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Abstract—Compared with land surface temperature (LST) and
land surface emissivity (LSE) retrieval from single-band or multi-
spectral thermal infrared (TIR) data, TIR hyperspectral imagery
allows us to obtain accurate LST and LSE through the use of an
automatic temperature and emissivity separation (TES) method.
However, the existing TES algorithms have rarely been investigated
with airborne TIR hyperspectral imagery from the Hyper-Cam
sensor, which is based on Fourier transform infrared technology.
In this article, a practical LST and LSE retrieval framework incor-
porating reanalysis atmospheric profiles is proposed for use with
Hyper-Cam airborne TIR hyperspectral imagery. In this frame-
work, an atmospheric compensation method is introduced based on
spatiotemporal analysis and the fusion of three types of widely used
atmospheric profiles to replace the unattainable synchronously
measured atmospheric profiles. An empirically constrained TES
method is then proposed to extend the original TES algorithm to
Hyper-Cam hyperspectral imagery. In addition, to exclude the neg-
ative effects of radiometric calibration error, measurement noise,
and the atmospheric absorption lines in certain bands, the problem-
atic bands are removed to improve the data quality. To evaluate the
performance of the proposed framework, a set of airborne TIR hy-
perspectral imagery with 81 bands was acquired using the Hyper-
Cam airborne system. Experiments were carried to compare the
performance of the proposed method and the Fast Line-of-sight
Atmospheric Analysis of Spectral Hypercubes-Infrared (FLAASH-
IR) method. The results indicate that the proposed method can
obtain more robust and accurate results than FLAASH-IR, and the
root-mean-square error (RMSE) of the emissivity data is around
0.015 for all the validation samples.

Index Terms—Airborne remote sensing, atmospheric
compensation (AC), Hyper-Cam, temperature and emissivity
separation (TES), thermal infrared (TIR) hyperspectral imagery.
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I. INTRODUCTION

THERMAL infrared (TIR) hyperspectral remote sensing, as
a new observation technology, can simultaneously provide

land surface temperature (LST) and land surface emissivity
(LSE) information [1], [2], which is used in many applications,
including precise mineral mapping [3]–[5] and target detection
[6], [7]. In earlier research, LST and LSE retrieval has been
mainly conducted using single-band TIR imagery or multispec-
tral TIR imagery [8]. Typical examples are the Landsat thematic
mapper sensor and the moderate resolution imaging spectrom-
eter. Correspondingly, many LST and LSE inversion methods
have been developed for use with these spaceborne data with
single or multiple infrared channels, such as the single-channel
algorithm [9] and the split-window algorithm [10]. However,
because of the limited channel number, the inversed emissivity
spectra cannot highlight the subtle features of land surface
objects.

In recent years, TIR hyperspectral sensors have been devel-
oped, which can capture more abundant spectral information
with hundreds of contiguous channels via airborne platforms.
Examples are the spatially enhanced broadband array spectro-
graph system and the HyTES sensor, which have been designed
primarily for experimental research, and the TASI-600 sensor
and the Hyper-Cam sensor, which have been designed for remote
sensing applications [11]. Differing from LST and LSE retrieval
based on single-band or multispectral data, which requires many
assumptions and much prior knowledge [12], TIR hyperspectral
imagery does not require the use of hypothetical prerequisites
and allows us to retrieve accurate LST and LSE.

Generally speaking, LST and LSE retrieval from TIR hyper-
spectral imagery involves two stages: 1) atmospheric compen-
sation (AC) and 2) temperature and emissivity separation (TES)
[2]. In the AC stage, the effects of atmospheric transmission
losses and emissions are removed from the at-aperture radiance
spectrum to obtain the ground radiance. There are two families of
AC methods: 1) model-based methods [13], [14] and 2) in-scene
methods [15]. The model-based AC methods have been widely
used in many LST and LSE retrieval studies for their practicabil-
ity and simplicity [16]–[18]. For this approach, synchronously
measured atmospheric sounding profiles are needed for simu-
lating the AC parameters. However, synchronous atmospheric
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profiles are not easy to obtain. In the TES stage, the LST and LSE
are concurrently determined from the ground radiance through
the use of a TES algorithm. To date, a number of TES algorithms
have been developed. In 1998, Borel [19] proposed the iter-
ative spectrally smooth temperature and emissivity separation
(ISSTES) algorithm and Gillespie et al. [20] designed the ad-
vanced spaceborne thermal emission and reflection radiometer
(ASTER)–TES algorithm for use with ASTER multispectral
data. In the following years, canonical correlation analysis TES
[21], linear spectral emissivity constraint TES [22], and the Fast
Line-of-sight Atmospheric Analysis of Spectral Hypercubes-
Infrared (FLAASH-IR) method [5] were successively proposed.
However, in practice, almost all of the existing TES algorithms
were developed based on specific sensor data, and have rarely
been investigated with Hyper-Cam airborne TIR hyperspectral
imagery.

