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Abstract. Development of accurate and practicable methods of land surface temperatures

Recel:ved 2.5-09-2_0] 8; (LST) mapping has benefits for a range of scientific and practical applications. The pa-
Received in revised form 28.10.2018; perconsiders mapping of LST for the Bystrytsia river basin located in Western Ukraine
Accepted 07.11.2018 using Landsat 8 imagerywith two thermal infrared bands, which capture emissivity values

closely related to land surface temperature (LST).Three multispectral images referring to
different seasons (autumn, winter and summer) were used in the study. The method of LST estimation consists of several successive
steps. After preprocessing (clipping, masking, and re-projecting), the images were converted from digital numbers to top of atmos-
phere spectral radiance,and then — to brightness temperature. However, the brightness temperature differs from LST due to emissivity
of land surface being different from that of ideal blackbody.The emissivity can vary significantly with vegetation, surface moisture
and surface roughness, and can be approximately estimated from land surface reflectivity at red and near-infrared spectral
ranges.Estimated values of LST were compared with measurements of Ivano-Frankivsk state weather station, showing rather good
compliance for all the three scenes.Obtained estimates of LST show some regularities of its spatial distribution, which also vary
significantly from season to season.All the three scenes show conspicuous vertical gradient in LST; summer and autumn scenes are
also characterized by significant local variability in LST due to different land cover types (e.g., urban development, forests, different
agricultural lands), whereas in winter, differences in LST for mountainous slopes of different aspects appear to be more pronounced.
Graphs of LST change with elevation have a parabolic form: sharper decrease of LST is typical for lower elevations, while the ver-
tical LST gradient decreases above 700-1000 m a.s.1.
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AHoTanisi. PO3BUTOK TOYHNX Ta NMPAKTHYHO 3pYYHHUX METOJIB KapTyBaHHs TeMreparypu miactiibHol noBepxHi (TIIIT) e xopucHnm
JUISl HU3KHM HAyKOBHUX Tajly3ed Ta MPUKIAJHUX 3aCTOCYBaHb. Y CTaTTi po3risHyTi nutanHs kKapTyBanHs TIIII ms Gaceliny p. buct-
puLi, po3TamoBaHoi y 3axigHill 4acTWHiI YKpaiHW, 3 BUKOPUCTaHHSIM KOCMO3HIMKiB Landsat 8, siki BKIIIOYArOTh JBa TepMaJbHUX
iH}padepBOHNX Jiana3oHH, 10 PEECTPYIOTh 3HAYCHHS BUIIPOMIiHIOBaHHS, TicHO 1oB’s13aHi 3 TIII1.3 Be6-nopramy USGS Oyno ckaya-
HO TPH MYJIbTHCHEKTPaIbHI 3HIMKH, SKi OTPUMAHO Yy TPH Pi3HI CE30HU POKY (OCiHB, 3UMa Ta j1iTo). Meron obpaxynky TIIII, omuca-
HUI Ta BUKOPUCTaHUH y MOCHTIIKEHH], CKIaaeThes 3 KIMBKOX MOCHIIOBHUX KpokKiB. Ilicas monepenupoi 00poOKy, sika CKiatanach 3
00pi3KH, MacKyBaHHs Ta MEPENpPOCKTYBaHHS 3HIMKIB, BOHH OYIIM MEPETBOPEHI 3 YMOBHHX IMU(POBUX 3HAYCHB y 3HAYCHHS BUIPOMi-
HIOBaHHS Ha BEpXHii Mexi aTMocdepH, a nani — y 3HaUCHHS sICKpaBicHOI Temmeparypu. [Ipote, sickpaBicHa TemrmepaTypa BiIpi3Hs-
etbest Big TIIII, ocKiTbKE BUIIPOMIHIOBAIbHA 3/1aTHICTH 36MHOI MOBEPXHI BiIPi3HAETHCA Bill BUIIPOMIHIOBAIBHOI 3MaTHOCTI a0COMIOT-
HO YOPHOTO Tija. BunpomiHioBambHa 31aTHICTE MOXKE CYTTEBO 3MIHIOBATHCH B 3aJISKHOCTI BiJl XapaKTepy POCIMHHOCTI, 3BOJIOKEHHS
Ta MIOPCTKOCTI MOBEPXHI, ajie B MEpIIOMYy HaOIIKEHHI MOKe OyTH OIliHEHa 3a 3HAYCHHSIMHU BiJOWBAIBHOI 3IATHOCTI MOBEPXHI y
YepBOHOMY Ta OJMXHBOMY iH(QpauepBoHOMY niama3oHax crekTpy. Ouineni 3HayenHs TIIIT OymucniBcTaBeHi 31 3HAYCHHSIMH, BUMi-
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psHUMH Ha MeTeocTaHuii IBaHO-DpaHKIBChK, IPH BOMY BHSBICHO IOCTaTHbO J0OPY BIAMNOBIAHICTH Ul BCIX TPHOX BHIAAKIB. Y
MIPOCTOPOBOMY po3moiii oOpaxoBanux 3HaueHb TIIIT BcTaHOBJIEHO HU3KY 3aKOHOMIPHOCTEH, SIKi 10 TOTO X BiJPI3HIIOTHCS 3a CE30-
HaMH poKy. B ycix TpboX BUIaAKax CIOCTEpiraBcs BUpakKeHUIl BepTHUKaIbHUIT rpaaieHT y 3HaueHHsx TIIIL. JIiTHiii Ta ociHHIN po3-
MOJIIM TaKOX XapaKTepUu3yBaJlUCh 3HAYHOIO JIOKaIbHOIO MinnuBicTio B TIIII, moB’si3aHOI0 3 pi3HUMHU Ha3eMHHMH MOKpUBaMu (Ha-
Tp., MiCbKOO 3a0yJ0BOFO, JTiCaMH, PI3HHMH CUTCHKOTOCIIOJAPCHKIMU YTiISIMU), TOI sIK 3uMoBHiA posmoin TIIIT xapakrepu3yBas-
csl OUTBII BHPAXCHUMH CKCIIO3HMIIHHUMHU BiAMIHHOCTSIMU Tipchkux cxwmiB. ['padiku 3mian TIII1 3 BHCOTOI MaroTh mapaboiidHy
¢dopmy: Oinbmm pizke 3meHmenHs TIIIT 3 BECOTOO XapakTepHe AT HIDKYNX BHCOTHUX PiBHIB, Toal sk Bume 700-1000 M Hax piBHEM

