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Abstract The Large Field of View Airborne Infrared
Scanner is a newly developed multi-spectral instrument
that collects images from the near-infrared to long-wave
infrared channels. Its data can be used for land surface
temperature (LST) retrieval and environmental monitoring.
Before data application, quality assessment is an essential
procedure for a new instrument. In this paper, based on the
data collected by the scanner near the Yellow River in
Henan Province, the geometric and radiometric qualities of
the images are first evaluated. The absolute geolocation
accuracy of the ten bands of the scanner is approximately
5.1 m. The ground sampling distance is found to be varied
with the whisk angles of the scanner and the spatial
resolution of the images. The band-to-band registration
accuracy between band one and the other nine bands is
approximately 0.25 m. The length and angle deformations
of the ten bands are approximately 0.67% and 0.3°,
respectively. The signal-to-noise ratio (SNR) and relative
radiometric calibration accuracy of bands 4, 9, and 10 are
relatively better than those of the other bands. Secondly,
the radiative transfer equation (RTE) method is used to
retrieve the LST from the data of the scanner.
Measurements of in situ samples are collected to evaluate
the retrieved LST. Neglecting the samples with
unreasonable retrieved LST, the bias and RMSE between
in situ LST measured by CE312 radiometer and retrieved
LST are —0.22 K and 0.94 K, and the bias and RMSE are
0.27 K and 1.59 K for the InfReC R500-D thermal imager,
respectively. Overall, the images of the Large Field of
View Airborne Infrared Scanner yield a relatively
satisfactory accuracy for both LST retrieval and geometric
and radiometric qualities.
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1 Introduction

Remotely sensed thermal infrared (TIR) images have been
widely used to retrieve land surface temperature (LST)
and land surface emissivity (LSE) (Quattrochi and Luvall,
1999; Sobrino et al., 2008; Nie etal., 2021; Renet al.,
2022), detect geothermal anomalies (Coolbaugh et al.,
2007), monitor volcano activities (Carter and Ramsey,
2010), explore geological ore, monitor crop growth status
(Feng et al., 2022), etc. In these applications, LST is a
parameter of considerable importance to retrieve, since it
is a key parameter for understanding the physical proces-
ses of land surface energy and water balance on regional
and global scales (Zhang et al., 2008; Karnieli et al., 2010;
Eleftheriou et al., 2018). More specifically, many envir-
onmental monitoring studies, such as those on urban
climate (Lemus-Canovas et al., 2020), the greenhouse
effect (Parida et al., 2021) and drought monitoring (Yang
et al., 2020), heavily rely on accurate LST.

A series of satellite and airborne sensors have been
developed to collect TIR data and retrieve LST, such as
Advanced Very High Resolution Radiometer (AVHRR)
(Urban et al., 2013), Moderate Resolution Imaging Spec-
troradiometer (MODIS) (Duan et al., 2019), Advanced
Spaceborne Thermal Emission Reflection Radiometer
(ASTER) (Liu and Pu, 2008), Landsat Thematic Mapper
(TM) (Weng et al., 2014), Airborne Hyperspectral Scanner
(AHS) (Qian et al., 2015), Thermal Airborne Hyperspe-
ctral Imager (TASI) (Li et al., 2016), and Digital Airbo-
rne Imaging Spectrometer (DAIS) (Sobrino et al., 2004),
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etc. Compared with the satellite sensors, airborne sensors
have higher spatial resolution and a more flexible revisit
period (potentially hours), allowing for the acquisition of
more detailed LST mapping of the local area (Zhu et al.,
2016). The Large Field of View Airborne Infrared
Scanner is a newly developed sensor by the China High-
Resolution Earth Observation Major Special Aviation
Observation System Program. The scanner operates in ten
bands: one near-infrared (NIR) band, three short-wave
infrared (SWIR) bands, two mid-wave infrared (MWIR)
bands, and four long-wave infrared (LWIR) bands. The
field of view (FOV) angle is = 50° (Ye et al., 2017). The
specifications of the above mentioned airborne sensors
and the Large Field of View Airborne Infrared Scanner
are shown in Table 1. It can be found that the Large Field
of View Airborne Infrared Scanner features a larger FOV
and more detector columns. In this study, the TIR LWIR
data obtained by the Large Field of View Airborne
Infrared Scanner are tested to retrieve the LST of the
study area.

