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A Novel Radiometric Cross-Calibration of
GF-6/WFV With MODIS at the Dunhuang

Radiometric Calibration Site
Jie Han , Zui Tao , Yong Xie, Huina Li, Qiyue Liu, and Xiaoguo Guan

Abstract—To obtain more abundant target information for veg-
etation remote sensing research, the wide field of view (WFV) of the
GaoFen-6 (GF-6) satellite utilizes eight bands, including four new
bands. Unfortunately, it finds the unavailable reference bands from
well-calibrated sensors to implement radiometric cross-calibration
of the WFV sensor for these new bands, which severely affects the
radiometric quality estimation and the radiometric degradation
detection of WFV. Therefore, taking the Dunhuang radiometric cal-
ibration site (DRCS) in China as the radiometric transfer platform
and treating the moderate-resolution imaging spectroradiometer
as a reference sensor, a novel radiometric cross-calibration method
for WFV is proposed. The validation results show that com-
pared with the official calibration coefficients (OCCs) published
by the China centre for resources satellite data and application
(CRESDA), the proposed method can obtain reliable radiomet-
ric cross-calibration results for each band even without available
corresponding reference bands. Moreover, the influences of the
interpolation method and the spectral band adjustment factor
(SBAF) correction on the calibration results are discussed. The
total radiometric cross-calibration uncertainty is less than 4.33%.

Index Terms—GaoFen-6 (GF-6), moderate-resolution imaging
spectroradiometer (MODIS), cross-calibration, validation and
evaluation.

I INTRODUCTION

ON-ORBIT radiometric calibration is essential for quan-
titative remote sensing applications of satellite images,

which can accurately convert the digital number (DN) of satel-
lite images to the top of atmosphere (TOA) reflectance or the
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at-sensor radiance [1]. Due to external environmental changes
and the radiometric degradation of sensors, this article should
be implemented regularly and in a timely manner [2].

For sensors without an onboard calibration assembly, the
selection of an appropriate reference sensor with a high ra-
diometric quality and a similar band setting as the calibrated
sensor and a cross-calibration method with a low cost, high
calibration frequency and recalibration for historical images
has been widely used to obtain on-orbit radiometric calibration
coefficients for each band [3]. For instance, taking Landsat-
8/OLI (operational land imager), moderate-resolution imaging
spectroradiometer (MODIS) and Sentinel-2/MSI (multispectral
instrument) as the radiometric references, Gao et al. applied
the cross-calibration method to GF-4/VNIR [visible and near-
infrared (NIR)] at the DRCS, Dalate site and Baotou site,
and estimated the degradation of GF-4/VNIR [4]. Yang et al.
evaluated the radiometric capability of GF-6/WFV by using
Landsat-8/OLI image and DEM (digital elevation model) es-
tablished with ZY-3/TLC (three-line camera) to develop the
bidirectional reflectance distribution function (BRDF) of the
Badain Jaran Desert site and implemented the cross-calibration
of GF-6/WFV with the support of MOD05 and time-series
MODIS data and validated the cross-calibration results using
synchronized ground measurements at the DRCS [5]. Gao et al.
carried out a radiometric cross-calibration of FY-3C (feng yun-
3C)/VIRR (visible infrared radiometer) based on the Suomi-
NPP (suomi national polar-orbiting partnership)/VIIRS (visible
infrared imaging radiometer suite) at the DRCS [6]. Li et al.
developed an improved cross-calibration method to recalibrate
GF-1/WFV with Landsat-8/OLI data as a reference [7]. Xie
et al. introduced the radiometric block adjustment algorithm
into the cross-calibration of the GF-1/WFV sensor, achieved a
high absolute radiometric calibration accuracy and reduced the
relative radiometric difference between adjacent WFV cameras
[8]. Feng et al. proposed a novel radiometric cross-calibration
method to solve large view angle-associated problems when
using Landsat-8/OLI data to calibrate GF-1/WFV. The total
uncertainty of this cross-calibration method is ∼8% [9]. Liu
et al. used valid MODIS images of sunny days in one year to
build BRDF at the DRCS and the Golmud test site, fulfilled the
cross-calibration of GF-1/PMS (panchromatic and multispectral
sensors) based on MODIS and Landsat-8/OLI data [10]. Chen
et al. employed the Shuffled Complex Evolution-University of
Arizona algorithm for the cross-calibration of the GF-4/VNIR
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sensor with the Landsat-8/OLI sensor [11]. Wang et al. discussed
the contribution of each uncertainty to the cross-calibration of
huanjing-1 (HJ-1)/charge-coupled device (CCD) and provided
many valuable references for improving calibration accuracy
[12]. Chander et al. focused on the influence of the SBAF on
cross-calibration accuracy since the relative spectral response
(RSR) differences between the reference and calibrated sensors
produced different observation results over the same target [13].