Mopsi 1l BUCOTHHH TPaJiEHT 3MEHIIYETHCS.

Kniouosi cnosa: memnepamypa niocmunvhoi nogepxui, Landsat, Kapnamu, 6aceiin p. Bucmpuys, eunpominioganona 30ammuicmo

3eMHOI NOBEpXHI.

Introduction. Thermal regime of an area isan im-
portant constituent of its natural conditions, pos-
sessing large ecological significance and influen-
cing a set of hydrological and geomorphological
processes. Land surface temperatures (LST) mea-
surements allow to infer energy balance compo-
nents of a given region that are essential for under-
standing ecosystem processes as well as for esti-
mating the componentsof hydrological cycle.
LSTalso influence the suitability of area for cultiva-
tion of heat-lovingplants, forest productivity, preva-
lence of pests and plant diseases, the set of touristic
and recreational activities like skiing, swimming,
etc. Detailed study and mapping of thermal charac-
teristics utilizing various sources of data are thus of
great importance for the tasks of territorial plan-
ning, nature conservation, urban heat analysis, pre-
cision agriculture, forestry, resort activity, to name
just a few. Thence the importance and practical
relevance of the study topic.

Detailed spatial analysis of thermal condi-
tions is not a simple task, as regards both the data
acquisition and the data processing methodology.
The most reliable source of climatic data are
weather stations with sufficiently long uninter-
rupted observation series. However, the network of
such weather stations in many countries is rather
patchy and tenuous, as in the case ofUkraine where
weather stations located in Carpathian region can-
not cover the respective variability of climatic con-
ditions Another possibility is the study of tempera-
ture regime using automatic ground sensors (data
loggers); however, this methods allows studying
only inside small local areas or along relatively
short profiles, in a limited number of observation
points corresponding to the number of available
sensors. Yetanother possibility lies in building
models that allow to interpolate weather stations
data in space, thus creating continuous climatic
surfaces. Spatial interpolation can be carried out
using geostatistical methods, based on the statistical
analysis of the spatial variability of temperature
fields; using regression models that characterize
relationships between the temperature and its spa-
tially distributed predictors (e.g., elevation field and
morphometric terrain characteristics); or the com-
bination of regression and geostatistical approach-

es. The latter approach is the most general and can
take form e.g. of building the regression model first
and then interpolating the residuals of regression by
means of geostatistical method (Mkrtchian, Shuber,
2009).However, the prediction accuracy of this
approach can be low when the network of weather
stations is sparse,leading to poor model predictions
for the places too remote from samples (weather
stations) in geographic or feature spaces (e.g. for
highlands represented with few weather stations).