Various approaches have been published to estimate
LST from remotely sensed TIR data. These methods can
be generally divided into two categories: single channel
and multi-channel methods. The single-channel methods
are represented by the radiative transfer equation (RTE)
method (Price, 1983), Jimenez-Mufloz and Sobrino’s
algorithm (Jiménez-Mufioz and Sobrino, 2003), and Qin
et al.’s algorithm (Qin et al., 2001). The main procedure
of the RTE method is to retrieve LST by the inversion of
the Planck’s law based on the radiative transfer equation
(Price, 1983). Jimenez-Mufloz and Sobrino’s algorithm
can estimate LST without in sifu radio soundings or
effective mean atmospheric temperature values and can
be applied to thermal sensors characterized with a
FWHM (Full-Width Half-Maximum) of approximately 1
mm. Qin et al.’s algorithm retrieves the LST with three
parameters: LSE, atmospheric transmittance, and effective
mean atmospheric temperature. Jimenez-Mufloz and
Sobrino’s and Qin et al.’s algorithms are both based on
Landsat5 TM6 images. The temperature calculation equa-
tions of these two algorithms are obtained by simplifying
the radiative transfer equation, and many empirical coeffi-
cients in their proposed formula are given for the charac-
teristics of the TM6 data. The multi-channel methods
include split-window methods and some other methods
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used more than two channels. Two TIR channels are used
in split-window methods, and LST is expressed as a
linear equation (Choi and Suh, 2018; Guo et al., 2020) or
nonlinear equation (Coll et al., 1994; Zarei et al., 2021) of
the brightness temperature of the two channels. Simula-
tion image data or many in situ temperature measurements
are needed to determine the parameters in the retrieval
equation (Coll et al., 1994; Choi and Suh, 2018; Guo et al.,
2020; Zarei et al., 2021). In addition to these methods,
some specific methods have been proposed, such as the
temperature and emissivity separation method (TES)
(Gillespie et al., 1998), day/night method (Wan and Li,
1997; Wan, 2008), and machine learning method (Mao
etal., 2011; Jia et al., 2021). These methods are generally
specific to the sensors and/or time of data collection, or
need many training data. Consequently, these methods
lack of universality. For the data used in this study, there
are no sufficient data to derive the empirical coefficients
for the methods, such as Jimenez-Mufloz and Sobrino’s
algorithm, Qin etal.’salgorithm (single-channel algorithm),
and the split-window method. Labeled data from the
scanner images and its targets are also not available; thus,
the machine learning method is also not applicable.
Therefore, the general RTE method is more suitable for
deriving the LST in this paper.

Since the Large Field of View Airborne Infrared
Scanner is a newly developed instrument, a performance
evaluation in both geometry and radiometry is of great
importance before data application. Secondly, for future
application, a capacity evaluation of LST retrieval is also
needed to be conducted. To these ends, the paper is
organized as follows: in Section 2, the study area and the
methods of quality evaluation and LST retrieval are
described. The results and discussion of the quality
assessment and LST retrieval are presented in Section 3.
The conclusion is drawn in Section 4.

2 Data and methods

2.1 Data description

The images and the data measured in situ for evaluating
quality and retrieving LST were acquired on 21 October,
2020. The study area of quality evaluation is located in

Table 1 The differences between the Large Field of View Airborne Infrared Scanner and other airborne sensors

Airborne sensors Number of channels Spectral range/um FOV Detector columns
AHS (Qian et al., 2015) 80 0.43-12.70 90° 750

TASI (Li et al., 2016) 32 8.0-11.5 40° 600

DALIS (Sobrino et al., 2004) 79 0.4-13.0 52° 512

Large Field of View Airborne Infrared Scanner 10 0.76-12.5 100° 2048/1024/512

Notes: AHS = Airborne Hyperspectral Scanner, TASI = Thermal Airborne Hyperspectral Imager, DAIS = Digital Airborne Imaging Spectrometer, FOV =

field of view.
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Kaifeng City, Henan Province, on the north bank of the
Yellow River, centered at a latitude of 34.9°N and a
longitude of 114.3°E. The main specifications of the
Large Field of View Airborne Infrared Scanner are shown
in Table 2. The land cover in the study area includes crop-
land, trees, sparse vegetation, urban areas, bare ground,
and water bodies. The Ground Control Points (GCPs)
used for geometric quality evaluation are measured with a
Leica GNSS RTK rover. The precision of RTK measure-
ments is better than 10 cm, which is sufficient for the
quality evaluation of the scanner. Therefore, the RTK
measurements are considered as ground truth. Figure 1
shows the mosaiced band nine image covering the GCPs’
positions. A total of 63 GCPs are shown in Fig. 1.

To retrieve the LST and evaluate its accuracy, the in
situ LSE and LST are measured by the Cimel CE312
high-precision IR radiometer, and the in situ LST is
measured by the InfReC RS500-D thermal imager.
Because the contribution of solar radiation at the top of
the atmosphere is negligible in the range of 8—14 um, the
upward solar diffusion radiance, the solar diffusion
radiance reflected by the surface and the direct solar
radiance reflected by the surface can be neglected without
loss of accuracy (Li et al., 2013). In addition, the LSE of
band ten is not available. Therefore, the experiment of
LST retrieval based on band seven, band eight, and band
nine is conducted first, and the band nine shows high
accuracy of retrieval; thus, it is selected to estimate the
LST. Figure 2 shows the position of the ten plots measured-
by CE312 and InfReC R500-D; the in situ temperature
and LSE are both obtained. It should be noted that the
study area of LST retrieval is not included in the study
area of geometric and radiometric quality evaluation.

