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Abstract: As the core and foundational technology, on-orbit radiometric calibration of a space-borne
sensor is of great importance for quantitative remote sensing applications. As for the space-borne
multi-camera mosaic imaging sensor, however, the currently available on-orbit radiometric calibration
method cannot carry out the integrated processing of on-orbit absolute radiometric calibration
and relative radiometric correction simultaneously between cameras, influencing the accuracy of
quantitative applications. Therefore, taking the GaoFen-1 (GF-1) wide-field-of-view (WFV) sensor
as an example in this research, an innovative on-orbit radiometric calibration method is proposed
to overcome this bottleneck. Firstly, according to the principle of the cross-calibration approach,
we retrieve valid MODIS and GF-1 WFV image pairs over the Dunhuang radiometric calibration
sites (DRCS) in China by using a set of criteria and extract the radiometric control points (RCPs)
connecting in both images. Secondly, the DEM-aided block adjustment of the rational function
model is applied to eliminate the geometrical misalignment of GF-1 WFV images at the same orbit.
Then, the average digital numbers of spectral and spatial homogeneous surfaces are calculated
and chosen as the radiometric tie points (RTPs) extracted from the overlapping region of the
adjacent WFV cameras. Thirdly, the radiometric block adjustment (RBA) algorithm is introduced
into on-orbit radiometric calibration of the space-borne multi-camera mosaic imaging sensor. Finally,
the radiometric calibration coefficients are solved by the least square method. The validation results
indicate that our proposed method can acquire high absolute radiometric calibration accuracy and
achieve relative radiometric correction between cameras. Compared with the results using the
cross-calibration method to calibrate each WFV camera independently, the advantages of RBA are
presented. In addition, the uncertainties caused by RCPs’ distribution are discussed, which is
beneficial to further optimize the calibration program.

Keywords: on-orbit radiometric calibration; multi-camera mosaic imaging; radiometric block adjustment;
validation and evaluation

1. Introduction

Radiometric calibration is an important process that converts the digital number (DN) of the
Earth observation sensor to the at-sensor spectral radiance or the top-of-atmosphere (TOA) reflectance,
which is one of the research hotspots in quantitative remote sensing. It is known that the radiometric
characteristics of the sensor will change due to outgassing, the electronic system deterioration,
the spectral response variation, etc. [1]. Therefore, on-orbit radiometric calibration is a crucial step for
quantitative remote sensing applications, which can monitor the radiometric performance changes
of the sensor and estimate the radiometric quality and stability during the operation period. It also
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can ensure that the phase change information of the surface is able to be detected by the sensor rather
than be covered with the radiometric degradation of the sensor. Moreover, the different radiometric
observation information can be normalized into a common radiometric scale by the radiometric
calibration, which can provide a better basis for the comparison of data between images taken from
different acquisition dates and/or by multiple sensors [2,3].

It is difficult to obtain an image with a large swath and high spatial resolution satellite
simultaneously for a single camera. An image from a single camera with high spatial resolution
but narrow swath might be wide enough to be acceptable for a small application region, but not for a
large application area. In order to overcome this obstacle, the multi-camera mosaic imaging technique
currently is applied to integrate several high resolution cameras to achieve a large-swath image with a
slight overlap between each adjacent camera pair along the scan direction. When applying images of
multi-camera mosaic imaging sensor to a quantitative remote sensing application for a large region,
images of adjacent cameras on the same track will be spliced to get a large-swath satellite image with
high resolution, which is a major development aim of this type of sensor. Meanwhile, the number of
available images is less due to the lower time resolution without satellite side-swing and the cloud
coverage. If the research region is located at the overlapping area of adjacent camera, in order to
increase the access efficiency, the adjacent camera images also must be spliced to get the mosaicking
image of the whole region of interest.

Presently, the in situ calibration method [1,4], the cross-calibration method [3,5] and the onboard
calibration method [6,7] are popular. In China, the official calibration coefficients (OCCs) of civil
satellites are obtained by using the in situ calibration at the Dunhuang radiometric calibration sites
(DRCS). However, obvious radiometric differences in the overlapping area of adjacent cameras are
calculated with OCCs, hence severely affecting the application effect for this type of sensor imagery [8].
The radiometric normalization method is used to solve the problem [9,10]. However, those processing
procedures will destroy the original radiometric information, which will reduce the credibility and
accuracy of the subsequent quantitative remote sensing production. As for the on-orbit radiometric
calibration of the space-borne multi-camera mosaic imaging sensor, the radiation coherence constraint
between adjacent cameras must be considered to assure that the radiation differences in the overlapping
area are down to the minimum.

The wide-field-of-view (WEFV) sensor of the GF-1 satellite is a typical multi-camera mosaic imaging
sensor and is selected as a candidate to be calibrated in our study. The radiometric block adjustment
(RBA) algorithm is introduced into the on-orbit radiometric calibration of the GF-1 WFV sensor.
The innovative radiometric calibration method is proposed to realize the integrated processing of
on-orbit absolute radiometric calibration and relative radiometric correction between cameras, which
will enlarge the application filed for this type of sensor.