The Hyper-Cam system is a TIR hyperspectral imager based
on Fourier transform infrared (FTIR) technology [23], which can
achieve a relatively high spectral resolution of up to 0.25 cm−1.
To date, LST and LSE retrieval from Hyper-Cam airborne im-
agery has mainly adopted the FLAASH-IR method. FLAASH-
IR is an integrated algorithm including both AC and TES stages,
which has been packaged into commercial software [24]. In
this method, the AC parameters are estimated from the TIR
hyperspectral imagery itself, based on a smoothness criterion
[25], via a look-up table, which is generated by the MODTRAN
model. An extension of the ISSTES algorithm is then used for
determining the final LST and LSE. However, because of the
complicated imaging conditions and the short exposure time, the
Hyper-Cam airborne TIR hyperspectral imagery often contains
a high level of noise, which can reduce the effectiveness of
the emissivity smoothness criterion. In practice, the AC and
TES stages of FLAASH-IR are highly reliant on the emissivity
smoothness criterion. As a result, FLAASH-IR tends to obtain
unreasonable AC parameters and poor LST and LSE results for
airborne TIR hyperspectral imagery that is affected by measure-
ment noise.

In this article, to solve the problems of FLAASH-IR, a prac-
tical LST and LSE retrieval framework incorporating reanalysis
atmospheric profiles is proposed for use with Hyper-Cam air-
borne TIR hyperspectral imagery. The main contributions of this
article are summarized as follows:

1) A practical LST and LSE retrieval framework is pro-
posed for use with Hyper-Cam airborne TIR hyperspectral
imagery. To improve the data quality, the problematic
bands severely affected by measurement noise, radiomet-
ric calibration error, and atmospheric absorption lines are
removed through the use of quantitative data analysis and
band selection.

2) Reanalysis atmospheric profiles based on the spatiotem-
poral analysis and fusion of different atmospheric pro-
files are incorporated. Three types of widely used at-
mospheric profiles are compared via interpolation to the
same time and space. The selected optimal atmospheric
profiles and ground-measured meteorological data are
then fused to replace synchronously measured sounding
profiles.

TABLE I
BASIC SPECIFICATIONS OF THE HYPER-CAM-LW SENSOR

3) An empirically constrained TES method is proposed to
extend the original TES algorithm, which was initially
designed for multispectral data. The empirical constraint
relationship between the maximum and minimum differ-
ence (MMD) and the minimum emissivity were rebuilt to
extend the original TES algorithm to Hyper-Cam airborne
hyperspectral imagery.

The rest of this article is organized as follows. Section II
introduces the Hyper-Cam sensor and the airborne cam-
paign conducted for the TIR hyperspectral imagery collection.
Section III then briefly reviews the theoretical background and
the FLAASH-IR algorithm. Section IV describes the details
of the proposed practical retrieval framework for Hyper-Cam
airborne TIR hyperspectral imagery. In Section V, we evalu-
ate and discuss the results of FLAASH-IR and the proposed
method, according to in-situ measurements. Finally, Section VI
concludes the article.

II. HYPER-CAM SENSOR AND AIRBORNE DATA

A. Hyper-Cam Sensor

The Hyper-Cam-LW airborne system adopted in this article
is a Fourier transform TIR hyperspectral imager developed by
Canada Telops Inc [5]. The spectral resolution is adjustable, and
can reach up to 0.25 cm−1. There are two internal blackbodies
for high-quality radiometric calibration. The Hyper-Cam-LW
sensor can be mounted on an aircraft through the airborne
module. Table I provides a summary of the specifications of
the Hyper-Cam LW sensor.

B. Experimental Data Collection

A flight campaign was conducted in 2019 in the city of
Zhengzhou, Henan province, China. In addition, a field cam-
paign was also synchronously carried out to obtain the real
LST and LSE of the ground validation samples during the flight
campaign.

1) Airborne Imagery Collection: The flight area was located
around 30 km west of the city of Zhengzhou, which is the
capital city of Henan province. The total flight area extended
from 34 °47’48.94“N to 34 °51’55.56”N and 113 °16’3.27“E
to 113 °17’6.26”E. Two sites were selected to collect the syn-
chronous ground measurements: the airport site and the Dong-
guo Lake park site. In this article, images covering these two
sites were used to facilitate the retrieval validation, as shown in
Fig. 1.
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Fig. 1. Location and land cover of the two study areas.

