according to the reference data on high-temperature sites (fire, hot lava)
up to 28 % are due to the fact that the synthesized product contains information from high-temperature spectral bands (B07-B09 from
ASTER), while the reference product (B10 from Landsat 8) does not contain such information.

Technology implementation examples show that cross-calibration of the synthesized product can be performed during the year from
March to October according to reference thermal images of natural or artificial objects. Objects selected for calibration must have
stable thermal characteristics at the time of the satellite flight during the data acquisition period.
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The problem of the land surface thermal field remote
sensing, the idea and objectives of the study. A suf-
ficiently detailed review of the problem statement
of the land surface thermal field satellite monitoring
and methods of its solution was carried out in [3, 6].
Among the many known methods for remote land
surface temperature estimation, the single-channel
methods are the most common. In particular, they
are used in space systems with one infrared thermal
channel of the Landsat series. When implementing
the single-channel method, the spectral density of
radiance in the thermal infrared channel is usually
converted into the effective brightness temperature
at the sensor aperture by inversion of Planck’s law
of thermal radiation [2, 4—6]. In turn, the spectral
density of radiance at the sensor aperture in each
thermal infrared channel is calculated through the
processing level 1 data product, i.e., digital numbers
of pixels, using coefficients of radiometric calibra-
tion, which are contained in the image metadata file.
Further, the effective brightness temperature at the
sensor aperture is converted into the thermodynam-
ic temperature of the land surface using the thermal
emissivity values. The thermal emissivity is estimated
using satellite data of the optical radiation range of
processing level 2: based on the land cover classifi-
cation according to spectral reflectance for specific
land cover classes [2, 4—6] or each pixel based on the
determination of the normalized differential vegeta-
tion index (NDVI) of the land cover [3]. Thus, the
retrieving of the land surface temperature according
to thermal infrared channels data with low resolution
using the optical range data with substantially higher
resolution allows us, ultimately, to enhance the spa-
tial resolution of the thermal field imagery.

However, the spatial resolution of the thermal field
imagery of the land surface can be enhanced also at
the processing level 1 of the primary data product,
i.e., digital pixel numbers of the thermal infrared
channels rasters. The idea of the spatial resolution
enhancement of the thermal field imagery just in this
way is expressed in [4]. The satellite data in the vis-
ible, thermal, and radar ranges from various space
systems are coupled into the single multispectral data
product of processing level 1, represented by the digi-
tal numbers of pixels in each raster layer. Based on
the study of physical relationships between the fields
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of thermal, visible, and radar ranges, mathemati-
cal models of their relationship can be constructed,
which are based on the laws of energy balance, heat
transfer, and others. In particular, regression models
of functional dependencies between digital numbers
of pixel images in the thermal infrared range and the
visible and radar radiation ranges are constructed. As
a result of the implementation of the regression pro-
cedure constructed in this way on the selected land
surface area, the synthesized pseudo-thermal image
will have an increased spatial resolution. It is deter-
mined by the best spatial resolution of the raster layer
of the coupled multispectral data product, i.e., the
image in the radar range or visible range among those
involved in the regression.

Thus, one of the objectives of the present study
is the methodology development and implementa-
tion for enhancement of the spatial resolution of the
land surface thermal field satellite imagery based on
the following steps: coupling images in the visible,
thermal, and radar ranges into the single multispec-
tral data product; constructing of regression models
of the images’ relationship; performing the linear
regression of the pseudo-thermal product with en-
hanced spatial resolution on the visible and radar
ranges data.

The second objective of the study is related to
the need to synthesize the product of the land sur-
face temperature, which, unlike existing tempera-
ture products, would combine the enhanced spatial
resolution and high data providing rate (daily). Such
a pseudo-temperature product can be constructed
based on the product of the B10 Landsat 8 thermal
infrared channel (as a reference), converted to radia-
tion temperature, and linear regression according to
the proposed methodology on data of other space
systems with different data providing rates.

Therefore, the second study objective is the tech-
nology development and implementation for synthe-
sis and calibration of the land surface temperature
product with the enhanced spatial resolution with
daily data providing rate based on the brightness tem-
perature in the B10 Landsat 8§ channel and linear re-
gression on products of other space systems with data
providing rate from daily to moderate.