The organization of this paper is as follows: GF-1 WFV, MODIS, the test sites and datasets are
described in Section 2. Section 3 introduces the principle and previous research of RBA, the methods of
radiometric control points” (RCPs) and radiometric tie points” (RTPs) extraction and the details of the
innovative radiometric calibration method. Results of radiometric calibration and verification of the
accuracy of absolute radiometric calibration and relative radiometric correction between cameras are
illustrated in Section 4. Section 5 compares the results of RBA and the traditional cross-calibration and
discusses the influence of the RCPs’ distribution on the calibration accuracy. Section 6 is a summary
and conclusion of our research.

2. Satellites, Test Sites and Datasets

2.1. Satellites

The GF-1 satellite is the first satellite in the Chinese High-resolution Earth Observation System
(CHEQOS), which was launched on 26 April 2013. It accommodates a panchromatic and multispectral (PMS)
sensor and a WFV sensor, both of which are designed to provide optical push-broom imagery [5,8,11].
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From its configuration shown in Figure 1 [12], the WFV sensor is very representative of a space-borne
multi-camera mosaic imaging sensor in CHEOS because it is integrated with four cameras to achieve an
800-km splicing swath at a 16-m spatial resolution. The view angle of each camera’s principal optic axis
is approximately 16° apart. Each camera has four bands (450 nm-520 nm blue, 520 nm-590 nm green,
630 nm—-690 nm red and 770 nm—-890 nm near-infrared), and its data are quantized into 10 bit. The revisit
time, determining the calibration frequency, is around four days without platform side-sway.

Figure 1. Wide-field-of-view (WFV) sensor configuration.

MODIS aboard the Terra satellite was launched on 18 December 1999, which freely provides
near-daily global coverage data quantized into 12 bit [6]. The solar diffuser (SD) and solar diffuser
stability monitor (SDSM) can ensure the uncertainty of MODIS TOA reflectance products and at-sensor
spectral radiance products is around 2% and 5%, respectively [5,7]. MODIS, therefore, is acting as the
radiance reference for on-orbit cross-calibration of space-borne sensors absent an on-orbit radiometric
calibration facility. In our research, Band 3 (459 nm—479 nm), Band 4 (545 nm-565 nm), Band 1
(620 nm—670 nm) and Band 2 (841 nm—876 nm) of the MODO02HKM, Level-1b product with a 500-m
ground sample distance are used to extract the radiance reference information.

Figure 2 illustrates the Band 14 relative spectral responses (RSR) of WFV and MODIS, which
reveals that the RSRs of four WFV cameras are very similar to each other and different from the RSR of
MODIS. Therefore, this status should be considered in the radiance information extraction.
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Figure 2. The Band 14 relative spectral responses (RSR) of WFV and the MODIS sensor. The solid
upward triangle lines, the solid downward triangle lines, the hollow upward triangle lines, the hollow
downward triangle lines and the solid circle lines represent the RSR of WFV1, WFV2, WFV3, WFV4

and MODIS, respectively.
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2.2. Test Sites

DRCS is an important radiometric calibration site in China, which has been widely recognized
internationally due to its flat terrain, homogeneous surface and good radiation direction shown
in Figure 3 [13]. The coefficient of variation (CV) (the ratio of the standard deviation and mean
reflectance) of reflectance over DRCS is about 5% [5]. This site is officially used to obtain on-orbit
absolute radiometric calibration coefficients for the visible and near-infrared sensor of Chinese land
observation satellites by using the vicarious calibration method, such as the CBERS (China and Brazil
Earth Resource Satellite), H] (HuanJing), FY (FengYun), ZY (ZiYuan), GF-1, GF-2, GF-4, TH (TianHui),
etc. [14-17]. DRCS is located about 25 km west of Dunhuang City in Gansu province. The latitude and
longitude range is about 40.04°N—-40.28°N, 94.17°E-94.5°E, and the altitude is up to 1200 m.
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Figure 3. The Dunhuang test site.

2.3. Datasets

The effective collection of synchronous or quasi-synchronous image pairs of WFV and MODIS is
crucial for radiometric control information. In our research, the track intersection prediction algorithm
is introduced to obtain the WFV and MODIS images passing over the DRCS in the same day. Then,
the following criteria act as the data filter and are applied to acquire the valid images. (a) The overpass
time gap between MODIS and WEFV is less than 1 h, for which it can be assumed that the atmospheric and
surface conditions did not change significantly [1]. (b) The image is uncontaminated by cloud clusters,
which will damage the spectral and spatial characteristic of the DRCS in image [18]. (c) The WFV image
should cover the center region of the DRCS where there is more spectral and spatial homogeneity [13,17].
(d) The DRCS should not be located at the edge of the MODIS image, which can reduce the influence of
the “bow tie” effect [19].