New possibilities for the analysis and map-
ping of thermal conditions have opened with the
emergence and advancement of modern remote
sensing methods. While land surface like any
heated object emits thermal radiation in far (ther-
mal) infrared area of electromagnetic spectrum, the
total energy radiated per unit surface area per unit
time being proportional to the fourth power of the
body's thermodynamic temperature, the emissivity
of land surface inthe far infrared can be used to
infer its temperature. The detailed theoretical review
of the issue of the retrieval of LST from space mea-
surements, the classification and comparison of
different methods for retrieving LST from satellite
data, and the methods of validation of satellite-
derived LST can be found in (Li et al., 2013).

Some of the modern remote sensing plat-
forms keep sensors that perceive and measure far
infrared radiation. The earliest and longest-
runninglLandsat program for acquisition of Earth
satellite imagery began employing such sensors
since the launch of Landsat 3 satellite in 1978, but
this instrument failed shortly after the satellite was
deployed into orbit. Starting from Landsat 4
(launched in 1982), Thematic Mapper (TM) sensors
are carried on board, featuring a thermal infrared
band (Band 6) that has a maximum spatial resolu-
tion of 120 m.Landsat 7 (launched in 1999) keeps
an Enhanced Thematic Mapper Plus (ETM+) sen-
sor, its Band 6 acquired at 60m resolution. Lastly,
the most recent Landsat 8 satellite (launched in
February 2013)features the Thermal Infrared Sen-
sor (TIRS) built by the NASA Goddard Space
Flight Center, that collects data for two long wave-
length infrared bands with 100 m resolution(NASA,
2018).
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The remotely sensed data from Landsat satel-
lites with global coverage are now distributed free
of charge, which makes it a promising data source
for mapping the distribution of LST. While it is still
impossible to directly infer air temperatures from
remotely sensed data, LST can be a good proxy for
the former, as well as for the temperatures of upper
soil layers. Landsat satellites also carry sensors for
measuring the reflectance of land surface in visual
and near-infrared spectral bands: this can be used to
analyze the characteristics of land surface that in-
fluence its emissivity (propensity to emit more or
less far infrared radiation for any given tempera-
ture).

The purpose of this study is to research into
the possibility of using remotely sensed imagery to
analyze and map the spatial distribution of LST, on
an example of Bystrytsia river basin located in
western part of Ukraine. As the spatial distribution
of LST obviously differs by seasons throughout the
year, Landsat 8 images taken in different seasons
should be jointly analyzed to obtain more clear
picture.

Researchers from many countries have re-
cently elaborated methods to derive LST form
Landsat 8 “thermal” bands. Examples can be given
of studies from India (Jeevalakshmi et al., 2017,
Anandababu et al., 2018), Turkey (Oguz, 2017),
Brazil (de Jesus, Santana, 2017). Brazilian re-
searchers obtained the estimation of LST for semi-
arid area in the state of Sergipe using two images
obtained in the rainy and dry seasons, subsequently
comparing the statistical properties of the two out-
put temperature surfaces (de Jesus, Santana, 2017).
Indian researchers have taken similar approach,
analyzing images taken in the rainy and dry seasons
for study areas in Andhra Pradesh state (Jeeva-
lakshmi et al., 2017) and Tamil Nadu state in
southern India (Anandababu et al., 2018).