2.2 Quality assessment

2.2.1 Geometric quality assessment

1) Absolute geolocation accuracy
Absolute geolocation accuracy refers to the deviation

Table 2 Specifications of the Large Field of View Airborne Infrared
Scanner

Band Channels Spectral range/um Detector columns
B1 NIR 0.76-0.90 2048
B2 SWIR I 1.23-1.25 1024
B3 SWIR II 1.55-1.75

B4 2.08-2.35

B5 MWIR 3.50-3.90 512
B6 4.85-5.05

B7 LWIR I 8.01-8.39

B8 8.42-8.83

B9 LWIR II 10.3-11.3

B10 11.4-12.5

Notes: NIR = near-infrared, SWIR = short-wave infrared, MWIR = mid-
wave infrared, LWIR = long-wave infrared.
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Fig. 1 Mosaic of the band nine images covering the GCPs (red
points) and in situ measurements region (green rectangle).

between the GCPs and their corresponding coordinates in
the scanner’s images. According to Fig. 1, the pixels
containing GCPs are relatively uniformly imaged with
different whisk angles. A total of 63 GCPs are used for
the evaluation of absolute geolocation accuracy, which
can be expressed as

AX; = Ximage,i - XGCP,i, (1)

AY; = Yimage,i - YGCP,i, (2)

D= \JAX? +AY?, 3)

where Ximage,i and Yimage,; are the geographic coordinates
of the ith GCP in the image, and Xgcp,; and Ygcp; are the
RTK-measured coordinates of the ith GCP. The D; is the
displacement between the image-based and RTK-
measured coordinates of the ith GCP. The absolute
geolocation accuracy is thus obtained by averaging the D;
of all the GCPs.

2) Ground sampling distance

The ground sampling distance (GSD) describes the
spacing between adjacent pixels’ centers, which is a key
indicator of an image’s spatial resolution. In this study, it
is acquired as the ratio of the RTK-measured distance (m)
to the distance (expressed with number of pixel) of two
GCPs on an image. According to the characteristics of the



Chao WANG et al. Quality assessment and land surface temperature retrieval

114°36"'18"E  114°36'21"E  114°36'24"E  114°36'27"E

|
&
© &
n O
g Fin
< 3
o <
3]
&
. &
w4 @
g Fin
< 3
[3a] <
2]
&
o &
n IS4
g Fin
< 3
o <
3]
Radish land2
adish. lafd 1 .~
& Cropland 'R s 'lm
. z
%) ~
1 | ©
o : )
: 3 o
ludfalt] P
Mudflat2
&
= &
el <t
b )
Ye) - INS
¥ 50 25 0 50 g
R m <
f32)

114°36'18"E  114°3621"E  114°36'24"E  114°36'27"E

Fig.2 Mosaic of the band nine images covering the in situ
measurement plots (green points).

sensor’s large FOV, the GSDs under various whisk
angles are calculated for the evaluation of the images
obtained by the newly developed scanner.

3) Band-to-band registration accuracy

Band-to-band registration (BBR) accuracy is a measure
of alignment among different bands of a scene acquired
by an imaging sensor. In this study, the scale-invariant
feature transform (SIFT) method (Lowe, 1999) is used to
extract tie points; then, the random sample consensus
(RANSAC) method (Fischler and Bolles, 1981) is applied
to remove the wrong-matched tie points. With the tie
points, the BBR accuracy is calculated as

1 c a b
XBBR:ZZ xj—xj|, 4)
=
1 n
_ - a__ b
YBBR—nZyj yj" &)
=1
Dppr = Xppr? + YBBRZ, (6)

where Xggr and Ygpr are the BBR accuracy in X and ¥
directions. Dgpr is the overall BBR accuracy. n is the
number of tie points. (x4,4) and (x?, %) are the geographic
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coordinates of the j! tie point in band a and band b,
respectively.

4) Geometric deformation

In this study, the length and angle deformations are
calculated to evaluate the geometric deformation of the
image. The length and angle deformations are expressed
as

|D° - D¢
AD="—1%100%, (7
Dg
AA =A% - A2, (8)

where AD and AA are the length and angle deformation,
respectively. DO is the distance of the image pixels with
two GCPs. pg is the distance of the ground-truth
coordinates of the same GCPs. A¢ is the angle of two lines
composed by three GCPs measured by RTK. A? is the
angle composed by the same three GCPs matched in the
image.

2.2.2 Radiometric quality assessment

1) Signal-to-noise ratio

Noise is one of the major contributors to the overall
instrument uncertainty. Its determination is essential for
evaluating the instrument performance (Wang et al.,
2018). In this study, the inverse coefficient of variation
(ICV) is used to evaluate the signal-to-noise ratio (SNR),
and the ICV is expressed as (Bouali and Ladjal, 2011)

cv="

std ©

where m and std are the mean and standard deviation of
DN values. The index ICV is computed in homogeneous
regions.