Fig. 2. Land-cover samples for the temperature measurements and their
locations.

The flight height above ground level was around 2.5 km, with
a spatial resolution of around 0.95 m for a single pixel. The cool
and warm blackbodies were set to 10 °C and 30 °C, respectively.
The spectral resolution was set to 6 cm−1. The flight campaign
started at 02:00 UTC and finished at 04:10 UTC. The airport site
is relatively simple, and the land surface is mainly made up of
large areas of cement, grass, and asphalt. As for the Dongguo
Lake park site, it includes a variety of vegetation types, artificial
objects, and a large freshwater lake.

2) In-Situ Data Measurements: During the flight campaign,
a field campaign was simultaneously performed to acquire the
LST and LSE at the ground level. Two different broadband
and hyperspectral thermal radiometers were used: a DX 501
thermometer and a Turbo FT spectrometer. The DX 501 is a
broadband infrared thermometer for temperature measurement,
and the Turbo FT is a portable hyperspectral instrument that can
acquire LST and LSE simultaneously. The precision of both in-
struments is usually within 0.2 K for temperature measurements.

Six kinds of homogeneous land surfaces were measured for
recording emissivity spectra: sandy ground, cement road, asphalt
road, flagging road, green grassland, and lake water (as shown
in Fig. 12). The emissivity spectra of the first four land-cover
samples were measured using the Turbo FT sensor, with a
spectral resolution of 4 cm−1. Because of the radiance features of
green grassland and cold water, the emissivity spectra extracted
from the Johns Hopkins University (JHU) spectral library were
deemed the true spectra [26]. The temperature of each sample
was measured using the DX501 broadband thermal radiometer,

Fig. 3. Samples for the LSE measurements: (a) asphalt road, (b) cement road,
(c) sandy ground, (d) flagging road, (e) green grassland, and (f) lake water.

Fig. 4. Processing framework of the FLAASH-IR method.

and the average value of about five measurements for each
sample was regarded as the true temperature for the sample.
The land-cover samples for the temperature and emissivity
measurements are presented in Figs. 2 and 3, respectively.

III. THEORETICAL BACKGROUND AND FLAASH-IR

A. Theoretical Background of LST and LSE Retrieval

The interaction with the land surface and the transmission
through the atmosphere in the TIR region are not the same as
in the reflective region [2]. Nearly all approaches developed to
derive LST and LSE from the TIR spectral range are based on
the TIR radiative transfer procedure. Therefore, it is important
to introduce the TIR radiative transfer model and the retrieval
mechanism for LST and LSE retrieval.

1) Forward Radiative Transfer Model: The radiance reach-
ing a sensor onboards an aircraft comes from two sources:
the land surface emission and the atmospheric emission. The
surface-emitted radiance is a function of its temperature and
emissivity, and is disturbed by the absorption and emission of
the atmosphere. One disturbance factor is the atmospheric trans-
mittance. The part of atmospheric emission directly reaching
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Fig. 5. Processing flowchart of the proposed retrieval framework for Hyper-Cam airborne TIR hyperspectral imagery.

Fig. 6. Estimated radiometric calibration error for each band.

Fig. 7. Estimated measurement noise for the airborne data: (a) histogram of
NESR at the 10 µm band and (b) band-averaged NEDT.

the airborne sensor is the upwelling radiance. In addition, the
downwelling radiance emitted from the entire atmosphere is
reflected back to the sensor by ground objects. The radiance
recorded by an airborne sensor can be formulated as the radiative
transfer equation (RTE) in the TIR region, as shown in (1):

Ls (λ) = εG (λ)B (λ, TG) τ (λ) + (1− εG (λ))LD (λ) τ (λ)

+ LU (λ) (1)

Fig. 8. Location of each band of the experimental imagery compared to the
atmospheric effect spectra.

where λ is the wavelength; εG(λ) is the emissivity; TG is the
LST; B(λ, TG) is the Planck function; τ(λ) and LU (λ) are,
respectively, the total transmittance and the upwelling of the
atmosphere between the land surface and the airborne sensor;
and LD(λ) is the hemispherical downwelling radiance.