After being launched on 26 April 2013, the GF-1 satellite first underwent an important six-month
commissioning phase period, which could improve the geometric and radiometric quality of the image
to meet the demanding specification. Therefore, under these criteria, we retrieve the Terra MODIS and
WEV image over the DRCS from October 2013-April 2015. Results show that after being filtered by
the above criteria, the number of valid image pairs is not equal for each WFV camera: 5 for WFV1,
6 for WFV2, 6 for WFV3 and 9 for WFV4. The information of the collocated imagery is listed in Table 1.
Figure 4 shows that the view angles for DRCS in the WFV and MODIS images are quite different,
so that the bidirectional reflectance distribution function (BRDF) characteristic of DRCS needs to be
taken into account [14,17].
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Table 1. Information of valid WFV and MODIS imageries.

MODIS

No. Date Since Launched/Day GF-1 Camera WEFV Time Time VAN 74
1 214 WEV1 12:33 13:00 27
2 276 WEV1 12:37 12:30 7
3 312 WEV1 12:46 12:45 1
4 332 WEV1 12:36 12:25 11
5 731 WEV1 12:55 12:26 29
6 240 WEFV2 12:50 12:55 5
7 244 WEFV2 12:48 12:30 18
8 301 WEV2 12:50 12:25 25
9 637 WEV2 13:00 12:25 35
10 674 WEFV2 13:03 12:40 23
11 715 WEV2 13:04 12:35 29

12 534 WEV3 13:08 13:00 8
13 575 WEFV3 13:10 12:55 15
14 616 WEFV3 13:11 12:45 26
15 657 WEV3 13:12 12:40 32
16 662 WEFV3 13:10 12:15 55
17 669 WEFV3 13:13 12:35 38
18 176 WFV4 13:07 12:55 12
19 180 WEV4 13:06 12:30 36
26 208 WFV4 12:59 12:55 4
MODIS
0 WFVI
WEFV2

WFV3
WFEV4

f
A
n
[ ]
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Figure 4. The view angles for the Dunhuang radiometric calibration sites (DRCS) in WFV and MODIS images.

3. Methodology

3.1. Brief Review of the RBA

The principle of the RBA is similar to that of the geometric block adjustment [20]. The regions
associated with ground survey data, such as surface reflectance, aerosol optical thickness (AOT), BRDE,
etc., act as the RCPs. Meanwhile, the spectrally-homogeneous regions in the overlap of adjacent
cameras are treated as RTPs. The RBA model, therefore, is performed by combining both RCPs” and
RTPs’ information to not only achieve high absolute radiometric correction, but also minimize the
radiometric difference between adjacent cameras [21].

Thus far, the feasibility and reliability of the RBA have been verified by many research words.
Chandelier et al. described the process of RTPs” extraction and applied the RBA to correct the
radiometric heterogeneities in aerial images due to atmospheric variations, temporal differences
and surface BRDF [20]. In order to improve relative and absolute homogenization in aerial images,
Lopez et al. applied the RBA to Z/I-Imaging digital mapping camera (DMC) images. They used
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not only RCPs to obtain calibration parameters from the camera and surface reflectance images, but
also RTPs to correct the anisotropy caused by the BRDF of surfaces viewed under large observation
angles with constant illumination [21]. Falala et al. implemented the RBA to improve the reference
3D production line in particular SPOT5 HRS images” mosaicking step, which dramatically reduced
the radiometric difference between images [22]. Aimed at optimal adaptation of large blocks of
Leica ADS line-scanner imagery for subsequent mosaicking, Gehrke used the RBA to provide
homogenous radiometry throughout large areas [23]. Honkavaara et al. introduced the RBA to
produce homogeneous data for non-homogeneous input UAV images for precision agriculture, which
provided promising results for biomass estimation [24]. Yan et al. applied the RBA to three real airborne
LiDAR data strips to reduce the systematic noises appearing in the overlapping region. The processing
results showed that the overall accuracies were improved by up to 16.5% in the results of intensity
data classification [25]. For generating seamless mosaics of aerial images obtained by different sensors,
Gehrke and Beshah used the RBA to compensate radiometric differences based on RTPs, RCPs and
image statistics [26]. Based on atmospheric radiative transfer (ART) models, pre-selected BRDF models
and RCPs, the RBA was implemented for the digital radiometric model (DRM) and orthophoto mosaics
showing no radiometric differences at the seam lines [27]. Although each flight line of the airborne
LiDAR system had been calibrated independently by calibration coefficients, the radiances in the
overlapping region had slightly different measurements. Therefore, the RBA was used to correct those
radiometric differences [28].

Through the analysis of the previous research situation, it is shown that most of them apply the
RBA method to the dodging process during the image splicing for aerial or SAR images. However,
it should be judged whether the basic concept of the RBA method can be introduced into the on-orbit
radiometric calibration or not.

3.2. On-Orbit Radiometric Calibration Model Based on the RBA

In this paper, the GF-1 WFV sensor, a typical multi-camera mosaic imaging sensor, is treated as
the uncalibrated sensor, while MODIS acted as the reference. The on-orbit radiometric calibration
model based on the RBA is designed, and the specific establishment steps are illustrated in Figure 5,
including RCPs’” information extraction, RTPs” information extraction, calibration model establishment,
calibration coefficients” solution and accuracy validation. Figure 6 shows the sketch map of RCPs” and
RTPs’ distribution.