Previous studies have shown that only when a well-calibrated
sensor has a band setting similar to that of a calibrated sensor,
the cross-calibration method can be applied to obtain highly
accurate calibration coefficients. However, it is difficult to find
an available reference sensor with the same band setting as
GF-6/WFV, especially for the four new bands. Consequently,
Yang et al. only obtained the cross-calibration coefficients of
GF-6/WFV in the blue, green, red and NIR bands [5]. Therefore,
the best way to optimize the cross-calibration method to obtain
all calibration coefficients of GF-6/WFV for all eight bands, even
without enough valid reference bands, should be determined
to achieve the quantitative applications of this type of sensor.
Therefore, taking the MODIS sensor as the reference and the
DRCS as the study area, a novel radiometric cross-calibration
method for GF-6/WFV is proposed.

The organization of this article is as follows: the WFV and
MODIS sensors, the test site and the datasets are described in
Section II. Section III introduces the proposed cross-calibration
principle of GF-6/WFV. The results of the radiometric cross-
calibration and validation are illustrated in Section IV. In
Section V, the advantages of the proposed method compared
with the traditional cross-calibration method are presented, the
consistency of the cross-calibration results using the MODIS
and Sentinel-2A/MSI sensors as the references are analyzed, the
influences of the interpolation method and the SBAF correction
on the cross-calibration accuracy are focused on, and the total
calibration uncertainty is calculated. Section VI is a summary
and conclusion of the article.

II. SATELLITES, TEST SITE, AND DATASETS

A. Satellites

The GF-6 satellite, a polar orbit satellite associated with the
Chinese high-resolution Earth observation system, was launched
on June 2, 2018. In addition to four popular bands (blue,
green, red and NIR), the WFV on the GF-6 satellite senses
four new bands that are crucial for vegetation remote sensing
research, including one coastal band (400–450 nm), one yellow
band (590–630 nm) and two red-edge bands (690–730 nm and
730–770 nm). The ground sample distance (GSD) and swath of
WFV images are 16 m and 800 km, respectively [5], [14]. WFV
images are freely downloaded from the CRESDA1. Unlike the
GF-1/WFV sensor, which uses four WFV cameras to acquire
images with an 800-km swath, the GF-6/WFV sensor only uses
one camera to meet this demand [5], [9].

MODIS, aboard the polar Terra satellite launched on Decem-
ber 18, 1999, can provide near-daily global coverage data with

1[Online]. Available: http://www.cresda.com/CN/

TABLE I
INFORMATION OF PMS AND MODIS

Fig. 1. RSRs of WFV and MODIS.

36 bands and a 2330-km swath [15]. Although it has operated
for more than two decades, the onboard calibration system can
make MODIS TOA reflectance products with approximately
2% uncertainty and at-sensor spectral radiance products with
approximately 5% uncertainty [16]. Therefore, MODIS sensors
are often treated as radiometric reference sensors and used to cal-
ibrate sensors without onboard calibration assemblies. MODIS
images and related products can be freely downloaded from the
level 1 and atmosphere archive and distribution system2.

In this article, five bands of MODIS products are used to
obtain the radiometric calibration coefficients of WFV. The
corresponding information of MODIS and WFV are given in
Table I. The RSRs of MODIS and WFV are illustrated in Fig. 1.