2) Retrieval Mechanism for LST and LSE: The nature of re-
trieving LST and LSE from airborne TIR hyperspectral imagery
is to solve an underdetermined problem. In (1), LS(λ) is the
only known quantity, while the five corresponding parameters
of τ(λ, ) LU (λ), LD(λ) , εG(λ), and TG are all unknowns.
Therefore, LST and LSE retrieval generally incorporates two
steps: 1) AC and 2) TES. The goal of AC is to remove the
atmospheric transmittance and upwelling radiance to obtain
the ground-leaving radiance LG(λ), as depicted in following
equation:

LG (λ) = εG (λ)B (λ, TG) + (1− εG (λ))LD (λ)

=
Ls (λ)− LU (λ)

τ (λ)
. (2)
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Fig. 9. Comparison between the UWYO radio soundings, the interpolated NCEP data, and the ERA5 atmospheric profiles: (a) atmospheric profile grids of NCEP
and ERA5; (b) temperature profiles; (c) humidity profiles; (d) enlarged view of the red box in (b); and (e) enlarged view of the red box in (c).

Fig. 10. Simulated AC parameters with high spectral resolution and spectral convolution for the Hyper-Cam date.

The goal of TES is to remove the atmospheric downwelling
effect and factor the ground-leaving radiance into the emissiv-
ity and temperature. For a given atmospheric model defining
the downwelling radiance, the emissivity of each band can be
calculated using the following formula:

εG (λ) =
LG (λ)− LD (λ)

B (λ, TG)− LD (λ)
. (3)

Clearly, LST and LSE retrieval with the ground-leaving radi-
ance is still an underdetermined problem, with εG(λ) and TG

unknown, whereas only LG(λ) is known for each band of a
pixel. To deal with this problem, some reasonable assumptions
or constraints about the “character” of the unknown emissivity
spectra should be introduced.

B. FLAASH-IR

FLAASH-IR is an automated retrieval method including both
AC and TES. It has been previously applied to the airborne
and ground-to-ground TIR hyperspectral imagery taken by the
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Fig. 11. Flowchart of the empirically constrained TES method.

Fig. 12. Fitting relationship between MMD and minimum emissivity.

Hyper-Cam-LW sensor [5], [24]. In the processing procedure
of FLAASH-IR, the AC parameters are retrieved from the im-
agery itself via a look-up table of atmospheric transmittance,
upwelling, and downwelling radiance (referred as “TUD LUT”),
which is generated by MODTRAN atmospheric simulation.
A smoothness criterion based TES algorithm is then used for
determining the final LST and LSE. The processing framework
of the FLAASH-IR algorithm is shown in Fig. 4.

From Fig. 4, it can be seen that an important feature of this
algorithm is that the AC parameters can be estimated from the
imagery itself by minimizing the emissivity smoothness for
both the surface temperature and the atmospheric variables.
The TES method based on a radiance smoothness criterion is
then used to determine the LST and LSE values of the entire
image. It is therefore clear that both the AC parameter retrieval
and the TES are reliant on the smoothness criterion. However,
this smoothness criterion is liable to be impacted by noise,
leading to the retrieved atmospheric parameters not being in
agreement with the real atmospheric conditions. As a result, the
final TES results can be unreliable for Hyper-Cam airborne TIR
hyperspectral imagery. Therefore, a new processing framework
for Hyper-Cam-LW airborne hyperspectral imagery is required.

IV. PROPOSED RETRIEVAL FRAMEWORK FOR HYPER-CAM TIR
HYPERSPECTRAL IMAGERY

The proposed processing framework for retrieving LST and
LSE from Hyper-Cam LW airborne TIR hyperspectral imagery
consists of three parts, as shown in Fig. 5.

The three parts of the proposed framework are: 1) data quality
improvement based on band selection; 2) reanalysis profile
selection based on spatiotemporal analysis and fusion of three
types of widely used profiles; and 3) a modified empirically con-
strained TES algorithm based on the expansion of the original
TES algorithm.

A. Data Quality Analysis and Improvement

The radiometric calibration error, measurement noise, and
strong atmospheric absorption in some channels have enor-
mously adverse impacts on LST and LSE retrieval [27], [28].
In this section, these factors are quantitatively analyzed, and we
describe how the problematic bands affected by these factors are
removed to improve the image quality.

1) Radiometric Calibration Error Analysis: First, the black-
body calibration files acquired during the flight campaign were
utilized for the radiometric calibration analysis. The radiometric
calibration accuracy was measured by comparing the calibrated
radiance spectrum with the theoretical spectrum. As shown in
Fig. 6, it is clear that the calibration accuracy is better than 1 K.
It should be noted that the calibration error of the bands below
8 μm rapidly becomes larger as the wavelength decreases for the
airborne TIR hyperspectral imagery, with an error of between
around 0.4 and 1.0 K over the spectral range. This may be due
to the instrument internal temperature changes at the start of the
measurement.