All these researches applied a similar metho-
dology, described in detail in (Xiaolei, Xulin,
Zhaocong, 2014). In this work, three different me-
thods for LST derivation from Landsat 8 TIRS data
have been compared, including the radiation trans-
fer equation-based method, the split-window algo-
rithm and the single channel method.Validation
results for the investigated sites and scenes showed
that the LST derived by the radiation transfer equa-
tion-based method using Band 10 has the highest
accuracy among all the reviewed methods (Xiaolei,
Xulin, Zhaocong, 2014). In the another research
(Sobrino, Jimenez-Munoz, Paolini, 2004) this me-
thod gave better results than some alternative algo-
rithms for the retrieval of LST from Landsat TM 5
data, assessed by Root mean square deviation
(RMSD). Thus, radiation transfer method was the
one applied in above-cited empirical studies.
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Material and Methods. The study areacomprises
the basin of Bystrytsia river with an area of 2500
km’, located in central part of Ivano-Frankivsk
oblast of Ukraine. Bystrytsia is the left tributary of
Dnisterriver that flows into Black sea. Despite its
small area, the Bystrytsiabasin is characterized by a
diversity of natural conditions, land use types, and
characteristics of land surface. Its north-eastern part
is mainly covered by wide terraced piedmont val-
leys of the rivers BystrytsiaSolotvynska, Bystryt-
siaNadvirnyanska and Vorona. In the south-western
and southern parts of the basin, there are low and
medium mountains of the Carpathians. Altitudes
vary from 201 m (areas near river mouth) to 1836
m (summit of mt. Syvulia Velyka) (Fig. 1). Climate
is moderate and moderately continental, with cool
summers, mild winters with unstable snow cover,
and frequent changes in weather. Average annual
temperature is around +8°C in low northern part,
and decreases to +2-3°C in the highest parts of the
mountains. Annual precipitation is 650-700 mm in
the lowlands and increases to 1000 mm and more in
mountainous part of the basin.

As to the land cover structure in the basin
area, its north-eastern (lowland valley) part is main-
ly covered by agricultural lands, with small patches
of broad-leafed forests among them (Fig. 2). There
are also some urbanized areas, mostly in and
around Ivano-Frankivsk city (its urban area 84
km?), in Nadvirna and Tysmenytsia towns, and in
some large villages. In the mountainous south-
western part of the basin forested lands prevail:
mixed forests in low mountains and mostly conifer-
ous ones higher up. The highest crests and slopes of
Horhany massif are covered with stone placers and
taluses.

Landsat 8 imagery has been used as the main
data source for the study. Landsat 8 carries two
push-broom instruments: the Operational Land Im-
ager (OLI) and the Thermal Infrared Sensor (TIRS),
that jointly produce a multispectral image consisting
of 11 spectral bands. OLI collects nine spectral
bands including a pan band: bands 14 correspond to
visible part of the electromagnetic spectrum, bands
5-7 and 9 — to near-infrared and shortwave infrared
regions of the spectrum (all of these have a spatial
resolution of 30 m); band 8 is panchromatic, taking
images in wide visible wavelength range (0,503—
0,676 um) with 15 m spatial resolution. These bands
allow to obtain various kinds of information on the
characteristics of land surface, including vegetation
cover. The TIRS instrument collects two spectral
bands for the far infrared wavelengths covered by a
single band on the previous TM and ETM+ sen-
sors:band 10 (TIRS 1, 10.6-11.19 um) and band 11
(TIRS 2, 11.5-12.51 um), both with 100 m spatial
resolution (NASA, 2018).
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Fig. 1. Bystrytsia river basin and its terrain.

Fig. 2. Bystrytsia river basin and its land cover (Landsat composite image for August 10, 2016).
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As the Landsat 8 satellite acquires images of
the entire Earth every 16 days, there is a possibility
to use them not only to map the static distribution
of certain phenomena, but also to analyze their
dynamical properties. For instance, long wave-
length infrared bands of images acquired in differ-
ent seasons of the year allow to study seasonal dif-
ferences in the spatial distribution of LSTand its
driving factors. However, the limiting factor is the
considerable cloud cover in many images, which
effectively limits the amount of information that
could be extracted from image.

To cover the annual variability in LST condi-
tions, it is expedient to use images taken in differ-
ent seasons of the year. For the purpose of our

study, Landsat 8 images has been downloaded from
USGS web portal (https://earthexplorer.usgs.gov).
From scores of available images for the area, three
were chosen based on criteria of small percentage
of cloud cover, relatively recent acquisition data (to
minimize land cover changes between images), and
different seasons of the year. The chosen images
refer to following dates: October 5, 2013; February
13, 2015; August 10, 2016. The first one characte-
rizes the thermal conditions close to average for the
year, while the second and the third — the typical
conditions for winter and summer day. All the im-
ages were taken at similar local time, contributing
to comparability of their reflectance characteristics
(Table 1).