RCPs RTPs
information information
extraction extraction

v
RBA
calibration
model

v

Error equation

v

Adjustment
processing

)

WFV
calibration
coefficients

v

Accuracy
validation

Validation of absolute
radiometric calibration

Figure 5. The flowchart of the on-orbit radiometric calibration model based on the radiometric block
adjustment (RBA) method. RCP, radiometric control point; RTP, radiometric tie point.
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Figure 6. The sketch map of RCPs’ (A) and RTPs’ (+) distribution.

3.2.1. RCPs Information Extraction

It is a fundamental prerequisite for the RCPs’ information extraction that the radiometric property
of the investigated camera should be stable. Under this condition, we can use long-time series image
pairs to transfer the radiometric property from the reference sensor to the candidate one. Therefore,
we firstly analyze the four WFV cameras’ radiation stability using those image pairs listed in Table 1.
The center region of the DRCS is treated as the research area (94.2303°E, 40.2141°N). According to the
geometric position information of MODIS and WFV, we choose a small window (5 x 5 pixels) on the
MODIS image around the center region, fir which the corresponding window on the WFV image is up
to 156 x 156 pixels due to the spatial resolution difference. DNs in both windows are averaged and
normalized to the first one. The trends of normalized DN of both GF WFVs and MODIS at each band
are depicted in Figure 7, showing a good consistency. To further quantitative analysis, the average
relative different values between MODIS and each WFV camera are calculated. The relative difference
is defined as “(Normalized DN of WFV — Normalized DN of MODIS)/Normalized DN of MODIS”.
Table 2 shows that the maximum average relative differences of WFV1, WFV2, WFV3 and WFV4 for
each band are —1.82%, —2.02%, —1.70% and —1.21%, respectively, which proves that the radiometric
property of the WFV camera is significantly stable during this operation period. Therefore, we can
extract RCPs’ information from those valid images.

25 (a)
z
g 2
TE i ——WFV1
5 1 ~@-MODIS
z
0.5
Blue Green Red NIR
0
214 312 731 276 332 214 312 731 276 332

Date Since Launch/d

Figure 7. Cont.
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Figure 7. The trends of normalized DN of both GF WFVs and MODIS at each band. (a) WFV1 and
MODIS; (b) WFV2 and MODIS; (¢) WFV3 and MODIS; (d) WFV4 and MODIS.

Table 2. The relative difference of normalized DN for the WFV and MODIS images.

Camera Blue Green Red NIR
WEFV1 1.45% —2.02% —1.70% —-1.21%
WFV2 0.36% —0.29% —0.08% —0.37%
WFV3 —1.82% —0.49% —0.27% 0.72%
WEFV4 —1.40% —0.21% 0.83% 0.85%

RCPs information contains either average DN values (156 x 156 pixels) of the WFV sensor
or average TOA radiances (5 x 5 pixels) of the MODIS sensor in the center region of the DRCS.
The fundamental prerequisite for the radiometric calibration based on the RBA is the accurate extraction
of RCPs’ information. However, there are some factors that affect the accuracy of RCPs’ information
extraction within the cross-calibration method, such as geometric misregistrations, atmospheric
characterization, different relative spectral responses (RSRs) the spectral signature of the ground
target, BRDEF, etc. [29-34].
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Therefore, in view of these problems, a series of measures is employed to restrict and optimize the
processing of RCPs’ information extraction. Firstly, the DRCS possessing a good spectral homogeneous
characteristic is chosen as the radiation delivery platform in order to reduce the influence of geometric
registration errors [13]. Secondly, the synchronous AOT obtained either from MOD04 or MODOS [8]
are adopted in our approach. Thirdly, we use a spectral band adjustment factor (SBAF) to compensate
the intrinsic offsets between two sensors caused by RSR mismatches [29]. At last, the historical
radiometric profiles and the historical BRDF data of the DRCS are applied to substitute for simultaneous
measurement data [15].

Through the above series of optimization measures, RCPs” information and the SBAF are extracted.
Then, the equivalent TOA radiances of WFV are computed by Equation (1).

Lyt = SBAF -L'yiopis (1)

where Liwf\, and Liyjopis are the equivalent TOA radiance of WFV and the TOA radiance of MODIS in
the i-th band, respectively. SBAF' is the SBAF of WFV and MODIS in the i-th band (i = 1, 2, 3 and 4).

3.2.2. RTPs’ Information Extraction

Geometrical Misalignment Elimination

The overlaps of adjacent cameras have obvious geometrical misalignment due to the camera
installation and satellite operation status, which affects the precision and efficiency of RTPs’ information
extraction. Therefore, geometric block adjustment of the four WFV images in the same orbit must be
performed before the RTPs’ information extraction,

However, the adjacent WFV cameras have weak convergence geometry whose convergent angle
is less than 10°, which may cause an elevation error of hundreds of meters if using the traditional block
adjustment. Therefore, DEM-aided block adjustment of RFM with weak convergence geometry,
as in Equation (2), is applied to eliminate the geometrical misalignhment, which can avoid the
error equation appearing ill-conditioned [35]. The Aster G-DEM is used to provide the elevation
information constraint.