B. Test Site

With the advantage of a low coefficient of variation (the ratio
of standard deviation (SD) and mean reflectance), flat terrain,
homogeneous surface, good radiation direction and low aerosol
levels, the DRCS, as illustrated in Fig. 2, which has geographic
coordinates of 40.04° N-40.28° N and 94.17° E-94.5° E and

2[Online]. Available: https://earthdata.nasa.gov/eosdis/daacs/laads

http://www.cresda.com/CN/
https://earthdata.nasa.gov/eosdis/daacs/laads
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Fig. 2. Dunhuang test site. (a) GF-6/WFV image. (b) Detailed landscape.

TABLE II
INFORMATION OF CROSS-CALIBRATION IMAGE PAIRS OVER DRCS IN 2019.
VZ, VA, SZ, AND SA ARE THE VIEW ZENITH ANGLE, THE VIEW AZIMUTH

ANGLE, THE SOLAR ZENITH ANGLE, AND THE SOLAR

AZIMUTH ANGLE, RESPECTIVELY

is approximately 1200 m above sea level, is often used to im-
plement cross-calibration and site calibration experiments [17],
[18]. The CRESDA implements annual site calibration at this
site and publishes the OCCs of land observation satellites, such
as GF-1/WFV/PMS, GF-2/PMS, HJ-1/CCD, GF-4/VNIR, and
GF-6/WFV/PMS. The DRCS is also treated as a radiometric
transfer platform to evaluate radiometric differences between
two sensors and monitor the on-orbit radiometric degradation of
sensors [4], [10], [18].

C. Datasets

According to the valid data filter criteria for cross-calibration
proposed by Xie et al. [8], five groups of valid image pairs over
the DRCS are collected. The information on these images is
given in Table II, which shows that the view angles of the WFV
and MODIS images are quite different. Therefore, the BRDF
characteristics of the DRCS need to be taken into account in the
process of radiometric cross-calibration.

To ensure the same research area and reduce the geometric
registration error, the centre of the DRCS (approximately 2500
× 2500 m) is treated as the investigated target, which covers 5
× 5 pixels on the MODIS images with a 500-m GSD and 156
× 156 pixels on the WFV images with a 16-m GSD.

Since the swaths of MODIS and WFV are both large, the
solar illuminations (solar zenith and azimuth angles) and view
geometries (viewing zenith and azimuth angles) over the in-
vestigated target should be accurately extracted. For MODIS,
these parameters are extracted from MOD03. For WFV, they are

Fig. 3. Flowchart of the experiment.

extracted from the angle file (∗.nav) in the original data package
with the thin plate spline interpolation method.

III. METHODOLOGY

To implement radiometric cross-calibration for GF-6/WFV
without the corresponding available reference bands, a novel
radiometric cross-calibration method is developed in this article.
Fig. 3 shows the flowchart of our experiment.

The novel radiometric cross-calibration of GF-6/WFV with
MODIS in the DRCS consists of the following ten steps.

1) The surface reflectance of MOD09 products, ρM_Sref , over
the investigated target on the calibrated days are extracted.

2) The Ross–Li BRDF model, as shown in (1), is used to
obtain the BRDF coefficients [18], [19]

ρ(θv, θs, φ) = fiso(λ) + fgeo(λ)kgeo(θv, θs, φ)

+ fvol(λ)kvol(θv, θs, φ) (1)

where ρ(θv, θs, φ) is the bidirectional reflectance; θv , θs , and
φ are the sensor zenith angle, the solar zenith angle, and the
relative azimuth angle, respectively; and fiso, fgeo, and fvol
are the Lambertian scattering component, the coefficient of the
LiSparse-Reciprocal geometric scattering and the RossThick
volume scattering, respectively.