Methodology for the spatial resolution enhance-
ment of the land surface thermal field satellite imagery
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based on regression models on multispectral data from
different space systems. Based on the laws of heat bal-
ance and heat transfer for the pixels of rasters in the
channels of the constructed multispectral composite,
the equations are obtained which characterize the re-
lationship between the pixel values of the thermal in-
frared and visible radiation ranges. With steady-state
heat transfer mode for the absolute thermodynamic
temperature T of the land surface area, correspond-
ing to each pixel of the image in the thermal infrared
channel, the following equation is valid:

T=T,+(k, /c)W, —(k, /o)W, , (1)
where c is the specific heat capacity, T; is the abso-
lute temperature of the external environment, k,,_ is
thermal absorption, W, is the absorbed energy from
the Sun’s radiation and other factors, k, is thermal
emissivity, and W, is the energy emitted by the land
surface area. From (1) it follows the linear regres-
sion dependence for the absolute thermodynamic
temperature T of the land surface pixel from the ab-
sorbed energy W, :

T=G-W, +B, )

where the coefficients G and B have the following
form:

abs diss

G=k, /c,
B=T,—(k, /c)-W,

Similar to (2) for digital numbers of the pixel of
the brightness temperature 7" at a sensor, taking into
account the fact that the single pixel in the thermal
infrared range is covered by the set of i=1,n pixels
with digital numbers DNI'® in the panchromatic
range, and a fact that DNI l.”“ = f(W,.), one obtains
the following regression equation of the relationship
between the digital numbers of the pixel in the ther-
mal infrared and visible radiation ranges:

diss iss *

T" =Y (G -DNI"* + B"). (3)
i=1
Based on (3), the calibration coefficients Gi’“",
Bi’“d are determined from the following equations
system for the cross-calibration of the spectral chan-
nels in the coupled multispectral composite:

T, =% (G -DNI;* +B"), 4)
i=1

p=lLmymzn.
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The linear multiple regression coefficients and
product of the land surface temperature with the en-
hanced spatial resolution are determined on the basis
of the (4) type equation system, extended to the case
of involving the radar range data in the regression.
The procedure for the (4) type equation system solu-
tion isimplemented on the cloud computing platform
Google Earth Engine using classifiers’ functions in a
linear regression mode or linear regression reducers
functions [5, 6]. The classifier in the linear regres-
sion mode is trained on the pixel set of the thermal
infrared band layer with a low spatial resolution. The
output of the classifier in linear regression mode is
the raster of the synthesized pseudo-thermal image
with the enhanced spatial resolution, constructed on
the basis of the thermal image of the same land site
with the low spatial resolution. The enhanced spatial
resolution of the synthesized pseudo-thermal image
is determined by the best spatial resolution of the
raster layer of the coupled multispectral data prod-
uct, i. e., an image in the radar range or visible range
among those involved in the regression.

The data processing stages in the methodology
implementation are as follows:

¢ Creating the image collection from various space
systems for joint processing (attribute fields are satel-
lites, region, and time interval). When the processing
time interval is set to 1 month, the collection of mul-
tispectral images is formed, containing 1-2 Landsat 8
images (OLI, TIRS), several dozen Sentinel 2 imag-
es, and more than a hundred Sentinel 1 radar images.

¢ Creating the single multispectral image compos-
ite with the resulting single projection and the single
highest spatial resolution among all layers.

¢ Regression of the pseudo-thermal image with
the enhanced spatial resolution on the data of the vis-
ible radiation range, and, when involving radar data
in the coupling procedure, additional regression on
the data of the radar range with the high spatial reso-
lution.

e Classifier training in the linear regression mode,
i.e., the determination of linear regression coeffi-
cients, which is carried out on the initial data of the
thermal infrared range of a low spatial resolution.

* Validation of the output pseudo-thermal image
on the independent validation data set. Three classi-
fiers in the regression mode in GEE have been stud-
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ied in relation to the aimed task: gmoLinearRegres-
sion, svm, minimumDistance.

* The final stage of data processing is the calibra-
tion of the average value of the output pseudo-ther-
mal image with the enhanced spatial resolution on a
similar value of the input image in the thermal infra-
red range with a low spatial resolution.