Table 1. General characteristics of the scenes of Landsat 8 images used in the study.

Date Local time Sun height Cloud cover percentage | Air above-ground temperature (Iva-
of the scene no-Frankivsk weather station)
2013, October 5 12:16 35,07° 6,73% 9°C
2015, February 13 11:14 24,99° 0,67% 1.4 °C
2016, August 10 12:14 53,17° 7,89% 26 °C
Data preprocessing of these images consisted wherel,;— TOA spectral radiance

of their clipping to the contours of the basin, and
the masking out of cloud-covered areas, by means
of special Band quality assessment (BQA) raster
layer supplied with the Landsat 8 images. The im-
ages were projected to a Universal Transverse Mer-
cator (UTM) coordinate system, datum WGS84,
zone 34N, for more accurate spatial analyses. While
visual and near-infrared spectral bands were used
for refining the temperature data (see below), their
spatial resolution (30 m) being different from that
of TIRS bands (100 m), they had to be led to com-
mon resolution; 50 m has been chosen as a “com-
promise” value.

As an auxiliary data source, SRTM Digital
elevation model (DEM) has been used with 30 m
spatial resolution (Farr et al., 2004) to assist in data
visualization (see Fig. 1) and to analyze the rela-
tionships between the elevation and the estimated
LST.Data processing has been performed using
open source GIS software: SAGA (mainly for data
preprocessing: clipping, masking and resampling)
(Conrad et al., 2015), and QGIS — mainly for raster
map algebra operations and data visualiza-
tion(https://www.qgis.org).

The general scheme of LST derivation ac-
cording to methodology described in (Xiaolei, Xu-
lin, Zhaocong, 2014) consists of several steps (see
Fig. 3).The first step is the conversionof the Digital
Numbers (raw values) of bands to at-sensor spectral
radiance(TOA spectralradiance, Watts/ (m* * sr *
pm)). This step is pretty simple and applies the
formula:

L= ML*Qcal+ AL (1)
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(watts/(mz*ster*um)), Qcal = quantized and cali-
brated standard product pixel values (Digital Num-
bers), ML and AL - respectively, band specific
multiplicative (ML) and additive (AL) rescaling
factors, whose values are contained in the image
metadata (RADIANCE_MULT_BAND_n and
RADIANCE_ADD_BAND_n, where n is the band
number).

At the second step, the brightness tempera-
ture is estimated using formula:

K3

T = —273.15 2)

K
InG2+1
(La )

whereBTis the brightness temperature,K; and K,
are the thermal constants of TIR bands (also con-
tained in the image metadata),[, — TOA spectral
radiance, 273.15 — a constant to convert the results
from Kelvin to Celsius scale. One can stop here and
use the calculated brightness temperature as an
approximation of LST, as it is done e.g. in (Vysh-
nevskyi, Shevchuk, 2017). However, the intensity
at which land surface emits thermal radiation is not
the same as that of an ideal blackbody with the
same temperature. Theemissivity of land can vary-
significantly with vegetation, surface moisture and
surface roughness(Glenn et al., 2008). Thus, it
should be accounted for to acquire more accurate
measure of LST. It can be done using formula
(Xiaolei, Xulin, Zhaocong, 2014):

LST = —2L 3)

1+(BT*}\*T)
where BT is the brightness temperature (2), A is the
average wavelength of band on which data it was
calculated (10.6 — 11.19 micrometers for Band 10
and 11.5 — 12.51 for Band 11), p = 0.0144 is the
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coefficient based on physical constants: p = h§ ,

where h is Plank’s constant (6.626 10", o is the
Boltzmann constant (1.38 1075 J/K), and c is the
velocity of light (3 10° m/s). ¢ in this formula re-
lates to land surface emissivity — a proportionality
factor that scales blackbody radiance (Planck’s law)
to predict emitted radiance, the efficiency of trans-
mitting thermal energy across the surface into the
atmosphere (Sobrino, Jimenez-Munoz, Paolini,
2004; Sobrino et al., 2008).According to (Sobrino,
Jimenez-Munoz, Paolini, 2004) and (Mallick, Kant,
Bharath, 2008)it can be calculated as:
gx=enP+ea (1-F)+C 4)
where ¢, and g are the vegetation and soil
emissivities respectively, B, — is the proportion of
area covered with vegetation as opposed to bare
soil and artificial surfaces, and C is the surface
roughness that in the absence of information can be
taken as a constant value of 0.005 (Sobrino et al.,
2008). Information on proportion of different land
cover types can be obtained from analysis of visible