Although MCD43A1 production can provide the BRDF co-
efficients in bands 1–7 of MODIS with a 500-m GSD, all these
products over the DRCS on the calibrated days are unavailable.
Therefore, after using MOD35 products and the normalized
difference snow index to eliminate images contaminated by
cloud clusters and snow, respectively, valid time-series MOD09
data (104 scenes) over the DRCS in 2019 are collected. The sur-
face reflectance of the MOD09 products and the corresponding
geometric parameters extracted from MOD03 are incorporated
into (1) to obtain the BRDF coefficients for five bands with the
least square method. Table III gives the BRDF coefficients of
the DRCS based on the valid time-series MOD09 data in 2019.

3) According to the geometric parameters of MODIS and
WFV and the BRDF coefficients given in Table III, the
simulated surface reflectance under the geometric con-
ditions of MODIS, ρM_brdf , and that of WFV, ρW_brdf ,
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TABLE III
BRDF COEFFICIENTS OF DRCS BASED ON THE VALID TIME-SERIES

MOD09 IN 2019

under the geometric conditions of WFV are derived by
(1). The BRDF correction coefficient, C, is calculated by
using

C =
ρW_brdf

ρM_brdf
. (2)

4) Fig. 1 shows that the RSRs of WFV and MODIS in the
blue, green, red, and NIR bands are notably different.
Therefore, the RSR differences must be adjusted using
the SBAF in this proposed cross-calibration method [13].
The SBAF correction coefficients are calculated by (3).
Since the WFV sensor has no shortwave infrared (SWIR)
band, the SBAF correction coefficient in the SWIR band
is set to 1.0 in this article. The influence of this as-
sumption on the cross-calibration results is discussed in
Section V

SBAF =
ρW_V/ρV_brdf ∗ ρW_brdf

ρM_V/ρV_brdf ∗ ρW_brdf
=

ρW_V

ρM_V
(3)

where ρV_brdf is the simulated equivalent surface re-
flectance at the vertical observation angle, calculated by
(1). The surface equivalent reflectance of WFV, ρW_V,
and that of MODIS, ρM_V, at the vertical observation
angle are derived using the measured averaged surface
profile at the vertical observation angle with analytical
spectral devices (ASDs) from July 31, 2014, to August
6, 2014 over the DRCS by (4) and (5), respectively,

ρW_V =

∫
ρASD × RSRWFV(λ)dλ∫

RSRWFV(λ)dλ
(4)

ρM_V =

∫
ρASD × RSRMODIS(λ)dλ∫

RSRMODIS(λ)dλ
(5)

where RSRWFV(λ) and RSRMODIS(λ) are the RSRs
of WFV and MODIS, respectively, and ρASD is the
measured averaged surface profile with ASDs over the
DRCS.

5) Considering the BRDF correction and SBAF correction,
the surface reflectance of MOD09, ρM_Sref , in five
bands is converted to the surface reflectance under the
geometric conditions of WFV, ρW_Sref , by

ρW_Sref= C× SBAF× ρM_Sref . (6)

6) The cubic polynomial interpolation method is applied to
obtain a continuous spectral profile of the DRCS under
the geometric conditions of WFV,ρW_CSref . Fig. 4 shows
that the interpolated continuous surface reflectance under
the geometric conditions of WFV over the DRCS on

Fig. 4. Measured averaged reflectance and the interpolated continuous surface
reflectance of DRCS on different calibrated days.

TABLE IV
MAIN SIMULATIVE PARAMETERS USED IN 6S

aAOT(aerosol optical thickness) @550 nm is derived from the MOD04_L2 aerosol product.

different days has a similar shape as that of the measured
averaged surface reflectance.

7) The surface equivalent reflectance of GF-6/WFV,
ρW_ESref , in eight bands is calculated by

ρW_ESref =

∫
ρW_CSref × RSRWFV(λ)dλ∫

RSRWFV(λ)dλ
. (7)

8) The surface equivalent reflectance of WFV in eight
bands, ρW_ESref , is converted to the simulated TOA
reflectance of WFV, ρW_Tref_sim, with the aid of the 6S
radiative transfer model and the simulative parameters
given in Table IV.