The methodology is implemented on the Google
Earth Engine open cloud platform using the Earth
Engine API and the software scripts created in the
JavaScript language for the processing of multispec-
tral image collections of various space systems at
specified time intervals.

The methodology implementation and testing. The
considered methodology for the land surface thermal
field spatial resolution enhancement has been tested
on the monitoring examples of the thermodynamic
temperature of peat lands, wild fires, and volcanoes.
The studies used data from satellite sensors in the vis-
ible, thermal, and radar ranges for the three options
of the space systems’ grouping: 1. Sentinel 1, Senti-
nel 2, and Landsat 8; II. Sentinel 1 and Landsat §;
II1. Sentinel 1 and Terra/ASTER.

In option I, the classifier input in the regression
mode is the multispectral composite image in the
next channels with the corresponding spatial resolu-
tion: Sentinel 1: V'V, VH (polarization) — 10 m; Sen-
tinel 2: B,...B,, B — 10 m, B|;, B;, — 20 m; Land-
sat 8: B,, — 30 m after resampling from 100 m. The
classifier output in the regression mode is the single-
layer pseudo-thermal image T;" with the enhanced
spatial resolution of 10 m, corresponding to the spa-
tial resolution of the Sentinel 1 data and satisfying the

regression equation:
. 3,4,8,11,12
Ty =&y VV+gy VH+ Z gu B+L, (5
i=2
(i=2,3,4,8,11,12),
where g, §> €5 » L) are linear regression coeffi-
cients (L) is the offset coefficient).

In option 11, the input of the classifier in the re-
gression mode is the multispectral composite image
in the next channels with the corresponding spatial
resolution: Sentinel 1: V'V, VH — 10 m; Landsat 8§:
B¢, B, —30m, Bg — 15 m, B, — 30 m. The classifier
output in the regression mode is the pseudo-thermal
image T, with the spatial resolution of 10 m:

6

8
Ty =g, VV+g,, VH+> g, -B+L,, (6

I
i=6

(i=6,7,8),
where g, > 85> L, are linear regression coef-
ficients (L), is the offset coefficient).

In option III, the input of the classifier in the re-
gression mode is the multispectral composite image
in the next channels with the corresponding spatial
resolution: Sentinel 1: VV, VH with the resolution of
10 m; Terra/ASTER: B,...B;y with the resolution of
15 m, B, with the resolution of 30 m, median(Bs;, ...,
By) is the single layer of the pixel values, which are
the corresponding median pixel values in the (Bs,
..., Bg) channels, with the resolution of 30 m, B...
B, are the thermal channels with the resolution of
90 m. The classifier output in the regression mode is
the pseudo-thermal image T, with the spatial reso-
lution of 10 m:

4
T'ItIrI =8y VV+gu 'VH+ZgBi "B, +

i=1

14
+median (By,..., B))+ ) g, - B, +L]

1 >
j=10

(i=1,4; j=10,14),

where gy, &> &5 » L), are linear regression coef-
ficients (L, is the offset coefficient).

Fig. 1 shows fragments of the brightness tem-
perature raster in the thermal infrared channel B,
Landsat 8 TIRS (the spatial resolution is 100 m) and
a synthesized pseudo-thermal image T;’ with the
enhanced spatial resolution 10 m according to the
regression model (5) on the background of Google
map for the selected object of the company’s petro-
leum storage depot “BRSM-Nafta” in the Vasylkiv
district of the Kyiv region before the fire and on the
fire date June 9, 2015, respectively. The upper limit
of the brightness temperature scale of 100 °C is ex-
plained by the saturation of the 16-bit ADC in the
B, channel of Landsat 8 TIRS at T = 94.88 °C.

In the considered example, to create multispectral
composites and regression equations constructed for
classifier training, collections of images were formed
before the fire from 1 to 30 May 2015 and during the
fire from 9 to 19 May 2015 from sensors of various
space systems with different spatial resolutions: Sen-

ISSN 1561-8889. Kocmiuna nayxa i mexnonoeis. 2023. T. 29. No 1



Spatial resolution enhancement of the land surface thermal field imagery based on multiple regression models on multispectral data...