2) Imagery Measurement Noise Analysis: The noise equiv-
alent spectral radiance and noise equivalent delta temperature
(NEDT) were estimated via calculating the standard deviation
of the blackbodies. Fig. 7 illustrates the measurement noise for
two airborne images. It is clear that the airborne imagery contains
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a lot of noise, and the NEDTs are more than 0.5 K over most of
the spectral channels. In particular, the noise increases sharply
below 8.294 μm, which should be removed for LST and LSE
retrieval.

3) Atmospheric Absorption Analysis of Each Band: Finally,
the atmospheric absorption intensity was checked for each band,
since the atmospheric effect intensity is different for different
bands, and some bands located in the strong atmospheric ab-
sorption lines cannot be recovered to the original values. Fig. 8
shows the location of each band of the Hyper-Cam airborne
imagery, compared to the atmospheric transmittance spectrum.
The red curve is the atmospheric transmittance, and the blue
curves are the Hyper-Cam spectral response function (SRF) for
each band. This demonstrates that the bands of 8.435, 8.5, 8.8,
8.9, 9.37, 9.46, and 9.5 μm are located in the strong atmospheric
absorption lines.

To sum up, through the quantitative analysis of the radiometric
calibration, measurement noise, and atmospheric absorption
lines, it is clear that the bands before 8 μm have a severe
calibration problem, and the bands before 8.294 μm contain
high measurement noise. In addition, the bands of 8.435, 8.5, 8.8,
8.9, 9.37, 9.46, and 9.5 μm are located in the strong atmospheric
absorption lines. Therefore, these bands are all removed and the
remaining bands are utilized for the LST and LSE retrieval.

B. Atmospheric Profiles Based on Spatiotemporal Analysis
and Fusion

There are no synchronously measured atmospheric profiles
available for AC when using the MODTRAN model. In this
section, reanalysis atmospheric profiles are analyzed and com-
pared, to replace synchronous sounding profiles. First, according
to the flight campaign location and time, an atmospheric profile
observation station, i.e., the University of Wyoming (UWYO)
ZHCC_57083 sounding station, was selected as the bench-
mark for the comparison of the different reanalysis atmospheric
profiles. Profiles from the National Centers for Environmental
Prediction (NCEP) [29] and ERA5 [30] were then, respectively,
interpolated to the same position and time as the ZHCC_57083
station, and a comparison of the different profiles was conducted
according to the consistency with the sounding profiles. Finally,
atmospheric simulation was carried out using the MODTRAN
5.2 model to obtain the AC parameters.

Radio-sounding atmospheric profiles are obtained via physi-
cal measurement and can reflect the actual atmospheric condi-
tions of a certain area. The Institute of Atmospheric Sciences
at the UWYO provides a global radio-sounding data download
platform. There are around 89 UWYO sounding stations all over
China, and these stations collect the atmospheric profiles of
temperature, pressure, and humidity via sounding balloons at
0:00 UTC and 12:00 UTC every day. Among these stations,
the ZHCC_57083 sounding station is located in the downtown
area of the city of Zhengzhou, and is the nearest sounding
station to the flight area, with a position difference of around
36 km compared with the flight area. In addition, since the
atmospheric profiles of temperature, pressure, and humidity at

the ZHCC_57083 station are measured at 0:00 UTC, there is
a time difference of 3.5 h between the imaging time and the
UWYO sounding time.

The NCEP produces global atmospheric profile models on a
1 °× 1 ° grid at 6-h intervals over the course of a day (0:00, 6:00,
12:00, and 18:00 GMT), as shown in the red box in Fig. 9(a).
However, the study area does not locate at a grid node, and there
is a time difference of 3 h. Compared with the NCEP atmospheric
profiles, the ERA5 atmospheric profiles have a higher spatial
and temporal resolution, with a horizontal resolution of 0.25°
× 0.25° (about 25 km), a vertical resolution of 37 levels, and a
temporal resolution of every hour, as shown in the green box
in Fig. 9(a). In order to validate the accuracy of the NCEP
and ERA5 profiles, the interpolated NCEP and ERA5 profiles
were compared with the UWYO sounding profiles, as shown in
Fig. 9(b) and (c). It is clear from Fig. 9(b) and (d) that the ERA5
temperature profile is more consistent with the actual sounding
temperature profile than the NCEP interpolation profile. As for
the humidity profile, differing from satellite remote sensing,
the flight height for the TIR hyperspectral imagery is around
2.5 km, and the interferences of atmospheric transmittance and
upwelling radiance are mainly related to the water vapor content
below a 3-km altitude. It is also clear from Fig. 9(c) and (e) that
the humidity mixing ratio of ERA5 is more consistent with the
actual sounding humidity profile below a 3-km altitude, and the
ERA5 humidity profile has the highest vertical resolution in this
altitude range, compared with the sounding and NCEP inter-
polation profiles. Therefore, the ERA5 profiles should produce
the best atmospheric transmittance and upwelling radiance for
the AC of the airborne TIR hyperspectral imagery. In addition,
since water vapor normally exists below an altitude of 10 km,
in this whole altitude range, just one value of ERA5 around the
4.8 km altitude level is quite different from the corresponding
value of the sounding humidity profile, and the remaining values
are highly consistent with the corresponding sounding values.
Therefore, the data from ERA5 have a better coherence with the
real sounding profiles than the NCEP data, indicating that the
ERA5 product has more accurate atmospheric profiles. In addi-
tion, the ERA5 data have higher spatial, temporal, and vertical
resolutions. Furthermore, to obtain more accurate atmospheric
profiles for AC parameter simulation, the ground-measured me-
teorological data were fused with the ERA5 data to modify the
lower level values.