9) The simulated TOA radiance of the WFV images,
LW_Trad_sim, is calculated as

LW_Trad_sim =
ρW_Tref_sim × ESUNW × cos θWs

πd2
(8)

where ESUNW is the TOA solar irradiance of WFV; d is
the Earth-Sun distance; and θWs is the solar zenith angle
of the WFV images.

10) Finally, the calibration coefficient gain of WFV, GW,
is calculated by (9). It should be noted that, currently,
for the GF series satellite sensor data, the calibration
coefficient offset caused by the dark current and other
factors has been eliminated (0 for each band), so the
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TABLE V
PMCS OF WFV AND THE SDS

TABLE VI
RELATIVE ERROR BETWEEN THE PMCS AND THE OCCS

calibration coefficient only includes the gain value [5],
[10], [18]

GW =
LW_Trad_sim

DNW
(9)

whereDNW is the averaged DN of the WFV images over
the investigated target.

IV RESULTS

A. Cross-Calibration Results

According to the proposed radiometric cross-calibration
method, the proposed method coefficients (PMCs) of WFV on
the five calibrated days and the SDs are calculated and given in
Table V. The SDs of the eight bands are all less than 0.4%, which
shows that the PMCs on different calibrated days have good
consistency and indicates that the proposed cross-calibration
method is stable.

B. Validation With the OCCs

Although Table V gives that the PMCs derived from the five
image pairs on different calibrated days have good consistency,
the reliability of the radiometric calibration accuracies of the
PMCs needs to be validated.

The OCCs of WFV, published in 2019 by the CRESDA,
with the site calibration method are treated as the reference
information, which has a sufficiently high accuracy, to validate
the cross-calibration accuracy [3], [10], [18], [20]. The relative
error between the OCCs and the PMCs is calculated and given
in Table VI. The relative error is defined as the absolute value
of “PMCs/OCCs-1.”

TABLE VII
BRDF CORRECTION COEFFICIENTS BETWEEN WFV AND MODIS

TABLE VIII
SBAF CORRECTION COEFFICIENTS BETWEEN WFV AND MODIS

It can be seen that the PMCs are close to the OCCs in the
eight bands, which indicates that the proposed cross-calibration
method is suitable for WFV even with the lack of corresponding
available reference bands. It is encouraging that the relative
errors between the OCCs and the PMCs are all less than 8.38%,
except for that of the yellow band on October 21, 2019.

V. DISCUSSION

A. WFV Calibrated by the Traditional
Cross-Calibration Method

The traditional cross-calibration method employs the linear
regression between the simulated TOA radiance or reflectance
derived from the reference sensor, which has a similar band set-
ting as the calibrated sensor, and the corresponding DN extracted
from the calibrated sensor image over the investigated target
to calculate the cross-calibration results [3], [9], [21]. In this
part, the traditional cross-calibration method is used to obtain
cross-calibration coefficients for bands 1–4 of WFV, which have
similar band settings as those of MODIS. The main steps of the
traditional cross-calibration method, with the MODIS sensor as
the reference, are as follows.

1) The TOA reflectance of the MOD02HKM data over the
investigated target is extracted.

2) The BRDF coefficients are derived from the TOA re-
flectance of the time-series MODIS images in 2019 by (1)
[10], [18], [22]. Then, the BRDF correction coefficients
are calculated by (2) based on the observational geomet-
ric information of MODIS and WFV, the corresponding
values are given in Table VII.

3) The SBAF correction coefficients for each band are cal-
culated (as given in Table VIII) based on the simulative
parameters are given in Table IV [13], [23]. The surface
profile is the averaged surface profile measured by the
ASDs from July 31, 2014, to August 6, 2014.

4) The TOA reflectance of MODIS is converted to the simu-
lated TOA radiance of WFV based on the BRDF correction
coefficients and the SBAF correction coefficients. Finally,
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TABLE IX
CROSS-CALIBRATION RESULTS AND THE RELATIVE ERROR USING THE

TRADITIONAL CROSS-CALIBRATION METHOD

the cross-calibration coefficients are derived using the
traditional cross-calibration method.