Fig. 1, a is the brightness temperature field raster fragment in the B, channel of Landsat 8 TIRS; b is a fragment of the synthe-
sized pseudo-thermal image T,” with an increased spatial resolution before the fire; ¢, d are images of the same types as a, b,

respectively, on the fire date 2015.06.09

tinel 1: VV, VH — 10 m; Sentinel 2: B,...B,, By —
10 m, B, B;, — 20 m; Landsat 8: B,, — 100 m.

Fig. 2 shows the spatial resolution enhancement
results of the brightness temperature field image ()
at the smoldering fire site on the peat land (a) near the
Svarychiv village, Ivano-Frankivsk region. Fig. 2, ¢
shows a fragment of the synthesized pseudo-thermal
image T with the enhanced spatial resolution of
10 m according to the regression model (6) based on
data from various space systems with different spatial
resolutions: Sentinel 1: V'V, VH — 10 m; Landsat 8:
By, B; —30m, Bg — 15 m. Fig. 2, d shows afragment
of the synthesized pseudo-thermal image T,” with an
increased spatial resolution of 10 m according to the
regression model (5) based on data from sensors of
various space systems with different spatial resolu-
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tions: Sentinel 1: V'V, VH — 10 m; Sentinel 2: B,...
B,, B; — 10 m, B,,, B;;, — 20 m; Landsat 8: B, —
100 m.

Fig. 3 presents the results of the spatial resolution
enhancement of the brightness temperature field im-
age with the spatial resolution of 100 m of Nyiragon-
go volcano, Congo (Fig. 3, ) and its environs in July
2018, shown in natural colors in Fig. 3, a. Fig. 3, ¢
shows a fragment of the synthesized pseudo-ther-
mal image TI"' with the increased spatial resolution
of 10 m according to the regression model (5) from
sensors of various space systems with different spatial
resolutions: Sentinel 1: VV, VH — 10 m; Sentinel 2:
B2-B4, B — 10m, B, B, — 20 m; Landsat 8: B;, —
100 m. Fig. 3, d shows a fragment of the pseudo-color
RGB composite of Landsat 8 data channels: R corre-
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Fig. 2, ais the smoldering fire image on the peat land near the Svarychiv v., Ivano-Frankivsk region; 4 is a fragment of the bright-
ness temperature raster in the channel B, Landsat 8 TIRS with the spatial resolution of 100 m; ¢ is a fragment of the synthesized
pseudo-thermal image T,/ with an increased spatial resolution of 10 m; d is a fragment of the synthesized pseudo-thermal image
T," with an increased spatial resolution of 10 m

sponds to Bg, G corresponds to B;, and B corresponds
to By, for which the central wavelengths correspond
to the maximum spectral radiance density accord-
ing to Planck’s law for temperatures in the range
of 800...1000 K and more, 400...500 K, and 300...
400 K, respectively. The use of this composite il-
lustrates (only approximately and qualitatively) the
more contrasting picture of the pixel distribution in
the specified temperature ranges in Fig. 3, d in com-
parison with the raster of the synthesized pseudo-
thermal image TI” in Fig. 3, ¢, especially in the vol-

8

cano crater and on its slopes, albeit with the spatial
resolution of 30 m (for qualitative visualization), but
not of 10 m, as in the synthesized product.

Synthesis and calibration of the land surface tem-
perature product with the enhanced spatial resolution
and daily data providing rate, based on the linear re-
gression on the data from various space systems. The
study objective is to implement the developed by au-
thors technology of synthesis and calibration of the
land surface temperature product with the enhanced
spatial resolution and daily data providing rate based
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Fig. 3, ais a satellite image of the Nyiragongo volcano, Congo, in the natural colors; b is a fragment of the brightness temperature
raster in the B, Landsat 8 TIRS channel with a spatial resolution of 100 m; c is a fragment of the synthesized pseudo-thermal
image T, with the enhanced spatial resolution of 10 m; d is a fragment of the pseudo-color RGB composite of Landsat 8 chan-
nels data: R corresponds to By, G corresponds to B;, B corresponds to By

on the brightness temperature product in the B,
channel of the Landsat 8 and the linear regression on
MODIS, ASTER and the Sentinel 1 products with
data providing rate from daily to moderate. The pre-
sented technology is based on the method developed
by the authors and described in this article above.
Synthesis of the land surface temperature product
with a high spatial resolution and a high data provid-
ing rate. The synthesis procedure of the land surface
temperature product with the enhanced spatial reso-
lution consists in the implementing of the following
multiple linear regression dependence of the land
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surface temperature image on the test site, selected
for further calibration of the synthesized product
from averaged in certain time intervals input images
in the short-wave infrared, thermal, and radar ranges:

U'=a,+a,-VV+a,-VH+a, B, +a, B+
+a,-By,+a,-B,+a, B, +a,-LST, 7

Day_lkm >
where U is the output synthesized land surface tem-
perature image with the enhanced spatial resolution;
a, (i=0,8) are scalar coefficients determined by the
least squares method; By, B, B9, B3, B4 are input
images of the test site in the respective ASTER bands;
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LS TDW_ i 18 the input image of the MOD11Al1 prod-
uct for test site.

The averaging time of the input images in (7) is
chosen taking into account the acquisition of at least
one qualitative reference image in the averaging pe-
riod (received once every 16 days) from the Landsat 8
collection: “LANDSAT/LC08/C01/T1_RT” (. e.,
the product of thermal infrared channel B10, con-
verted into brightness temperature).

The procedure for synthesizing the land surface
temperature product with the enhanced spatial res-
olution based on the linear regression equation (7)
is implemented using the classifier ee.Reducer.lin-
earRegression() [5, 6] on the Google Earth Engine
cloud platform.

Calibration of the land surface temperature product
with the enhanced spatial resolution. The calibration
of the product is performed for the selected test site
according to the calibration equation:

U* =(U" —mean(U"))-STD* / STD + mean(U*") ,
(8)

where U, is the calibrated land surface temperature
product with the enhanced spatial resolution; U* is
reference image in the B, band of Landsat 8, con-
verted to brightness temperature; mean(U,) and
mean(U™) are average values of U%and U™, re-
spectively; STD?, STD* are standard deviations of
Uand U™, respectively.

To estimate the calibration relative error according
to the calibration equation (8) for the area of the syn-
thesized image of the land surface temperature with
the enhanced spatial resolution, which coincides
with the area of the reference image in the B, band
of Landsat 8 converted to brightness temperature,
the following dependence is used:

_ k kal \2 kal
_( > Uy -Us") /ZU] ]-100,
ij ij

where ¢ isthe calibration relative error in %, which is
the relative root mean square error of the synthesized
pseudo-thermal image in regard to the reference im-
age for the test site; U,-l;- is the brightness temperature
value of the pixel of the synthesized image with the
enhanced spatial resolution; U™ is the brightness

ii

temperature value of the image pixel, which is ob-
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tained by resampling the reference image with a low
spatial resolution to the sampling grid of the synthe-
sized image.

The technology has been developed for synthesis
and calibration of the land surface temperature
product with the enhanced spatial resolution and
daily data providing rate based on the brightness
temperature product in the B, band of Landsat 8
and the linear regression on the MODIS, ASTER,
and Sentinel 1 products with data providing rate
from daily to moderate. JavaScript software has been
developed, and the technology was implemented
in the form of an interactive web service with open
access on the Google Earth Engine Apps cloud
platform [6].

Initial data for regression processing according to
the developed technology:

e thermal data with a low spatial resolution of
1000 m with a high data providing rate (daily) from
the TERRA/MODIS collection “MODIS/006/
MODIIAI”,i.e., the product “ LST;, ., 7

e thermal data with the spatial resolution of 30
(90) m with a high data providing rate from the TER-
RA/ASTER collection “ASTER/AST_LIT_003”,
i. e., products of bands B;, B, Byg, B}z, B} 4;

e radar data with a high spatial resolution of 10 m
with moderate data providing rate (2 days) from the
Sentinel 1 collection “COPERNICUS/S1_GRD?”,
i. e., products of V'V, VH bands.

Initial data for cross-calibration of synthesized
thermal images:

e thermal data with the spatial resolution 30 (100) m
with a low data providing rate (1 time in 16 days)
(reference values) from the Landsat 8 collection
“LANDSAT/LC08/C01/T1_RT?, i. e., the product
of the thermal infrared channel B, converted into
brightness temperature;

e the product of the land surface temperature with
the enhanced spatial resolution of 10 m, synthesized
as a result of regression processing on satellite data of
the thermal and radar ranges.