AEO
Ael
AEZ
ooo;gg%%gggi Afy L-1L
Af»

Ag
AA

v, )

where Vs and V; are the sample and row error, ey, €1, €2, fo, f1 and f; are the affine transformation
parameters in image plane, g—; and 3% are the first-order partial derivative of latitude and longitude,
(S, L) is the image point coordinates after system error compensation and ($, L) is the initial image

point coordinates projected by Rational Function Model (REFM).

RTPs” Extraction Standard

After geometrical misalignment elimination, the sliding window (11 pixels x 11 pixels) is
introduced to find the spectrally-homogeneous surface where CV is less than the given threshold
value in the overlapping region of a pair of adjacent cameras. Then, the averaged DN of this region is
treated as the RTPs. During the RTPs’ extraction processing, with respect to the radiation correlation
of the adjacent camera in different response ranges, the RTPs are extracted from those images covering
multiple land coverage types.
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Radiometric Constraint Condition

The establishment of the radiometric constraint condition is the key issue of the proposed
radiometric calibration method. For the overlapping region of adjacent cameras, most of the input
parameters of 6S are the same or very close, such as sun and satellite observation angle, surface
reflectance, BRDF, AOT, etc. However, the RSRs shown in Figure 2 have slight differences between
WEV cameras, which may impact the final calibration accuracy. Then, 50 different spectral profiles
from the USGS spectral library are taken as surface profiles to analyze the TOA radiance correlation of
adjacent cameras in the whole RSR section by the simulative method. The main simulative parameters
used in 6S for the overlapping region are listed in Table 3. The results are shown in Figure 8. It is
clear that TOA radiance between two adjacent cameras has a very high linear correlation with R?
close to one. Hence, the TOA radiance difference of adjacent cameras in overlap regions is ignored in

our research.

Table 3. The main simulative parameters used in the 65 model for the overlapping region. AOT, aerosol

optical thickness.
Parameters Value
Sun zenith angle 30°
150°

Sun azimuth angle
Satellite zenith angle
Satellite azimuth angle
Atmospheric conditions

17° for WFV1 and WFV2, 0° for WFV2 and WFV3, 17° for WFV3 and WFV4
102° for WFV1 and WFV2, 193° for WFV2 and WFV3, 284° for WFV3 and WFV4
Mid-latitude Summer

Aerosol model Continent
550-nm AOT 0.15
Altitude 1200 m

Surface profiles

50 different spectral profiles from the USGS spectral library
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Figure 8. The TOA radiance correlation of the adjacent cameras. (a) WFV1 and WFV2; (b) WFV2 and
WEFV3; (¢) WFV3 and WFV4.

3.2.3. Radiometric Calibration Model Establishment

This assumes that the number of the RCPs extracted from WFV1, WFV2, WFV3 and WFV4 is m, n,
p and q. The number of the RTPs extracted from the overlapping regions of WFV1 and WFV2, WFV2
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and WFV3, WFV3 and WFV4 is d, e and f. The radiometric calibration model based on the principle of
the RBA in the i-th band can be found as Equation (3). Then, the unknown parameter matrix X is solved
by the least square iterative method as Equation (4), when dX satisfies the convergence condition.

V=AX-L 3)
c@1)
DN\, 1 0 0 0 0 0 0
DN 1 0 0 0 0 0 0
wivl,i) cu
0 0 DN{\,, 1 0 0 0 0
0 0 DN{\i, 1 0 0 0 0
0 0 0 0 DN (s 1 0 0
0 0 0 0 DN 1 0 0
0 0 0 0 0 0 DNG () 1
A= : : : : : : : :
0 0 0 0 0 0 NS 1
- ; ) - ; ) (wfvd,i) (4)
T(wivl,wfv2,1 T(wfvl,wifv2,1
DN} 1 —DN{wy -1 0 0 0 0
DN”(FV(vavvfi':;wfvz,d) 1 7DN(T$V}; i) 4 0 0 0 0
' T(wiv2wiva,1) T(wiv2,wfv3,1)
0 0 (whv2,i) 1 _DN(wf\/S,i) 1 0 0
) i T(wiv2,wivde) ) Twivowide) i i
0 0 (whv2,i) 1 - Ew{v?p,l) ) -1 ( (1 ; 0
T(wfv3,wfvd,1 T(wiv3,wfvd,1)
0 0 0 0 D (whv3,i) 1 _DN(wfv4,i) -1
i i : : T(wivwivd, 1) ) Twivawivd, f) )
I 0 0 0 0 DN(SH 1 DN -1 | )
_ [ cm Cm)  CW Cny  pCw Clp) L Cly)
- [ L(wfvl,i) e L(wfvl,i) (wfv2,i) " L(wva,i) (wfv3,i) " L(wf\'S,z) L(wfv4,i) T L(wfv4,i) 0 ..00..00..0 ]
T