The cross-calibration results and the relative errors involved
when using the traditional cross-calibration method are given in
Table IX. The relative error is defined as the absolute value of
“the traditional calibration coefficients/OCCs-1.”

It is encouraging that the maximum relative error of the
cross-calibration result is reduced from 8.82% for the tradi-
tional cross-calibration method to 8.11% for the proposed cross-
calibration method. This indicates that the traditional cross-
calibration method, which can only obtain the cross-calibration
coefficients for similar bands as those of the calibrated sensor,
can be replaced by the proposed cross-calibration method to
derive cross-calibration results for all eight bands of WFV.

B. Consistency Analysis of Calibration Results Using
Different Reference Satellites

In this part, the Sentinel-2A/MSI sensor is treated as a refer-
ence sensor to obtain the PMCs. The consistency of the cross-
calibration results obtained using different reference satellites is
analyzed. The main derived steps of the cross-calibration results
using the MSI sensor are as follows.

1) The valid image pairs of WFV and Sentinel-2A/MSI,
acquired on July 1, 2019 over the DRCS, are collected.
The time interval of the image pairs is 10 min.

2) The TOA reflectance values of the MSI over the inves-
tigated target in the blue, green, red, and NIR bands are
extracted and converted to surface reflectance values of
the MSI with the aid of the 6S radiative transfer model.

3) According to the BRDF coefficients given in Table III and
the SBAF correction coefficients derived by (3)–(5), the
surface reflectance of MSI under the geometry condition
of WFV is derived by (6).

4) The cubic polynomial interpolation method is used to
obtain the continuous spectral profile of the DRCS. The
surface equivalent reflectance of WFV is derived by (7).
Then, the TOA reflectance of WFV is derived with the aid
of the 6S radiative transfer model, which is converted to
the TOA radiance of WFV by (8).

5) Finally, the calibration coefficients of WFV using the
Sentinel-2A/MSI sensor as the reference sensor are cal-
culated by (9).

TABLE X
CROSS-CALIBRATION RESULTS OF WFV BASED ON MODIS AND MSI

TABLE XI
RELATIVE ERROR BETWEEN THE OCCS AND THE PMCS AFTER RESET THE

SBAF CORRECTION COEFFICIENT IN SWIR BAND

Table X gives the cross-calibration results and the relative er-
rors of WFV using MODIS and MSI sensors as reference sensors
on the same calibrated day. The relative error is defined as the
absolute value of “the cross-calibration coefficient using MSI as
a reference/the cross-calibration coefficient using MODIS as a
reference – 1.” Table X demonstrates that the cross-calibration
results obtained using the two reference sensors are in good
agreement. The maximum relative error is 3.43%.

C. Influence of SBAF Correction on Calibration Results

In the proposed cross-calibration method, the SBAF cor-
rection coefficient in the SWIR band is set to 1.0. Therefore,
this part will focus on whether this setting will influence the
calibration results. The SBAF correction coefficient in the SWIR
band is increased by 0.1 and decreased by 0.1 to recalculate
new cross-calibration coefficients [11]. Then, the relative errors
between the OCCs and the new cross-calibration coefficients are
given in Table XI. Compared with Table VI, the differences in
the relative errors are all less than 0.44%, which indicates that
the setting of the SBAF correction coefficient in the SWIR band
is reasonable.

D. Influence of the Interpolation Method on
Calibration Results

In the proposed cross-calibration method, the cubic polyno-
mial interpolation method is employed to obtain the continuous
spectral profile of the DRCS. Whether this interpolation method
is suitable for interpolating the spectral profile of the DRCS
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TABLE XII
RELATIVE ERROR BETWEEN THE OCCS AND THE PMCS USING THE CUBIC

SPLINE INTERPOLATION METHOD

should be discussed. Therefore, in this part, the cubic spline
interpolation method is used to replace the cubic polynomial
interpolation method.