Observation objects and events:

object 1. “BRSM-Nafta” petroleum company’s
storage depot, fire, Vasylkiv district of Kyiv region,
Ukraine;

object 2: Nyiragongo volcano, eruption, Congo;

object 3: peat lands, fire, Lielsalas hamlet, Latvia.
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a

b

Fig. 4, ais a reference image of the brightness temperature for object 2 in the month when the eruption occurred; b is the synthe-
sized image of the brightness temperature with the enhanced spatial resolution for object 2 in the same month

Technology implementation examples for synthesis
and calibration of thermal imagery with the enhanced
spatial resolution. The technology implementation
results are presented in the examples of the three ob-
servation objects mentioned above.

Object 1. Data processing period: every month
from the 3rd to the 10th month of the year during
2015—2019.

The values of the calibration parameters for the
test site in the period of the fire 06.2015, when, in
fact, the calibration took place, are as follows:

mean(U%)=3.9,
mean(U*')=23.37,
STD" =0.075,

STD* =6.47.

The reference image of the brightness temperature
for object 1 in the B, band of Landsat 8 TIRS in the
period of the fire (06.2015) is shown in Fig. 1, ¢. The
synthesized image of the brightness temperature with
the enhanced spatial resolution for object 1 in the
same period (06.2015) is shown in Fig. 1, d.

The calibration relative errors of synthesized ther-
mal images with the enhanced spatial resolution for
object 1 according to Landsat 8 reference data for
each month from the 3rd to the 10th month of the
year during 2015—2019 are shown in Table 1. The
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Table 1. The calibration relative errors of synthesized thermal
images with the enhanced spatial resolution for object 1

Object 1.

Calibration relative errors (%) during 2015—2019 Month

2019 2018 2017 2016 2015
0.7063 | 0.8149 | 0.2413 | 0.4689 | 0.8812 3
1.5548 0.588 0.9569 | 1.1284 | 2.6089 4
1.3111 N/A 1.8261 | 1.1685 | 0.6487 5
1.0723 | 1.5007 | 0.6926 | 1.9351 6
3.5248 | 4.2234 | 3.9182 | 1.7067 | 2.7682 7
1.0723 | 1.5007 | 0.6926 | 1.9351 | 1.4039 8
0.9195 | 0.5382 | 0.9581 | 1.1861 | 0.7194 9
1.3867 | 0.5672 N/A 2.4402 | 6.2002 10

table cell with the value of the calibration relative er-
ror in the month when there was a fire (06.2015) is
shaded.

Object 2. Data processing period: every month
from the 3rd to the 10th month of the year during
2015—2019. The reference image of the brightness
temperature for object 2 in the B, band of Land-
sat 8 TIRS in the month when the eruption occurred
is shown in Fig. 4, a. The synthesized image of the
brightness temperature with the enhanced spatial
resolution for object 2 in the same month is shown
in Fig. 4, b.
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Fig. 5, a is a reference image of the brightness temperature for object 3 in the month when a fire occurred; b is the synthesized
image of the brightness temperature with the enhanced spatial resolution for object 3 in the same month

Table 2. The calibration relative errors of synthesized thermal
images with the enhanced spatial resolution for object 2

Table 3. The calibration relative errors of synthesized thermal
images with the enhanced spatial resolution for object 3

Object 2. Object 3.
Calibration relative errors (%) during 2015—2019 Month Calibration relative errors (%) during 2015—2019 Month

2018 2017 2016 2015 2019 2018 2017 2016 2015
N/A 10.006 N/A N/A 3 3.8223 | 1.1401 N/A N/A 0.787 3
N/A 7.4642 N/A 5.6631 4 0.9635 N/A 1.2639 | 6.2847 | 1.5476 4
1.9849 N/A 5 5.1849 2.49 3.6493 N/A 2.3367 5
N/A 6 5.9758 | 6.1656 | 7.8078 | 6.8849 | 3.1143 6
N/A 7 52526 [LB68310| 1.5783 | 3.447 | 3.1671 | 7
0.7421 N/A N/A 8 N/A 3.6796 | 3.4222 | 2.7019 N/A 8
5.0509 N/A N/A 9 2.2372 | 2.6767 N/A N/A 2.1915 9
6.8493 - N/A 10 1.6414 | 2.7593 | N/A | N/A | 21534 | 10

The calibration relative errors of synthesized ther-
mal images with the enhanced spatial resolution for
object 2 according to Landsat 8 reference data for
each month from the 3rd to the 10th month of the
year during 2015—2019 are shown in Table 2. The
table cells with values of the calibration relative error
in the months when the volcano erupted are shaded.