2) Relative radiometric calibration accuracy

The process of quantifying radiometric response
variation in each detector relative to each other is consi-
dered as relative radiometric calibration (Kabir et al.,
2020), which can be evaluated by the generalized noise
(Hu and Zhang, 2007). The generalized noise is expressed
by

R=L12|DN(i)—ave|, (10)
=1

aven i
where ave is the average DN value of the whole image. n
is the number of columns of the image. DN (i) is the
average DN value of the ith column. The larger the value
of R is, the worse the quality of the relative radiometric
calibration. The generalized noise is calculated in the
same homogeneous regions as ICV.

2.3 LST retrieval method

In this paper, the RTE method (Price, 1983) is used to
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retrieve LST from the images of the Large Field of View
Airborne Infrared Scanner. In the TIR wavelength, the
radiative transfer equation is expressed as

(11)

where Lgensor 18 the radiance measured by the sensor. & is
the LSE. 7 is the total atmospheric transmissivity. thm
and L;m are the down-welling and up-welling atmospheric
radiance, respectively. B(Ts) is the blackbody radiance
given by Planck’s law, and Ty is the LST. Planck’s law
can be given by the following expression:

Lensor,a = [S/lB/l Ts)+(1- S/I)Litm,/l] ‘Tt L;m’/p

Cl/l_5
e @ 1
<ol 21—
P\ AT
with ¢; =1.19104x 10 W-pm*-m™2-sr™!, and ¢ =

1.43877 x 10* um - K. Combining Egs. (11) and (12), the
LST can be calculated as

Bi(Tg) = , (12)

Cg/l_l

Ts = (13)

[ SATACI/l_S ] i1
Lgensor,a — L;m’/l -(1-&) Lzlitm,/lT’I

In Eq. (13), the total atmospheric transmissivity, down-
welling atmospheric radiance, and up-welling atmospheric
radiance can be predicted by the MODTRAN (MODerate
resolution atmospheric TRANsmission) (Anderson et al.,
2000) radiative transfer code with the real-time atmosp-
heric profiles of the study area.

In

3 Results and discussion

3.1 Geometric quality assessment

In this section, the evaluation results of absolute geolo-
cation accuracy, ground sampling distance, band-to-band
registration accuracy, and the geometric deformation of
the images obtained by the Large Field of View Airborne
Infrared Scanner are presented. To determine the absolute
geolocation accuracy, a set of 63 GCPs is used and their
coordinates have been compared with the corresponding
positions in the image. Table 3 shows the averaged AX
and AY, and the absolute geolocation accuracy of all the
GCPs in the ten bands.

As seen from Table 3, the average displacement of the
63 GCPs in the X and Y directions are quite stable for the
ten bands, which are approximately 3.0 m and 3.5 m,
respectively. Additionally, the absolute geolocation
accuracy is approximately 5.1 m. The results show that
the geolocation accuracy is band-independent. The
relationship between the absolute geolocation accuracy
and the whisk angle of pixels containing the GCPs is
shown in Fig. 3. When the whisk angle is smaller than

Table 3 The average displacement in the X and Y directions, and the
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absolute geolocation accuracy in the ten bands

Band AX/m AY/m Absolute geolocation accuracy/m
B1 2.873 3.531 5.013
B2 2.955 3.597 5.119
B3 2.899 3.513 5.017
B4 2.995 3.485 5.065
B5 2918 3.498 5.013
B6 3.014 3.447 5.030
B7 3.038 3.453 5.052
B8 3.073 3.521 5.123
B9 3.030 3.448 5.030
B10 3.143 3.458 5.116
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Fig.3 Comparison of the whisk angle of the image pixels containing
the 63 GCPs and the averaged absolute geolocation accuracy in ten
bands for each GCP.

25°, the variation in the absolute geolocation accuracy is
relatively small, with a maximum, minimum, and average
value of 6.63 m, 0.85 m, and 3.73 m, respectively.
However, when the whisk angle is larger than 25°, the
absolute geolocation accuracy of some GCPs starts to
deteriorate, reaching a high value of 17.67 m in this
study. There are 23 GCPs that have a whisk angle larger
than 25°, and nine of them have errors higher than 8 m,
suggesting that the geolocation accuracy may be
correlated with the whisk angle.

In this study, each GCP is paired, and these pairs are
then used to evaluate the GSD of the Large Field of View
Airborne Infrared Scanner. Table 4 shows the GSD under
different whisk angles and the average GSD. It should be
noted that for the GSD under different whisk angles, only
the pairs for which the GCPs had a whisk angle within +
2.5° of the angle in Table 4 are taken into consideration,
and the average in Table 4 represents the average GSD of
all the GCP pairs. Figure 4 shows the relationship
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Table 4 The average ground sampling distance (m/pixel) under different whisk angles and the average ground sampling distance (m/pixel) of all