L
X= [ Gt Ohri Ginz Oz Guns Owis Giur Oi«vm]
dX = (ATA)TATL

where A, L, X and V are the coefficient matrix, constant matrix, unknown parameter matrix and

residual matrix, respectively. DN(CVEZ‘[])1 ) and L(C“(]z})l j are the DN and TOA radiance of the m-th RCPs

of WFV1 image in the i-th band. DN(TV(VVSTBWWZ’L{) is the DN of the d-th RTPs of WFV1 image in the i-th

band in the overlapping region of the WFV1 and WFV2 cameras. Giml and O ( , are the gain and
offset of absolute radiometric calibration coefficients of WFV1 in the i-th band. The other parameters
have similar meanings.

4. Results

4.1. Calibration Results

According to the RCPs, RTPs and the proposed radiometric calibration method, the on-orbit
radiometric calibration coefficients of the four WFV cameras of the GF-1 satellite are calculated and
listed in Table 4.

Table 4. On-orbit radiometric calibration coefficients of the WFV sensor calibrated by RBA
(W-m~2.sr~L.um~1).

Band WFV1 WFV2 WFV3 WFV4
an
Gain Offset Gain Offset Gain Offset Gain Offset
1 0.1723 3.9090 0.1699 6.4417 0.1725 6.1388 0.1740 3.4047
2 0.1442 0.4192 0.1414 1.6595 0.1581 2.5134 0.1598 -0.2751
3 0.1239 -0.3238 0.1211 0.2630 0.1345 0.9027 0.1353 1.6649
4 0.1359 2.2127 0.1334 2.4679 0.1373 2.8715 0.1340 2.7709
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4.2. Validation of Absolute Radiometric Calibration

In order to validate the absolute radiometric calibration accuracy of the proposed method
coefficients (PMCs), the valid MODIS and WEFV images covering other different surfaces at different
times are collected. Then, the check points (CKPs), about 166 for WFV1, 109 for WFV2, 144 for WFV3
and 278 for WFV4, are selected from those image pairs including grass, water, concrete, salt lick, soil,
farmland, etc. The DNs of WFV and the corresponding TOA radiance of MODIS are obtained on the
base of the geographic coordinates. The TOA radiances derived by the PMCs are compared with TOA
radiance of MODIS. The relative errors (REs) are calculated by Equation (5). Finally, the results are
summarized in Table 5, which illustrates that the PMCs have high radiometric calibration accuracy.
The average REs of each band are 6.35%, 5.05%, 5.28% and 6.05%.

RE' = ABS(Li., — Liopis)/ Lioprs * 100% ®)
where RE! is the relative error in the i-th band, L', is the TOA radiance of the WFV image calculated
by the PMCs in the i-th band, Livopis is the TOA radiances of MODIS in the i-th band and ABS( ) is
the absolute value function.

Table 5. The RE of on-orbit radiometric calibration coefficients calibrated by RBA.

RE/%
Camera
Band 1 Band 2 Band 3 Band 4
WFV1 6.61 7.02 4.45 6.82
WFV2 791 491 5.16 7.61
WEFV3 4.39 3.43 4.84 4.02
WFV4 6.50 4.84 6.67 5.76

4.3. Validation of Relative Radiometric Correction between Cameras

In order to estimate the effect and accuracy of the relative radiometric correction between cameras
based on the PMCs, the CKPs are extracted from the overlapping regions of adjacent camera images in
the same orbit at different phases. Then, the TOA radiances are calculated by both the PMCs and the
OCCs. Figures 9-11 illustrate the average absolute values of the TOA radiance differences of CKPs.
In Table 6, the radiometric differences calculated with the PMCs are reduced to 1.12, 1.06, 1.04 and
1.34 W-m~2-:sr~1-.pm ™! for four bands in the overlapping region between WFV1 and WFV2; and to
0.80, 0.93, 0.64 and 0.71 W-m~2-sr~'.um~! for four bands in the overlapping region between WFV3
and WFV4, which is significantly less than the differences calculated with both the 2013 OCCs and
2014 OCCs. Only radiometric differences between WFV2 and WFV3 calculated from 2014 OCCs are
comparative to the values from the PMCs. Statistical results reveal that better relative radiometric
correction between cameras can be achieved with PMCs than the OCCs currently issued.
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Figure 9. TOA radiance differences of check points (CKPs) in WFV1 and WFV2. PMC, proposed
method coefficient; OCC, official calibration coefficient. (a) Band1; (b) Band2; (c) Band3; (d) Band4.
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Figure 10. TOA radiance differences of CKPs in WFV2 and WFV3. (a) Bandl; (b) Band2; (c¢) Band3;

(d) Band4.
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Figure 11. TOA radiance differences of CKPs in WFV3 and WFV4. (a) Band1; (b) Band2; (c¢) Band3;