The selected atmospheric profiles were entered into MOD-
TRAN 5.2 with a spectral resolution of 1 cm−1. However, the
spectral resolution of the airborne imagery is 6 cm−1. In practice,
a simulated Gaussian SRF is often used for TIR hyperspectral
instruments [31], [32]. Therefore, the high spectral resolution
AC parameters were convolved with the simulated Gaussian
SRF to reconcile the bands of the AC parameters with those
of the airborne data, as shown in Fig. 10.

C. Modified Empirically Constrained TES Method

In practice, Hyper-Cam airborne TIR hyperspectral imagery
contains a high noise level, with NEDT values of more than 0.5 K
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Fig. 13. Temperature maps from the two methods: (a) and (b) are, respectively, the airport site LST maps from the modified method and FLAASH-IR;
(c) and (d) are, respectively, the Dongguo Lake site LST maps from the modified method and FLAASH-IR.

Fig. 14. Temperature distribution histograms for the two methods. (a) Land
cover of the AOI. (b) Temperature distribution histogram of FLAASH-IR. (c)
Temperature distribution histogram of the modified method.

for every band, which negatively affects the retrieval results
when using the TES methods based on a smoothness criterion.
To overcome this disadvantage of the smoothness constraint
criterion, a modified empirically constrained TES method is
proposed by the expansion of the original TES algorithm for
Hyper-Cam airborne TIR hyperspectral imagery. The flowchart
of the modified empirically constrained TES method is illus-
trated in Fig. 11.

The original TES method was initially designed for use with
TIR multispectral data, and includes three modules: 1) the nor-
malized emissivity method module; 2) the ratio (RAT) module;

Fig. 15. In-situ measurement locations and the retrieval error for FLAASH-IR
and the modified method.

and 3) the maximum–minimum relative emissivity difference
(MMD) module. Full details of this method are not provided
here, and we refer the interested reader to the study by Gillespie
et al. [20] and other research [33], [34]. The empirical rela-
tionship between minimum emissivity value εmin and MMD
is the key feature of the method, and it needs to be established
for specific sensor data. This empirical constraint relationship
has been investigated on different sensors with various spectral
channels, such as the ASTER sensor [20], the TASI sensor [35],
and the HyTES sensor [36]. However, this empirical constraint
relationship has not been previously applied to Hyper-Cam
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Fig. 16. Emissivity maps from the two methods: (a) and (b) are, respectively, the airport site LSE maps obtained by the modified method and FLAASH-IR;
(c) and (d) are, respectively, the Dongguo Lake site LSE maps obtained by the modified method and FLAASH-IR.

Fig. 17. Comparison between the ground-measured spectra and the retrieved spectra of FLAASH-IR and the modified method: (a) sandy ground, (b) lake water,
(c) green vegetation, (d) flagging, (e) asphalt road, and (f) cement road.

airborne hyperspectral data with 81 bands. This relationship
was therefore rebuilt to extend the original TES method to
Hyper-Cam airborne imagery.

The MMD index represents the absolute value of the differ-
ence between the maximum and minimum values of the β
spectrum calculated in the RAT module. Normally, noise in
Hyper-Cam airborne imagery results in little change for the
MMD value. Therefore, the MMD index is less susceptible to
noise than the smoothness criterion. There is a stable empir-
ical relationship between the MMD index and the minimum

emissivity value εmin . To obtain reliable parameters for this em-
pirical relationship, 198 spectra extracted from the JHU library
were used for fitting the relationship, including water, vegeta-
tion, soil, and rock spectra, which were converted to emissivity.
As shown in Fig. 12, the empirical relationship for the Hyper-
Cam sensor clearly differs from that for the ASTER sensor and
TASI sensor, which are both widely used for TIR retrieval. This
relationship acts as the empirical constraint in the retrieval of
LST and LSE from Hyper-Cam data, instead of the smoothness
criterion.
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Fig. 18. Band error of the emissivity spectra for FLAASH-IR and the modified method: (a) sandy ground, (b) lake water, (c) green vegetation, (d) flagging,
(e) asphalt road, and (f) cement road.