GCP pairs
Band 5° 10° 20° 30° 40° 50° Average
Bl 0.116 0.122 0.125 0.142 0.171 0.225 0.137
B2 0.234 0.245 0.250 0.282 0.341 0.450 0.274
B3 0.233 0.245 0.249 0.282 0.339 0.447 0.274
B4 0.234 0.245 0.249 0.284 0.339 0.447 0.274
BS 0.437 0.456 0.486 0.554 0.640 0.854 0.514
B6 0.437 0.457 0.489 0.556 0.644 0.854 0.514
B7 0.437 0.456 0.482 0.552 0.643 0.855 0.514
B8 0.437 0.457 0.483 0.554 0.650 0.856 0.514
B9 0.437 0.457 0.484 0.554 0.642 0.853 0.514
B10 0.438 0.457 0.484 0.551 0.641 0.855 0.514
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Fig. 4 The relationship between the whisk angle and ground sampling distance of (a) B1, (b) B2, B3, and B4, and (c) B5, B6, B7,

B8, B9, and B10.

between the whisk angle and ground sampling distance of
different bands. From Table 4 and Fig. 4, it can be seen
that: 1) the average GSD of Bl is 0.137 m/pixel, the
average GSDs of B2, B3, and B4 are 0.274 m/pixel, and
the average GSDs of the other six bands are 0.514
m/pixel; 2) the GSD at the whisk angle of 50° is
approximately twice as high as that at 5°; 3) the GSD
increases with the increase in imaging whisk angle; and
4) for bands with the same nominal spatial resolution, the
GSDs under different whisk angles are generally consi-
stent, i.e., band-independent.

As mentioned in Section 2, the band-to-band registration
accuracy is also used to evaluate the geometric quality.
With band one set as the reference, the BBR accuracy
between band one and the other nine bands can thus be
calculated. The resulting BBRs are shown in Table 5. The
BBR in the X and Y directions is approximately 0.18 m
and 0.16 m, respectively, with a maximum of 0.26 m. The
overall BBR accuracy of each band is approximately
0.25 m, and the maximum value is the BBR accuracy
between band one and band two—0.314 m in this study.
Meanwhile, to compare the BBR accuracy under different
whisk angles, the BBR accuracy between band one and

Table 5 The overall band-to-band registration accuracy and the band-
to-band registration accuracy in the X and Y directions between band
one and different bands

Band Xggr/M  Yggp/m  Band-to-band registration accuracy/m
B2 0.177 0.259 0.314
B3 0.146 0.138 0.201
B4 0.182 0.142 0.231
BS 0.241 0.151 0.285
B6 0.167 0.146 0.222
B7 0.150 0.180 0.234
B8 0.258 0.164 0.306
B9 0.177 0.156 0.236
B10 0.190 0.167 0.253

band two in the X and Y directions of different lines is
shown in Fig. 5. The BBR accuracy in different image
lines is relatively stable, i.e., the BBR accuracy is
independent of the whisk angle. In addition, the number
of tie points decreases with the increase of the error of
band-to-band registration in both X and Y directions (e.g.,
Figs. 5(c) and 5(d)), thus, no systematic error is noted
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between the registration of different bands.

Finally, the geometric deformation has been evaluated
in terms of length and angle. The results in different
bands are shown in Table 6. The length deformation of
each band is the average value of the length deformation
of lines constructed by every two GCPs in the same
scene. Additionally, the angle deformation is the average
angle constructed by every three GCPs. From Table 6, the
average length deformation and angle deformation of the
ten bands are approximately 0.67% and 0.3°, respectively.
The number of different lengths and angles used in the
evaluation are shown in Fig. 6. The distance between two
GCPs varies from close to 0 km to more than 3 km, and
the angle varies from 0° to 180°. Thus, the evaluation of

Table 6 The results of length deformation and angle deformation of
the ten bands

Band Length deformation Angle deformation
Bl 0.638% 0.337°
B2 0.661% 0.315°
B3 0.653% 0.321°
B4 0.662% 0.302°
BS 0.674% 0.241°
B6 0.672% 0.304°
B7 0.684% 0.309°
B8 0.693% 0.315°
B9 0.683% 0.317°
B10O 0.697% 0.298°

length and angle deformation is relatively comprehensive.
In Fig. 6(b), it can be seen that there are more angle
measurements closing to 0° and 180°. This is due to the
long and narrow shape of the image, when the GCP at the
angular point is in the middle line of the other two GCPs.
The angle is frequently close to 180°; otherwise, the angle
is close to 0°.