(d) Band4.
Table 6. Average absolute value of TOA radiance differences of CKPs.
Average Absolute Value of Difference
Overlaps Results (W-m—2.srL.um 1)
Band 1 Band 2 Band 3 Band 4

2013 OCCs results 3.08 7.10 11.79 14.75

WEV1 and WFV2 2014 OCCs results 16.45 15.02 6.53 9.09
PMCs results 1.12 1.06 1.04 1.34

2013 OCCs results 5.56 5.00 7.32 6.35

WFV2 and WFV3 2014 OCCs results 1.30 2.82 1.80 1.44
PMCs results 1.39 1.43 1.76 1.50

2013 OCCs results 6.05 1.47 2.36 4.46

WEFV3 and WFV4 2014 OCCs results 117 6.08 10.61 0.93
PMCs results 0.80 0.93 0.64 0.71

5. Discussion

5.1. Each WFV Camera Calibrated by the Cross-Calibration Method Independently

In order to compare the results calculated by the RBA to obtain the calibration coefficients for four
WEFVs simultaneously and by the traditional cross-calibration method to calculate WFV calibration
coefficients separately, this research uses the same RCPs extracted from the images listed in Table 1 to
get the radiometric calibration coefficients of each WFV sensor independently.

Figure 12 shows that R? is very close to one, which proves the linear fitting accuracy is very
high. On-orbit radiometric calibration coefficients of four WFVs calibrated by the cross-calibration
method and the REs are listed in Table 7. The average RE of each band is 6.20%, 4.36%, 5.11% and
5.29%, which are slightly superior to that of the RBA. However, Table 8 shows that the average
absolute values of TOA radiance differences of CKPs are larger than those from the RBA. The average
TOA radiance differences of each band rises about 36.79%, 64.27%, 55.29% and 44.61%. Although
the absolute radiometric calibration accuracy of the RBA is slightly lower than that of the regular



Remote Sens. 2017, 9, 1248 15 of 19

cross-calibration method, the RBA can provide the relative radiometric correction between cameras
with higher accuracy and hence provide better measurements supporting quantitative remote sensing
for a large application area.
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Figure 12. Each WFV camera calibrated by the cross-calibration method. (a) WFV1; (b) WFV2; (c)
WEV3; (d) WFVA4.

Table 7. On-orbit radiometric calibration coefficients of WFV sensor calibrated by cross-calibration

method and the RE.
Camera Band 1 Band 2 Band 3 Band 4
Gain/W-m2-sr L.um~!  0.1918 0.1624 0.1314 0.1510
WEFV1 Offset/W-m2-sr~l.um~1 —6.1834 —10.907 —7.0128 —5.3534
RE/% 6.59 5.66 6.14 5.32
Gain/W-m—2.sr L.um~1  0.1833 0.1512 0.1240 0.1454
WEFV2 Offset/W-m~2.sr~L.um~!  1.6673 —1.4125 —0.9477 —1.5686
RE /% 6.13 4.26 4.89 7.98
Gain/W-m~2.sr L.um=1  0.1904 0.1729 0.1444 0.1569
WEFV3 Offset/W-m~Z-.sr L.um~1 —0.8263 —3.5004 —2.6111 —3.2374
RE/% 5.84 3.29 3.96 3.25
Gain/W-m—2.sr L.um~1  0.1634 0.1503 0.1327 0.1394
WFV4 Offset/W-m2-sr~l.um~1  7.3767 3.9719 49127 2.7868
RE/% 6.22 424 5.43 461

Table 8. Average absolute value of TOA radiance differences of CKPs.

Average Absolute Value of Difference (W-m~2.sr—1-um~1)

Overlaps
Band 1 Band 2 Band 3 Band 4
WEFV1 and WFV2 1.68 3.82 2.95 2.12
WFV2 and WFV3 1.35 2.63 2.27 1.94

WEFV3 and WFV4 4.00 3.71 3.00 277
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5.2. Uncertainty Caused by RCPs Distribution

The above calibration coefficients in Table 3 calculated based on the RBA use all the RCPs’
information extracted from four cameras’ images. However, more investigations are required to
determine whether the RCPs’ distribution may affect the calibration accuracy. Consequently, we set the
different distribution schemes to discuss the influence of this factor on absolute radiometric calibration
and relative radiometric correction.

As shown in Table 9, the conclusions can be summarized as follows:

1.  On the whole, the REs of the calibration coefficients for each WFV camera are down or stable
at a small value when using more RCPs located in different WFV cameras. Taking the WFV1
camera as an example, the REs of each band become lower from 8.39%, 8.78%, 4.89% and 14.95%
10 6.61%, 7.91%, 4.39% and 6.50%. This is because more RCPs extracted from different cameras
can effectively reduce the calibration uncertainty.