Compared with Table VI, Table XII gives that most of the
relative errors of the PMCs obtained using the cubic spline
interpolation method are very close to those obtained using the
cubic polynomial interpolation method. The maximum relative
errors of the two interpolation methods are also the same.
Therefore, the cubic polynomial interpolation method and the
cubic spline interpolation method are both suitable for obtaining
the continuous spectral profile of the DRCS in the proposed
cross-calibration method.

E. Total Uncertainty of the Cross-Calibration

Since not all of the factors can be quantified, the total uncer-
tainty of the final cross-calibration coefficients is estimated here.
There are eight main factors of influence in this article.

1) MOD09: The root mean square errors (RMSEs)of MOD09
in bands 1–5 of MODIS are obtained according to a
previous study [24]. Then, the RMSEs are treated as
perturbations that are brought into the surface reflectance
of MOD09 over the DRCS to recalculate new cross-
calibration coefficients. The maximum relative differences
between the new cross-calibration coefficients and the
coefficients in Table V for each band on different days
are treated as the uncertainty values for MOD09.

2) Geometric mismatching: Although the homogeneous
spectral regions are treated as the investigated targets,
geometric mismatching between the WFV and MODIS
images will affect the cross-calibration accuracy. There-
fore, the shifted sliding-window method is used [12], [23].
The sliding windows (156×156 pixels) of the WFV image
are shifted by 63 pixels (approximately 1000 m). Then, the
new averaged DN values extracted from the shifted sliding
windows are used to recalculate the new cross-calibration
coefficients. The maximum relative differences between
the new cross-calibration coefficients and the coefficients
in Table V for each band on different days are treated as
the uncertainty values for geometric mismatching.

3) BRDF correction: In this article, since the surface re-
flectance of the time-series MOD09 data is selected to
obtain the BRDF coefficients with the Kernel-derived
model, several factors may contribute to uncertainty in
the BRDF correction, such as MOD09, the Kernel-derived

model, the solar and view angles, and the stability of the
surface reflectance values.

The BRDF coefficients given in Table III are used to obtain the
modeled surface reflectance by (1). Then, the RMSEs between
the modeled and observed surface reflectance values of the time-
series MOD09 data (104 scenes) are treated as the uncertainty
values in the kernel-derived model in bands 1–5 of MODIS [19].
The errors of the solar angles are neglected. The observation an-
gles are increased by 0.1° and are then used to calculate the new
modeled surface reflectance values of the time-series MOD09
data. The RMSEs between the original and new modeled surface
reflectance values are taken as the uncertainty of the observation
angles in bands 1–5 of MODIS. The observed surface reflectance
values of the time-series MOD09 are converted to the surface
reflectance values at a vertical observation angle, of which the
SDs are taken as the uncertainty of the stability of the surface
reflectance values in bands 1–5 of MODIS. Consequently, the
total uncertainty caused by MOD09, the kernel-derived model,
the solar and view angles and the stability of surface reflectance
in bands 1–5 of MODIS are calculated by the square root method.
This total uncertainty is treated as the perturbation that is brought
into the derived surface reflectance of the DRCS in bands 1–5 of
MODIS. Then, the perturbed derived surface reflectance values
of the DRCS in bands 1–5 of MODIS are brought into the
cubic polynomial interpolation method to obtain the perturbed
interpolated continuous spectral profile of the DRCS, which
is used to recalculate new cross-calibration coefficients. The
maximum relative differences between the new cross-calibration
coefficients and the coefficients given in Table V for each band
on different days are treated as the uncertainty values associated
with the BRDF correction.

1) Interpolation method: According to the results of the
analysis of the influence of the interpolation method on
the calibration results, the maximum differences in the
relative errors given in Tables VI and XII for each band
are treated as the uncertainty values associated with the
interpolation method.

2) 6S model: The uncertainty of the cross-calibration result
caused by the 6S model is approximately 1.6% [5], [25].