As mentioned above, the geometric quality of the data
of the Large Field of View Airborne Infrared Scanner was
evaluated from four aspects. Regarding the evaluation
results, the uncertainty may arise in the following proce-
sses. First, the GCPs are matched between the scanner’s
images and in situ measurements through visual inspec-
tion. Thus, artifacts may exist. Second, though the
RANSAC method is used to remove the wrong-matched
tie points, the wrong-matched tie points may still exist
and are used in the evaluation of BBR accuracy. Last,
some uncertainty could arise from the in situ measure-
ments, i.e., the coordinates of GCPs measured by RTK.
The Large Field of View Airborne Infrared Scanner is a
whisk broom scanner (Yeetal,2017). As shown in
Table 1, the FOV of the Large Field of View Airborne
Infrared Scanner is significantly greater than that of some
other commonly used airborne sensors. Therefore, the
relationship between the whisk angle and geometric
quality are analyzed. According to the evaluation results
of geometric quality assessment, the absolute geolocation
accuracy and GSD are correlated with the whisk angle.
When the imaging whisk angle increases, the distance
between the object and the sensor increases; thus, the
GSD also increases. A bigger GSD will lead to greater
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Fig. 6 Number of different (a) lengths and (b) angles used in the evaluation of geometric deformation.

error in the process of manual recognition. Additionally,
this may be a possible reason for the deterioration in the
absolute geolocation accuracy when the whisk angle is
larger than 25°. The absolute geolocation accuracy and
BBR accuracy of the Large Field of View Airborne
Infrared Scanner have been compared to the accuracy of
some other airborne sensors, finding that the accuracy is
similar.

3.2 Radiometric quality assessment

In this study, the signal-to-noise ratio and relative radiom-
etric calibration accuracy are used to assess the radiom-
etric quality of the image obtained by the Large Field of
View Airborne Infrared Scanner. The ICV and genera-
lized noise are selected to represent the two evaluation
indexes, respectively. The ICV and generalized noise are
computed in four homogeneous regions within a window

x10*

x10*

12.04
2.035

2.03

2.025
2.02
2.015

B7 B8

of the same size and plot. The four regions correspond to
four land cover classes, i.e., bare ground, built-up area,
vegetation field, and water body. The region of built-up
area of every band is shown in Fig. 7. Tables 7 and 8
show the statistics of the generated ICV and generalized
noise.

From Table 7, and Figs. 7 and 8, it can be seen that the
performance of SNR varies across the ten bands. The ICV
of B1, B3, and BS5 is relatively smaller than for other
bands, and there is obvious streak noise in the B3. The
ICV of B4, B9, and B10 is larger than 500; thus, the noise
level of the three bands is relatively low. More targets’
information could be obtained from these three bands.
The relative radiometric calibration accuracy of all ten
bands is below 0.5%, which yields a relatively good
radiometric calibration. In addition, the generalized noise
of B1, B3, and B5 is more than 0.1%, and the effect of
the relative radiometric calibration of the three bands is

*10*
252
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2505
25
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240
2.485
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Fig. 7 Images of the DN value for the sample of built-up area of the ten bands.
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Table 7 The average signal-to-noise ratio and relative radiometric
calibration accuracy of the ten bands

Band Signal-to-noise ratio  Relative radiometric calibration accuracy
Bl 92.520 0.230%
B2 434816 0.054%
B3 222.512 0.234%
B4 634.234 0.065%
B5 161.266 0.244%
B6 406.591 0.067%
B7 446.288 0.072%
B8 424 414 0.083%
B9 1057.488 0.027%
B10 1442.267 0.016%

Table 8 The average signal-to-noise ratio and relative radiometric
calibration accuracy of the four regions

Signal-to-noise Relative radiometric calibration

Land cover :

ratio accuracy
Bare ground 467.189 0.110%
Built-up area 372.749 0.115%
Vegetation
field 452.198 0.113%
Water body 836.821 0.099%

relatively poor compared with other bands. From Table 8
and Fig. 8, for the four land cover classes, it can be seen
that the SNR of the water body is relatively higher than
that of the other three regions, and the relative radiome-
tric calibration accuracy of the four regions is basically
consistent.

3.3 The retrieval of LST

In Section 2, we described the principle of the RTE LST
retrieval method. To verify the feasibility of this method

2500
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for the data obtained by the Large Field of View Airborne
Infrared Scanner, a validation experiment is conducted
based on the in situ LST and LSE measured by CE312 IR
and the InfReC R500-D. Figure 9 shows the results of in
situ LST measured by InfReC R500-D. For each
measured plot, a window of 5 x 5 pixels is cropped from
the image. Within the window, the average at-sensor
radiance of the pixels is calculated as Lgepsor. The
atmospheric profiles data are obtained from the European
Centre for Medium-Range Weather Forecasts (ECWMF)
reanalysis v5 (ERAS5) (Hoffmann et al., 2019). The temp-
oral resolution and spatial resolution of the reanalysis
data are 3 h and 0.75° % 0.75°, respectively. Through LST
retrieval tests, it is found that the atmospheric humidity
has a larger impact on the retrieval accuracy than other
meteorological factors. In general, the impact of ECWMF
forecast errors of atmospheric humidity on LST retrievals
is less than 0.5 K (Freitas et al., 2010). With the aid of
MODTRAN, the atmospheric transmittance, atmospheric
downwelling radiance, and upwelling radiance in a given
channel could be derived. Then, the LST of each plot is
calculated based on Eq. (13).