Object 3. Data processing period: every month
from the 3rd to the 10th month of the year during
2015—2019.

12

The reference image of the brightness temperature
for object 3 in the B band of Landsat 8 TIRS in the
month of the fire (07.2018) is shown in Fig. 5, a. The
synthesized image of the brightness temperature with
the enhanced spatial resolution for object 3 in the
same month (07.2018) is shown in Fig. 5, b.

The calibration relative errors of synthesized ther-
mal images with the enhanced spatial resolution for
object 3 according to Landsat 8 reference data for
each month from the 3rd to the 10th month of the
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year during 2015—2019 are shown in Table 3. The
table cell with the value of the calibration relative er-
ror in the month when there was a fire (07.2018) is
shaded.

CONCLUSIONS

The methodology has been developed for the en-
hancement of the spatial resolution of the land sur-
face thermal field satellite imagery based on the fol-
lowing steps: coupling images in the visible, thermal,
and radar ranges into the single multispectral data
product; constructing regression models of the imag-
es’ relationship; performing the linear regression of
the pseudo-thermal product with the enhanced spa-
tial resolution on the visible and radar ranges data.
The methodology is implemented on the Google
Earth Engine open cloud platform using the Earth
Engine API and the software scripts created in the
JavaScript language with the processing of multi-
spectral image collections of various space systems at
specified time intervals.

The possibility of practical synthesis of the pseu-
do-thermal image with the enhanced spatial reso-
lution of 10 m based on the thermal image with the
resolution of 100 m and the multispectral composite
with the layers resolutions of 10 m and 30 m is shown.

Extending the scope of the developed methodology
to monitoring high-temperature objects with internal
heating sources (fires, geothermal phenomena, etc.)
requires further research in the direction of the joint
use of the Landsat 8 data in the infrared bands By, B,
and B,,. Calibration methods of proposed regression
mathematical models and validation of the synthe-
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MIABUILIEHHS MPOCTOPOBOI PO3/TIJILHOI 3IATHOCTI 30BPAXKEHD TEIJIOBOTO MOJIA
3EMHOT MOBEPXHI HA OCHOBI MOJEJIEM MHOXWHHOT PETPECIT
HA BATATOCITEKTPAJIbHUX JAHUX BI PI3BHUX KOCMIYHUX CUCTEM

Po3po61eHO METO0IOTII0 MiIBUILIEHHS TPOCTOPOBOI PO3AiIBLHOI 3MaTHOCTI CYIYTHUKOBUX 300pa>keHb TETIOBOTO MOJIS 3€M-
HOI IMOBEPXHi Ha OCHOBI IMTOEAHAHHSI 300paXkeHb Y BUAMMOMY, TEIIJIOBOMY Ta pafioJioKalliiHOMY Jiaria30Hax y €AMHUI Oarato-
CHEKTpaJIbHUI TTPOIYKT JTaHUX; MOOYIOBU perpeciiHuX Mojeieil B3aEMO3B’ 13Ky 300pakeHb; BUKOHAHHS JIIHIITHOI perpecii
TCEBAOTEIIOBOTO MPOAYKTY 3 MiJIBUILIEHOIO MTPOCTOPOBOIO PO3IiILHOIO 3IaTHICTIO HA JAHUX BUAMMOTO Ta paliojoKalliiitHOro
niarna3oHiB. MeTooJorito peaizoBaHO Ha BinkpuTiii xMapHiil ruiargopmi Google Earth Engine 3 BukopucranHsam Earth
Engine API Ta mporpaMHUX CKpUITIiB, CTBOPEHUX MOBOIO JavaScript, 3 00poOK0I0 6araToCreKTpaIbHIX KOJIEKIIii 300pakeHb
Pi3HMX KOCMIYHUX CHCTEM Ha 3aJaHUX YaCOBUX iHTepBaIax.