3) AOT value: Since the AOT derived from the MOD04_L2
is used to convert the surface equivalent reflectance of
WFV to the TOA radiance of WFV with aid of the 6S
radiative transfer model, the accuracy of AOT may affect
the cross-calibration uncertainty. The uncertainty of the
AOT value derived from the MOD04_L2 aerosol product
is approximately ±0.05±0.15τ [26]. The corresponding
cross-calibration uncertainty values associated with the
AOT value are given in Table XIII.

4) Aerosol type: Since the DRCS has mixed desert and
continental aerosol types, the desert aerosol type given
in Table IV may affect the cross-calibration uncertainty
[11]. Therefore, the aerosol type is set as the continental
aerosol type to recalculate new cross-calibration coeffi-
cients. Then, the maximum relative differences between
the new cross-calibration coefficients and the coefficients
given in Table V for each band on different days are treated
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TABLE XIII
TOTAL CALIBRATION UNCERTAINTY

as the uncertainty values associated with the aerosol type
given in Table XIII.

5) SBAF correction: According to the results of the analysis
of the influence of the SBAF correction on the calibra-
tion results, the maximum differences between the new
cross-calibration coefficients, obtained by resetting the
SBAF correction coefficient in the SWIR band, and the
coefficients in Table V for each band are treated as the
uncertainty values for the SBAF correction.

Table XIII gives the uncertainties caused by various factors
and the total uncertainty. The total uncertainty calculated by the
square root method is less than 4.33%.

VI. CONCLUSION

In this article, a novel on-orbit radiometric cross-calibration
approach is proposed to realize the radiometric cross-calibration
of GF-6/WFV sensors even without enough available reference
bands. The details of this proposed method are described in
this article. Taking the DRCS as the radiometric transfer plat-
form and treating MODIS as the reference sensor, the surface
reflectance of MOD09 is extracted. The BRDF coefficients of
the DRCS are obtained based on the valid time-series MOD09 in
2019, which are applied to correct the bidirectional reflectance
effect of the DRCS. The SBAF correction coefficients are used
to adjust the RSR differences between the reference sensor and
the calibrated sensor. Then, the cubic polynomial interpolation
method is employed to obtain the continuous spectral profile
of the DRCS from bands 1–5 of MODIS. The surface equiv-
alent reflectance values of GF-6/WFV in the eight bands are
calculated by the spectral convolution method with the RSRs
of GF-6/WFV. Then, the TOA reflectance values of GF-6/WFV
in the eight bands are derived with the aid of the 6S model.
Finally, according to the corresponding DN over the DRCS, the
calibration coefficients are calculated.

The validation results show that the PMCs on different cal-
ibrated days are close to each other, and the SDs are less than
0.4%. Taking the OCCs as the references, the PMCs have good
consistency with the OCCs, the relative errors of the PMCs are
all less than 8.38% except for that of the yellow band on Oc-
tober 21, 2019. Compared with the traditional cross-calibration

method, the maximum relative errors in the blue, green, red,
and NIR bands are reduced from 8.82% to 8.11% when using
the proposed cross-calibration method, which indicates that the
proposed cross-calibration method can not only obtain higher
consistency with the OCCs but can also derive the radiometric
cross-calibration coefficients of the eight bands even without
available reference bands. Additionally, the Sentinel-2A/MSI
sensor is used to assess the consistency of the radiometric
cross-calibration results using different reference satellites. The
results show that the PMCs obtained using MODIS and MSI
sensors as references also have good consistency.

The influences of the SBAF correction and the interpolation
method on the calibration results are discussed. It is found that
the different interpolation methods and the SBAF correction
coefficient setting in the SWIR band have a slight influence on
the calibration results. Moreover, the total uncertainty of our pro-
posed method associated with MOD09, geometric mismatching,
the BRDF correction, the interpolation method, the 6S model,
the AOT value, the aerosol type, and the SBAF correction is less
than 4.33%.

In the future, we will discuss whether using the interpolation
method to obtain a continuous TOA spectral profile with which
to derive radiometric cross-calibration coefficients can improve
the overall radiometric cross-calibration accuracy of GF-6/WFV,
which will further optimize the calibration scheme and improve
the on-orbit radiometric calibration accuracy of this type of
sensor.
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