Tables 9 and 10 show the results of the in situ
measurement of LST by CE312 and InfReC R500-D and
the RTE-retrieved LST, and the difference between them.
Figure 10 shows the correlation between the retrieved
LST and the LST measured in situ, which overall shows a
good agreement. As can be seen in Table 11, the bias,
mean absolute error (MAE), standard deviation, and root
mean square error (RMSE) between the LST measured in
situ by CE312 and the retrieved LST are 0.35 K, 2.10 K,
3.12 K, and 2.98 K, respectively, for all the samples.
Meanwhile, the bias, MAE, standard deviation, and
RMSE of InfReC R500-D are 1.43 K, 2.21 K, 2.89 K,
and 3.09 K, respectively. The error for the dry bare
ground between LST measured in situ by CE312 and
InfReC R500-D and the retrieved LST shows large
variation. The main reason may be the measurement error
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Fig. 8 (a) Signal-to-noise ratio and (b) relative radiometric calibration accuracy of the ten band in the four regions.
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Fig. 9 The in situ LST of the ten plots measured by the InfReC R500-D.

Table 9 Comparison between the LST measured in situ by CE312 and retrieved with the RTE method

Plot Mueasurement time (2020-10-21) LSE (10.6 pm) In situ LST/K Retrieved LST/K Difference/K
Black target 11:31:57 0.930 304.28 302.63 —-1.65
Mudflat1 11:48:27 0.949 294.07 295.51 1.43
Mudflat2 11:51:53 0.987 292.22 292.48 0.26
Cropland 11:56:29 0.957 294.04 294.25 0.21
Radish land1 12:01:54 0.985 294.69 293.69 —-1.01
Radish land2 12:06:06 0.978 295.17 294.93 —-0.24
Bare ground 12:14:47 0.961 296.27 301.47 5.20
Dry meadow 12:19:39 0.962 306.17 305.65 —0.52
Dry bare ground 12:24:14 0.954 310.01 304.65 -5.35
Sweet potato land 12:49:12 0.978 297.29 302.46 5.17

Note: LSE = land surface emissivity, LST = land surface temperature.

Table 10 Comparison between the LST measured in situ by InfReC
R500-D and retrieved with the RTE method

Plsot Measurement Insitu  Retrieved Difference/K
time (2020-10-21) LST/K LST/K

Black target 11:59:45 303.65 302.63 -1.02
Mudflat1 11:49:28 292.45 295.51 3.06
Mudflat2 11:48:42 290.15 292.48 2.33
Cropland 11:52:17 295.95 294.25 -1.70
Radish landl 11:55:29 293.75 293.69 —-0.06
Radish land2 11:56:27 294.45 294.93 0.48
Bare ground 12:18:53 294.45 301.47 7.02
Dry meadow 12:21:05 306.75 305.65 -1.10
Dry bare ground 12:06:33 304.45 304.65 0.20
Sweet potato land 12:09:48 297.35 302.46 5.11

Note: LST = land surface temperature.

of CE312. However, the error of bare ground and sweet
potato land between the two in situ measured and
retrieved LST are more than 5 K. Several possible
reasons could account for this large discrepancy. First, for
the two samples of bare ground, the error could be caused
by the soil’s structure, which is porous, permeable, and

has variable water content, and as a result, causes the LSE
measurement to be inaccurate (Herb etal., 2008). In
contrast, the vegetation has higher emissivity and lower
deviation than the soil (Yamamoto and Ishikawa, 2018).
Secondly, according to the radiative transfer equation and
Eq. (13), the inaccurate LSE (i.e., ¢) will finally lead to
the error in the retrieved LST. The radiance emitted
directly by the surface and the down-welling atmospheric
radiance are affected conversely by the LSE. The down-
welling atmospheric radiance is usually much smaller
than the radiance emitted directly by the surface. Thus,
when the LSE is measured to be larger than the true LSE,
the retrieved LST will be smaller than the true value. In a
hot and humid atmosphere, a 1% error in LSE will cause
a 0.3 K error in the retrieval of the LST, compared with a
retrieval error even up to 0.7 K in a dry and cold
atmosphere (Dash et al., 2002). Under the atmospheric
conditions of this study, if the measured LSE is 0.01 more
than the true LSE, the retrieved LST will be reduced by
approximately 0.7 K. Thirdly, the reflectance of the
infrared channel is higher in arid and semi-arid areas,
which will have a bigger effect on the correction of solar
radiation, and thus lead to a reduction in the retrieval
accuracy (Lietal.,2013). Fourthly, the time interval
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between in situ measurements and the image acquisition
time could be another possible reason. The image
acquisition time is 12:14 on October 21, 2020. According
to Table 9, the time interval of the last sample (Table 9) is
more than half an hour. Considering that the LST varies
more at noon, the retrieved LST could have a large
difference with the LST measured in situ. This effect
could also account for the relatively large discrepancy
between the LST of the first two samples in Table 9 and
the two mudflat samples in Table 10.