V. EXPERIMENTAL RESULTS AND DISCUSSION

To evaluate the performance of the proposed processing
framework for Hyper-Cam airborne images, airborne TIR hy-
perspectral images were collected from two sites in the city of
Zhengzhou in 2019, and were then processed by the proposed
method and FLAASH-IR. A qualitative and quantitative eval-
uation was then performed using in-situ ground-measured data
for the LST and LSE results.

A. Retrieved Temperature Evaluation

The FLAASH-IR temperature results and the in-situ measure-
ments were used as the reference for verifying the temperature
accuracy of the modified methodology.

1) Qualitative Analysis for the Areas of Interest (AOIs): Ar-
eas of interest (AOIs) were selected from the temperature maps
to qualitatively compare the capability to distinguish different
homogeneous ground covers, as shown in Fig. 13 (marked with
boxes). Statistical histograms of the AOIs were also produced
to show the temperature distribution of the land surface covered
with several uniform materials. A comparison of the LST results
obtained by the modified method and the FLAASH-IR method
is provided in Fig. 13.

It can be seen that the different surface materials have visi-
ble temperature differences for both methods. However, a new
asphalt road lies at the top of the airport site, and shows a
distinct temperature difference in the FLAASH-IR temperature
map [Fig. 13(b)]. The big temperature variation among the same
material in one flight line is unreasonable. In contrast, the LST
map of the modified method maintains temperature uniformity
within the areas of homogeneous ground materials.

As shown in Fig. 14(a), there are four types of homogeneous
land covers in the AOI at the airport site: asphalt road, cement

TABLE II
STATISTICS OF THE TEMPERATURE DISTRIBUTIONS OBTAINED BY THE TWO

METHODS FOR THE AOIS

road, bare soil, and yellow grass. Normally, these land-cover
types would be expected to have a similar temperature. The
temperature distribution of the modified method is a bimodal
curve with a small temperature range. The large peak is due to
the aggregation of the asphalt, cement, and bare soil pixels. In
contrast, the statistical result of the FLAASH-IR is a unimodal
distribution with a large temperature difference range.

In addition, the average temperature of the FLAASH-IR tem-
perature map is 55.2 °C and the maximum value is 76.65 °C.
Taking the land surface atmospheric temperature of 17.6 °C into
account, it is apparent that the FLAASH-IR method severely
overestimates the LST. Meanwhile, the average temperature of
the modified method AOI pixels is 20.92 °C, and the maximum
value is 58.9 °C, proving that the modified method can obtain a
more reasonable result than the FLAASH-IR method, as shown
in Table II.
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TABLE III
COMPARISON BETWEEN THE RETRIEVED AND MEASURED TEMPERATURES

2) Qualitative Analysis for the AOIs: The results of
FLAASH-IR and the modified method were compared to in-
situ LST measurements for the quantitative evaluation. These
land-cover types can be classified into two categories: natu-
ral surfaces and artificial surfaces. The reason for choosing
these land-cover types for the temperature validation was that
they all have a relatively large area to reduce the effect of
mixed pixels and avoid the thermal radiance from the sur-
roundings, such as buildings, trees, etc. All the measurements
of the land-cover types were made within 5 min of the flight
line overpass time. The comparison between the in-situ mea-
surements and the corresponding retrieved results is provided
in Table III.

In Table III, the temperatures for aluminum plate and rubber
road obtained using FLAASH-IR are abnormal temperature
values. This may have been caused by the high reflectivity of
these materials. The high reflectivity leads to a low signal-to-
noise ratio and amplifies the negative effect of the atmospheric
downwelling radiance because of the small values of land surface
radiance.

The root-mean-square error (RMSE) of the FLAASH-IR
results is 21.57 °C, and the LSTs of the highly reflective sur-
faces are negative. Correspondingly, the RMSE of the modified
method is 2.24 °C, which is within a reasonable range, because
the measurement time difference and radiometric calibration
error may have led to some temperature variation. The maxi-
mum difference between the modified method and the ground-
measured values is 3.13 °C for the marble square land-cover
type. Fig. 15 plots the distribution of the errors for the two TES
approaches.