IToka3zaHo MOXJIMBICTb MTPAKTUYHOTO CUHTE3Y TICEBAOTEIIOBOTO 300paxKeHHs 3 MiIBUILIEHOIO MPOCTOPOBOIO PO3IiIbHOIO
3naTHicTIO 10 M Ha OCHOBI TEIJIOBOrO 300paxkKeHHsI 3 pO3AiibHOIO 3aaTHicTI0O 100 M Ta GaraTocnekTpaJbHOrO0 KOMITO3UTY 3
po3AinibHOO 3naTHicTio mapisB 101 30 M.

Po3po0iieHO TeXHOJIOT 10 CUHTE3Y Ta KaliOpyBaHHS MPOAYKTY TEMIIEpaTypyu 3eMHOI MTOBEPXHi 3 MiJBUILIEHOIO TPOCTOPO-
BOIO PO3IITLHOIO 3MIAaTHICTIO i TEMIIOM HagaHHS JaHUX IIOMHS Ha OCHOBI MPOMYKTY pamialiifHoi TeMIiepaTypu y KaHaii B10
«Jlanncar-8» Ta niHiliHOi perpecii Ha mpoaykrax MODIS, ASTER i «CeHTiHenb-1» 3 TeMITIOM HaIaHHS JaHUX Bill IIIOJEHHOTO
110 moMipHoOTo. P0o3po0bieHo nporpamHe 3abe3nedyeHHs: Ha JavaScript Ta peasizoBaHO TEXHOJIOTIIO Yy (DOpMi iHTEPaKTUBHOTO
BeOCepBiCy 3 BIIKpUTUM JI0CTYyNOM Ha xMapHiii rutaropMi Google Earth Engine Apps.

KiHueBuii nponykT qaHux 3abe3rnevye 3al0BiIbHY BiTHOCHY CEPEIHIO KBaApaTUUHYy MOXUOKY BiIHOBJIEHHS palialliiiHol
TEMIIEPATypy He Oiyblie 6 % 3rigHo 3 IPOTOTUIIAMU Ha IToMipHOMY TeruioBoMy ot (no 100 °C) 3 mepexpecHUM KaliOpyBaH-
HSIM 3a 3pa3KOBUMM JaHUMU «JlaHacaT-8». BimHOCHI cepenHi KBaapaTUIHi TOMUJIKU CUHTE30BaHUX JAaHUX 3TiIHO i3 3pa3Ko-
BUMH JIAHUMHU HA BUCOKOTEMIIEPATYPHUX AIsTHKAX (MTOXeXa, po3reveHa JiaBa) 10 28 % 3yMOBJIEHI TUM, 110 CUHTE30BaHU
MPOJIYKT MICTUTH iH(OPMALLIO 3 BUCOKOTEMITIEPATYPHUX CIIEKTPAIbHUX KaHaiB (B;...Byg — ASTER), a 3paskosuit mpoaykt
(B, — «Jlanncar-8») Takoi iHopMmallii He MiCTUTb.

[Mpuknaau 3acTocyBaHHS TEXHOJIOTil NEMOHCTPYIOTh, 1110 MepexpecHe KaliOpyBaHHS CUHTE30BaHOTO MPOJIYKTY MOXHa
3MIICHIOBATU TIPOTSTOM POKY 3 Gepe3HsI 10 KOBTeHb 3a 3pa3KOBUMU TETUIOBUMHU 300paXKEHHSIMU TIPUPOTHUX YU TITYTHUX
00’ekTiB. O0’€KTH, BimiOpaHi IJIs1 KaliOpyBaHHS, TOBUHHI MaTH CTa0iIbHI TEIIJIOBI XapaKTEPUCTUKN Ha MOMEHT TIOJIBOTY CY-
MYTHUKIB MPOTSATOM Tepioay 300py JaHUX.

Karouogi caosa: Temniepatypa 3eMHOI MOBEPXHi, pafdialliiiHa TeMIieparypa, IpoCcTOpoBa po3/iJibHa 3AaTHICTh 300paXkKeHb, MHO-
>KWHHA JIiHil{Ha perpecisi, MoeIHaHHS Pi3HOPITHUX OaraToCNeKTpaaIbHUX JAHUX, TEMIT HAaHHS JaHUX, MIepexpecHe Kalliopy-
BaHH# npoaykry, Google Earth Engine.
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