TIRS Bands

and near-infrared image bands. Well-fit tool for this
purpose is Normalized Difference Vegetation Index
(NDVI) introduced in 1973 and since then exten-
sively applied in the various fields for the vegeta-
tion and landscape analyses of remotely sensed data
(Glenn et al., 2008; Mkrtchian, 2016). It is calcu-
lated by the formula:

Npvr - NVIR—RED

~ NIR+RED ).

where RED and NIR are the reflectance values in
red and near-infrared spectral ranges, respectively.
It has been shown that the values of this index cor-
relate closely with the wide set of vegetation cha-
racteristics, including leaf area index that can serve
a proxy to the share of vegetation-covered land
surface types(Glenn et al., 2008). RED and NIR
values in formula (5) can be derived from, respec-
tively, Band 4 and Band 5 of the same multispectral
Landsat 8 image which TIR band have been used
earlier in estimating BT.

10 & 11

OLI Bands
485

BQA Band

| )

Image projecting, clipping to basin contours, resampling to
common resolution

| v

Masking out cloud-covered areas

Conversion of the Digital
Numbers to TOA spectral
radiance

Conversion of the Digital
Numbers to TOA spectral

reflectance

Calculation of NDVI

Conversion of TOA spectral

radiance to Brightness

Calculation of Land Surface

Emissivity

Temperature

(LST)

Calculation of Land Surface Temperature

Fig. 3. Flowchart of the LST retrieval from Landsat 8 images.

There are different approachesto relate
NDVIto land surface emissivity (Sobrino, Jimenez-
Munoz, Paolini, 2004; Sobrino, Raissouni, 2010;
Jeevalakshmi, Narayana, Manikiam, 2017; de Je-
sus, Santana, 2017). In general, these approaches
are based on NDVI Thresholds Method (Sobrino,
Jimenez-Munoz, Paolini, 2004; Sobrino et al,
2008), which envisages the establishment of two
“threshold” NDVI values. NDVI = 0.2 or lower

imply the bare soil, NDVI = 0.5 or higher imply the
vegetation cover, and its values in between 0.2 and
0.5 relate to some proportion between the two in
land cover structure. While land surface emissivity
also depends on surface roughness, it is much easier
to disregard its spatial heterogeneity and to replace
it with a constant. Recommended value of emissivi-
ty for surfaces fully covered with vegetation is 0.99
(Sobrino et al., 2008). Emissivity for bare surfaces
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vary depending on character of soil and generally
stay in linear relationship with emissivity in the red
region of spectrum (Sobrino et al., 2008). For sim-
plicity, the constant value is used in most works,
yet the specific value in above-cited works vary
from 0.966 in (Jeevalakshmi, Narayana, Manikiam,
2017) and 0.971 in (Oguz, 2017) to 0.986 in
(Anandababu, Purushothaman, Suresh, 2018) and
(de Jesus, Santana, 2017). Thus, the value 0.977
can be taken as an averaged best guess at a first
approximation. And if NDVI value is between 0.2
and 0.5, the land cover is assumed to be a mix of
bare ground and vegetation, with their proportion
reflected by NDVIL In these cases, € is calculated

as:

e =099 NDVI-0.2 +0977 0.5—NDVI (6)
0.3 0.3

After this, € (land surface emissivity) is subs-
tituted in (3) and the resultant value of LST is thus
calculated. The general scheme of LST retrieval
from Landsat 8 image bands is shown on flowchart
(Fig. 3).

Results and Discussion. Let’s first illustrate the
results of the calculation of land surface emissivity.

NDVI calculated for summer image (Fig. 4) shows
the highest values for areas covered with deciduous
forests (located mainly in piedmont areas in central
and western parts of the basin), the mediocre values
for coniferous forests predominant in mountainous
south-western part of the basin, and the lowest val-
ues for urban areas, open water, and some arable
lands.