To verify the reliability of the radiance data (i.e., the
radiance transformed from the raw data of the Large Field
of View Airborne Infrared Scanner) used for LST
retrieval, the simulated radiance is compared with the
radiance extracted from the images. The radiance can be
simulated by Eqs. (11) and (12) if the atmospheric
parameters (i.e., total atmospheric transmissivity, down-
welling atmospheric radiance, and up-welling atmos-
pheric radiance), LSE, and LST are known. The atmos-
pheric parameters are derived from the MODTRAN.
Additionally, the simulated radiance is then calculated
based on the LST and LSE measured in situ by CE312.
The average difference between simulated radiance and
image radiance for the ten plots is approximately 10%,
which is relatively large. The difference in bare ground
and sweet potato land is more than 20%, which may be
the main reason for the large error of the two plots.
Therefore, the radiance data used in this study seem to be
affected by a calibration problem. As can be seen from
Table 11, if we neglect the unreasonable retrieval of bare
ground, dry bare ground, and sweet potato land, the bias,
MAE, standard deviation, and RMSE between LST
measured in situ by CE312 and the retrieved LST are
-0.22 K, 0.76 K, 0.99 K, and 0.94 K, respectively.
Additionally, for the InfReC R500-D, the bias, MAE,
standard deviation, and RMSE are 0.27 K, 1.24 K, 1.67
K, and 1.59 K, respectively, if we neglect the bare ground
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and sweet potato land. The LST retrieval of the Large
Field of View Airborne Infrared Scanner is quite
promising for future data applications.

4 Conclusions

In this study, the geometric and radiometric quality
assessment and LST retrieval of the images of the newly
developed Large Field of View Airborne Infrared
Scanner are conducted based on the data collected near
the Yellow River in Henan Province. The geometric
quality is evaluated in terms of four aspects: absolute
geolocation accuracy, GSD, BBR accuracy, and geom-
etric deformation. The absolute geolocation accuracy of
the ten bands is approximately 5.1 m. The accuracy starts
to deteriorate when the whisk angle exceeds 25°. The GSD
increases with the increase in the whisk angle, and the aver-
age GSD of the three kinds of spatial resolution images
are 0.137 m/pixel, 0.274 m/pixel, and 0.514 m/pixel,
respectively. The BBR accuracy between band one and
the other nine bands is approximately 0.25 m. Additi-
onally, there is no obvious correlation between the whisk
angle and the BBR accuracy. The length and angle
deformations of the ten bands are approximately 0.67%
and 0.3°, respectively. The SNR and relative radiometric
calibration accuracy of the four land cover classes are
computed to evaluate the radiometric quality; most bands
perform well, but the SNR and relative radiometric
calibration accuracy of bands 1, 3, and 5 are compara-
tively worse than those of other bands. Compared with
bare ground, built-up areas, and vegetation fields, water
bodies have a better performance in terms of the
radiometric quality.

Measurements of ten in situ samples are collected to
evaluate the LST retrieval of the scanner. Three samples,
i.e., bare ground, dry bare ground, and sweet potato land,
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Table 11 The statistics of the comparison between the LST measured
in situ and the RTE-retrieved LST

CE312 InfReC R500-D
Indicators
all®) part® all®) partd)
Bias/K 0.35 -0.22 1.43 0.27
MAE/K 2.10 0.76 2.21 1.24
Standard deviation/K 3.12 0.99 2.89 1.67
RMSE/K 2.98 0.94 3.09 1.59

Notes: MAE = mean absolute error, RMSE = root mean square error,
a) the statistics of all plots measured by CE312, b) the statistics of plots
measured by CE312 without bare ground, dry bare ground, and sweet
potato land, c) the statistics of all plots measured by InfReC R500-D,
d) the statistics of plots measured by InfReC R500-D without bare ground
and sweet potato land.

show an unreasonable retrieved LST discrepancy (> 5 K)
with the in situ measurements. Neglecting these samples,
the bias, MAE, standard deviation, and RMSE between
the in situ LST measured by CE312 and the retrieved
LST from band nine of the Large Field of View Airborne
Infrared Scanner are —0.22 K, 0.76 K, 0.99 K, and 0.94
K, respectively. Additionally, when comparing the
retrieved LST with the LST measured in situ by InfReC
R500-D, the bias, MAE, standard deviation, and RMSE
are 0.27 K, 1.24 K, 1.67 K, and 1.59 K, respectively,
without the measurements of the bare ground and sweet
potato land. This indicates a quite good retrieval accuracy
compared with similar satellite infrared sensors.

In conclusion, a relatively comprehensive quality
assessment for the new instrument, Large Field of View
Airborne Infrared Scanner, is conducted in this paper.
The scanner shows a relatively stable accuracy of
geometric quality in different bands, and the radiometric
quality is proved to be acceptable. In addition, the
applicability of the RTE method for the LST retrieval of
band nine of the scanner is validated, thus, the scanner
could be used to obtain high-resolution LST maps. And
the evaluation results could be used as reference for the
further applications of the scanner. Additionally, the
accuracy of LST retrieval could be further verified with
more observations.
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