B. Retrieved Emissivity Evaluation

1) Consistency Analysis for Homogeneous Surfaces: The
emissivity results of the modified method were first qualitatively

TABLE IV
RMSE OF FLAASH-IR AND THE MODIFIED METHOD

compared with the FLAASH-IR results. A quantitative compar-
ison was then conducted with the in-situ measured emissivity
spectra. The emissivity maps from both methods are shown in
Fig. 16, where the red frames illustrate that the LSE maps of the
modified method can better distinguish the different land-cover
types.

In addition, the LSE shape was assessed by comparing it with
the reference spectra, for asphalt, cement, sand, flagging, green
grass, and cold lake water. The comparison of the emissivity
spectral shapes is provided in Fig. 17. As shown in Fig. 17, the
atmospheric residuals are apparent around 9.5μm and below the
range of 8.36μm for FLAASH-IR, which may have been caused
by error in the AC parameter retrieval. In addition, the LSEs
are generally underestimated compared with the in-situ mea-
surements. In contrast, the results of the modified method show
a better performance in restraining the atmospheric residual,
indicating that the selection of atmospheric profiles works well
for LST and LSE retrieval with Hyper-Cam airborne imagery.
The amplitude of the LSE spectra from the modified method
shows good agreement with the in-situ measurements, indicating
that the modified empirically constrained TES method is less
susceptible to noise and is able to derive more accurate LST and
LSE values.

2) Quantitative Error Analysis: For the quantitative assess-
ment of the LSE, the RMSE of each method was calculated
between the ground-measured LSEs and the retrieved LSEs, as
shown in Fig. 18 and Table IV. Clearly, FLAASH-IR tends to
underestimate the emissivity spectra of the sandy ground, asphalt
road, flagging road, and cement road, but it shows a relatively
good ability to inverse the ground objects with high emissivity.
For example, the retrieved emissivity spectra of the water and
green vegetation are in good agreement with the in-situ measured
spectra. The underestimation of the retrieval emissivity can be
attributed to overcompensation of the atmospheric effect and
noise effect. The AC parameters are derived from the imagery
itself, which are also affected by measurement noise. Because of
the underestimation of the emissivity, the RMSE of FLAASH-IR
is greater than 0.1, resulting in overestimation of the LST. In con-
trast, the RMSE of the modified method is mainly below 0.015,
which is more accurate. There is, however, the phenomenon that
the emissivity error for lake water is high for both FLAASH-IR
and the proposed method, which is caused by the high noise
contained in the airborne TIR hyperspectral imagery, and the fact
that the emissivity spectrum of water has low spectral contrast.
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VI. CONCLUSION

Airborne TIR hyperspectral sensors have distinct advantages
over spaceborne sensors in acquiring high spatial and spectral
resolution imagery, which contributes to extracting more ac-
curate LST and LSE via taking advantage of the contiguous
spectral bands. In this article, a type of FTIR imager was used
for acquiring a set of airborne TIR hyperspectral images in the
7.5–11.5 μm range in China, on March 30, 2019. In addition,
a practical LST and LSE retrieval framework incorporating re-
analysis atmospheric profiles has been proposed for Hyper-Cam
airborne TIR hyperspectral imagery. First, the airborne TIR
hyperspectral imagery quality is improved through data quality
analysis and band selection. Then, to overcome the lack of
synchronously measured atmospheric sounding profiles, three
types of reanalysis atmospheric profiles are compared, and the
optimal atmospheric profiles and ground meteorological data are
fused to replace the synchronously measured sounding profiles.
Finally, an empirically constrained TES method is proposed to
expand the application of the original TES algorithm, which was
initially designed for multispectral data.

The comparison conducted in this article indicated that the
emissivity RMSE of the modified method was mainly below
0.015, and the temperature RMSE of all the ground samples
was about 2.2 K, proving that the proposed method can greatly
improve the retrieval accuracy for Hyper-Cam airborne data,
compared with FLAASH-IR. In addition, the modified method
has the advantages of being able to effectively suppress the
atmospheric influence, and it is less susceptible to measurement
noise. From these results, some conclusions can be drawn: 1) a
band selection operation is needed to improve the Hyper-Cam
airborne TIR hyperspectral data, since the measurement noise,
radiometric calibration error, and strong atmospheric absorption
can reduce the image quality in certain bands; 2) the spatiotem-
poral analysis and selection of ERA5 and NCEP atmospheric
profiles is a better choice for AC when there are no synchronous
radio-sounding profiles available; and 3) the empirically con-
strained relationship between MMD and minimum emissivity is
suitable for airborne data with a relatively high noise level.

In the future, improvement of the radiometric calibration will
be attempted for this set of airborne TIR hyperspectral imagery.
Furthermore, comprehensive denoising of airborne TIR hyper-
spectral imagery will be studied to further improve the current
image quality.
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