The similar pattern is revealed by the distri-
bution of land surface emissivity (Fig. 5). It was
taken to amount to 0.977 for places with NDVI <
0.2, to 0.99 for places with NDVI > 0.5, while for
places with NDVI between 0.2 and 0.5 it was calcu-
lated by formula (6). Where the land surface emis-
sivity is low enough, the brightness temperature
calculated with (2) can be noticeably smaller than
real LST value (Fig. 6).

The same parameters were calculated for
other two images (not shown here), their spatial
distribution being slightly different with that shown
in Fig. 5-6.The final maps of LST distribution for
the three above-mentioned scenes are given in Fig.
7-9.

Fig. 4. NDVI values calculated for August 10, 2016, by formula (5).

To verify the accuracy of obtained LST esti-
mations, they were collated with data recorded for
Ivano-Frankivsk weather station (the single state
weather station located in this basin) for the same
date and time (Tab. 2). As can be seen, the discre-
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pancies for all the three cases are small (less than
1°C) and comparable with these obtained by other
researchers. In the above-cited research (Jeeva-
lakshmi et al., 2017) the obtained results were
compared to air temperature measurements taken
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by 14 automatic weather stations, having found the
standard deviation as 1.79°C for the first case (the
dry season) and 1.02°C for the second case (the wet
season). The authors attributed these deviations to
the generalized 100 m resolution image estimations
being superimposed with weather stations point
measurements, and also to the possible differences
between LST and air temperatures measured 2 m

above the surface. In the study (Sobrino, Jimenez-
Munoz, Paolini, 2004), the comparisonbetweenthe
““insitu’’ LSTmeasurements andthevalues
obtainedfromtheRadiativetransferequationmethod
similar to that used in our study, showed anRMSD
value of 0.6 K, with the largest discrepancies (1.22
K) observed for light soils with few vegetation.

Table 2. Collating weather station data for Ivano-Frankivsk with LST estimated from Landsat 8 images.

Date Local time Air above-ground | Land surface tempera- Air pres- Relative Wind speed,
temperature, °C ture, "C (calculated sure, hPa humidity, % km/h
(measured in from Landsat 8
weather station) imagery)
05.10.2013 12:00 9 9.5 1029 54 2
13.02.2015 11:00 14 1.6 1027 72 0
10.08.2016 12:00 26 26.5 1014 61 1

Land surface emissivity
B 0.97798

[ 0.98099

I 0.98399

0987

0.99

Temperature difference, C
0.656
0.893

N 113

N 137

75 15 km 16

Fig. 6. Differences between LST calculated with formula (6) and brightness temperature, calculated for August 10, 2016.
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Fig. 7. Distribution of LST for the Bystrytsia basin for October 5, 2013.
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Fig. 8. Distribution of LST for the Bystrytsia basin for February 13, 2015.

461



Kovalchuk I.P., Mkrtchian O.S., Kovalchuk A.I.

Journ.Geol.Geograph.Geoecology, 27(3), 453-465

Ivano-Frankivsk

F N

Temperature, deg. C
[ 112-16
[ 116-20
[120-24
[ 24-28
I >23

Fig. 9. Distribution of LST for the Bystrytsia basin for August 10, 2016.

As seen from the obtained maps (Fig. 7-9),
the distributions of LST values obtained for differ-
ent seasons have some common features, as well as
some differences. Temperatures in lowland north-
ern part of the basin are substantially higher than in
its mountainous part:differences range from 5-8°C
for autumn and winter scenes to more than 10°C for
summer one. For autumn and summer scenes, there
are pronounced differences in LST between differ-
ent land cover types: e.g. forested areas are signifi-
cantly cooler than arable land and build-up areas. It
is in accordance with a statement from (de Jesus,
Santana, 2017), that cite a set of works on semi-arid
areas of north-eastern Brazil showing that the
changes in NDVI values associated with the differ-
ent land uses and states of vegetation have been
inversely related with the LST values: more vigor-
ous vegetation is generally characterized by lower
LST.In the winter, the differences between slopes
of different aspect become pronounced in moun-
tainous areas, mainly due to lower position of sun.
Narrow valley bottoms in the mountainous part are
more heated than surrounding slopes in summer
and autumn, while in winter they are the coldest

part of the area, probably because of shading and
prevalence of inversions.