2. The REs of the WFV1 camera calculated by the RBA only with RCPs in the WFV1 camera are larger
than that of the WFV1 camera calculated by cross-calibration listed in Table 6. The reason may
be that the different accuracies and distributions of RTPs in different overlapping regions have
an impact on the absolute radiometric calibration to some degree. However, when not all WFV
cameras have RCPs, although the calibration coefficients calculated by RBA have slightly larger
REs than those of the traditional cross-calibration, except for the near-infrared band, the RBA
can obtain the calibration coefficients of other cameras without RCPs based on the radiometric
constraint condition between the adjacent cameras.

3. Only four cameras’ RCPs are introduced in the RBA model, the REs of all cameras become lower
in the near-infrared band. However, the REs of the first three bands are all less than 8.78% even if
only one camera’s RCPs are used. This is probably because the hypothesis is more suitable for
the first three bands so that the actual radiometric performance differences of different cameras
in the same band can be neglected.

Table 9. The REs of the calibration coefficients caused by the RCPs’ distribution.

RCPs Position Band RE/%

WEV1  WFV2  WFV3  WFV4

1 8.39 8.06 435 448

2 8.78 6.25 6.18 3.89

WFV1 3 489 545 6.21 7.32

4 14.95 1552 36.03 7.52

1 6.95 7.09 400 5.63

2 8.07 551 5.20 3.96

WEFV1and WFV2 3 46 5.16 5.62 6.94

4 10.89 105 28.35 6.22

1 6.35 6.78 422 6.30

2 7.02 4.64 405 449

WEVI, WFV2 and WEV3 3 4.48 5.11 5.52 6.67

4 10.40 9.66 23.84 6.22

1 6.61 7.02 445 6.28

2 7.91 491 5.16 7.61

WEV1, WEV2, WEV3 and WEV4 : 439 e st o

4 6.50 484 6.67 5.76

Table 10 shows the relative radiometric correction accuracy when using different RCPs from
different cameras. It indicates that whatever the distribution, the average absolute values of the
radiometric differences in four bands are all less than 1.77 W-m~2-sr~!.um~!, which is smaller
than most values in Table 8 obtained by the cross-calibration method. Therefore, the RBA method
can effectively reduce the radiometric differences in the overlapping region of the adjacent camera.
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Meanwhile, it manifests that the radiometric differences are slightly larger when more RCPs are
introduced. It might be that when only one camera’s RCPs are used to get all cameras’ calibration
coefficients, the other three cameras’ calibration coefficients only depend on the radiometric correlation
of the RTPs. However, as the number of RCPs increases, the computational procedure of those
calibration coefficients will take into account the absolute radiometric constraint of RCPs in different
cameras to some extent.

Table 10. The relative radiometric correction accuracy caused by the RCPs’ distribution.

Average Absolute Value of Difference

-2 —1 -1
RCPs Position Band (W-m™*.sr™"-um™)
WFV1 and WFV2 and WFV3 and
WFV2 WFV3 WFV4
1 1.06 1.39 0.77
2 0.94 1.38 0.91
WEV1 3 0.76 1.75 0.63
4 0.95 133 0.61
1 1.08 1.46 0.81
2 0.97 143 0.95
WEV1 and WEV2 3 0.77 177 0.64
4 1.01 1.49 0.69
1 1.14 147 0.82
2 0.99 1.45 0.96
WEV1, WFV2 and WEFV3 3 080 L7 064
4 121 1.50 0.70
1 112 1.39 0.80
2 1.06 143 0.93
WEV1, WFV2, WFV3 and WFV4 3 Lo L7 06t
4 1.34 1.50 0.71

6. Summary and Conclusions

Taking the GF-1 WFV sensor as an object of investigation, an innovative on-orbit radiometric
calibration method is proposed for the space-borne multi-camera mosaic imaging sensor to realize the
integrated processing of on-orbit absolute radiometric calibration and relative radiometric correction
between cameras. In our method, the RCPs are extracted from long-term valid WFV and MODIS image
pairs at DRCS. After eliminating the geometrical misalignment with the DEM-aided block adjustment
of the RFM method, the RTPs are automatically extracted from overlaps of WFV images at the same
orbit. Then, the RCPs and RTPs are plugged into the calibration model, and the radiometric calibration
coefficients are calculated by the least square method.

Compared with the results calculated with 2013 and 2014 OCCs, the radiometric calibration
coefficients from our method not only achieve high absolute radiometric calibration accuracy for four
WEVs, but also fulfill the relative radiometric correction between adjacent WFV cameras. Although the
absolute radiometric calibration accuracy of WFVs from the proposed method is slightly lower than
that calculated with the cross-calibration method for four WFVs separately, the radiometric differences
in the overlapping regions between adjacent cameras are significantly improved, which is invaluable
for an application area larger than the swath of a single camera. Meanwhile, after analyzing the
influence of RCPs’ distribution on the calibration results, we find that the location of RCPs obviously
affects the absolute radiometric calibration accuracy especially for the near-infrared band, but has little
impact on relative radiometric correction between cameras.

In the future, we will analyze the influence of RTPs on the calibration results to further optimize
the calibration scheme and improve on-orbit radiometric calibration accuracy of the multi-camera
mosaic imaging sensor.
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