Finally, let’s look into the possibilities to
analyze the estimated LST spatial distributions and
its factors by applying regression models that in-
clude factors and variables affecting these distribu-
tions. While it is not a direct topic of this research,
this was illustrated by taking elevation (derived
from SRTM DEM) as single independent variable,
and looking on how changes in elevation affect
average LST for the given elevation. For this pur-
pose, R language and environment for statistical
computing has been applied. Polynomial regression
models with cubic term and elevation as an inde-
pendent variable have been built with R Im() func-
tion for three scenes, and visualized using R plot-
ting capabilities (Fig. 10-12). While there is a gen-
eral tendency of LST to decrease with elevation, the
rate and form of this relationship seems to vary
with season. The rate of decrease is highest for
elevations below 1000 m a.s.l., while higher up it
remains practically constant (in winter LST practi-
cally ceases to increase already above 600—700 m).
Trend line above 1500 m is unreliable here due to
small sample size in this basin.
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Fig. 12. Average LST change with elevation, 10.08.2016.

Conclusion. The multispectral images containing
TIRS bands can serve a valuable data source for the
mapping of LST. Landsat 8 multispectral images
containingtwo TIRS bands can be effectively used
to map LST distribution for different regions and
time periods. However, the procedure of derivation
of LST values from images is not straightforward
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and provides for several consecutive steps. Thus,
the emissivity of land surface (the intensity at
which it emits thermal radiation) at the given tem-
perature can vary significantly with vegetation,
surface moisture and surface roughness, and should
be accounted for when converting brightness tem-
perature into LST. One of the methods of assessing
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emissivity is based on the NDVI values, that can be
derived from the red and near-infrared bands of the
same multispectral Landsat 8 imagewhich TIRS
bands have been used in estimating brightness tem-
perature.

The application of the radiation transfer equ-
ation-based method of LST derivation to the images
for Bystrytsia river basin area obtained in different
seasons of the year allowed to analyze its spatial
distribution and its seasonal variability.While all
the three scenes show conspicuous vertical gradient
in LST, summer and autumn scenes are also charac-
terized by significant local variability in LST due to
different land cover types (e.g., urban development,
forests, different agricultural lands), whereas in
winter scene differences in LST for mountainous
slopes of different aspects are more pronounced.

Estimations of LST can be improved by con-
sidering atmospheric effects, and by using more
precise algorithms to account for land surface emis-
sivity. The question remains as to whether apply
only data of one of the two Landsat 8 TIRS bands
in the derivation of LST, or to combine data from
both bands 10 and 11, trying to capitalize on self-
cancellation of their errors by averaging. In (Xiao-
lei, Xulin, Zhaocong, 2014) it is claimed that
RMSE of LSTs obtained from single band 10 is
slightly smaller than that in the case of also using
band 11. The stated cause of this is the larger cali-
bration uncertainty associated with band 11, that is
more affected by the water vapor continuum ab-
sorption (Xiaolei, Xulin, Zhaocong, 2014; Coll,
2012). Thus, different researchers take different
choices on this: above-cited works of (Jeevalaksh-
mi, Narayana, Manikiam, 2017) and (Oguz, 2017)
rely solely on Band 10 in their derivation of LST,
while (Anandababu, Purushothaman, Suresh, 2018)
and (de Jesus, Santana, 2017) derived their esti-
mates of LST by averaging data from bands 10 and
11. In general, the reason for the inclusion of
second TIR band in the Landsat 8 image band set
has been to enable applying a split-window method,
that relies on calculatingthe differencesin TIR ra-
diance measurements at twodifferent wavelengths
to estimate the radiance attenuation foratmospheric
absorption.If the future satellites like Landsat 9
provide the well-calibrated data for both TIR bands,
split-window method for LST retrieval could fare
no worse thanradiation transfer method.

Calculating LST values for different river ba-
sins and different times of the year with the same
method could allow to make inferences about the
factors and regularities of their spatial distribution.
It would also be helpful to automate this process by
creating algorithms that make it through the steps
of the process of the LST derivation (Fig. 3), from
the input image to the output LST map. Yet it

should be remembered that the estimation of LST
from satellite data is dependable on current weather
condition and is obstructed in periods of significant
cloud cover. It is also temporarily bound by the
scheduled time of satellite flyby. Thus if the ob-
tained LST data are summarized, the obtained infe-
rences will contain the ensuing biases that should
be acknowledged and accounted for.
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