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Abstract: The GaoFen6 (GF-6) satellite, equipped with a wide full-swath (WFV) sensor, offers high
spatial resolution and extensive coverage, making it widely utilized in agricultural and forestry
classification, land resource monitoring, and other fields. Accurate on-orbit radiometric calibration
of GF-6/WFV is crucial for these quantitative applications. Currently, the absolute radiometric
calibration of GF-6/WFV relies primarily on vicarious calibration conducted by the China Center
for Resources Satellite Data and Application (CRESDA). However, annual vicarious calibration may
not adequately capture the radiometric performance of GF-6/WFV due to performance degradation.
Therefore, increasing the frequency of on-orbit radiometric calibration throughout the lifetime of
GF-6/WFV is essential. This study proposes a method for conducting long-term cross-radiometric
calibrations of GF-6/WFV by taking the multispectral imager (MSI) onboard the Sentinel-2 satellite
as a reliable reference sensor and the sites from RadCalNet as reference ground targets. Firstly,
we conducted 62 on-orbit cross-radiometric calibrations of GF-6/WFV since its launch by tracking
with the Sentinel-2/MSI sensor after correcting the discrepancy spectrum and solar zenith angle.
Then, validation of cross-radiometric calibration results against RadCalNet products indicated an
average absolute relative error between 3.55% and 4.64%. Cross-validation with additional reference
sensors, including Landsat-8/OLI and MODIS, confirmed the reliability of calibration, demonstrating
relative differences from GF-6/WFV of less than 5%. Furthermore, the overall uncertainty of the
cross-radiometric calibration was estimated to be from 4.08% to 4.89%. Finally, trend analysis of the
time-series radiometric performance was also conducted and revealed an annual degradation rate
ranging from 0.57% to 2.31%. This degradation affects surface reflectance retrieval, introducing a
bias of approximately 0.0073 to 0.0084. Our findings highlight the operational effectiveness of the
proposed method in achieving long-time-series on-orbit radiometric calibration and degradation
monitoring of GF-6/WFV. The study also demonstrates that the radiometric performance of GF-
6/WFV is relatively stable and suitable for further quantitative applications, especially for long-term
monitoring applications.

Keywords: cross-calibration; GF-6/WFV; trend analysis; uncertainty analysis; RadCalNet

1. Introduction

The GaoFen6 satellite (GF-6) was successfully launched on 2 June 2018, featuring
a wide full-swath (WFV) sensor possessing high spatial resolution and broad imaging
coverage. GF-6/WFV images have been instrumental in diverse applications, such as
forestry and agriculture monitoring, disaster investigation, and urban development [1–4].
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Achieving absolute radiometric calibration is imperative for the accurate quantitative ap-
plication of GF-6/WFV images. This calibration involves two primary phases: pre-launch
laboratory calibration and post-launch on-orbit calibration. Pre-launch laboratory calibra-
tion entails evaluating the sensor’s radiometric performance using laboratory equipment
before the satellite’s launch, serving as a crucial reference for assessing the sensor’s ra-
diometric capabilities on orbit [5]. However, over time, the radiometric performance of
satellites tends to degrade due to environmental changes and sensor aging. For instance,
EO-1/Hyperion exhibited an 8% drift in the visible–near-infrared (VNIR) band within the
first two years after launch and an average annual variation of over 1% in the subsequent
10 years [6]. Changes in the radiometric performance of GF-6/WFV can significantly impact
the inversion of image data to derive the physical parameters of targets. Even slight calibra-
tion deviations resulting from sensor radiometric property changes can affect or mislead
the final analysis, particularly in the context of time-series vegetation index products [7].
Thus, periodic evaluation and monitoring of changes in the radiometric performance of
GF-6/WFV are crucial.

Currently, numerous satellite sensors are equipped with onboard calibration systems.
The technique employs calibrator sources, such as the sun, lamps, and blackbodies, to
derive on-orbit radiometric calibration coefficients for the sensors [8,9]. This approach
enables real-time radiometric calibration of sensors while in orbit. However, like most
Chinese optical satellites, GF-6 does not carry onboard calibration equipment. Instead,
calibration coefficients are provided by CRESDA, and vicarious calibration is performed
annually. Traditional vicarious calibration relies on synchronous measurement experiments
to obtain surface and atmospheric parameters during satellite overpasses. This method
is constrained by factors such as calibration sites and atmospheric conditions, making it
challenging to achieve high-frequency calibrations [10–12]. To overcome these limitations,
ground-based automatic radiometric calibration has been introduced. This approach lever-
ages automated observational equipment to autonomously collect ground and atmospheric
parameters, facilitating calibration without the need for manual synchronous measurement
experiments. Several units and organizations have conducted extensive research on au-
tomatic radiometric calibration. For instance, in 2014, the Working Group on Calibration
and Validation (WGCV) of the Committee on Earth Observation Systems (CEOS) launched
the Global Autonomous Radiometric Calibration Network (RadCalNet) program. This
program selected various calibration sites, including the Railroad Valley Playa (RVP) site in
the United States, the La Crau site in France, the Gobabeb site in Namibia, and the Baotou
National Calibration site (the Baotou site) in China. RadCalNet provides automated ground
and atmospheric data and has been widely used for on-orbit radiometric calibration of
optical sensors, such as Landsat 8/OLI, Sentinel-2/MSI, GF series, EO-1/Hyperion, and ZY
series sensors [13,14]. Despite the advancements, the availability of automated radiometric
calibration sites remains limited, necessitating further investigation into the accuracy and
stability of long-term observational data and the sustainability of these automatic systems
in field environments.

In view of the drawbacks of ground-based automatic radiometric calibration, cross-
radiometric calibration has been developed as an alternative method for tracking the radio-
metric performance of sensors without onboard calibration facilities. Cross-radiometric
calibration for sensors lacking onboard calibration equipment has been studied abroad
since the early 1990s. Teillet et al. calculated NOAA-9 and NOAA-10 AVHRR calibration
coefficients based on the cross-calibration method using Landsat-5 and SPOT HRV (SPOT
Satellite High-Resolution Multiband Scanner) imagery acquired on the same day over
White Sands Proving Ground, New Mexico, USA [15]. Liu et al. conducted a comprehen-
sive long-term cross-calibration between Terra MODIS and the HJ-1A CCD from 2009 to
2019. The cross-calibration results indicated attenuation rates of 23.51%, 21.89%, 8.11%, and
13.37% by the end of 2019 [16]. Yang et al. proposed a radiometric cross-calibration method
for on-orbit time-series calibration of GF-6/WFV. The core of their method involves simu-
lating surface reflectance at the GF-6/WFV viewing angle using a BRDF model, calculated
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based on the Landsat-8/OLI and ZY-3/Three-Line Camera (TLC) datasets for the Badain
Jaran Desert. With the aid of the MODIS AOD and water vapor products, the TOA radiance
values of GF-6/WFV were predicted using a 6S code. Subsequently, the cross-radiometric
calibration coefficients were determined by fitting the simulated TOA radiance values
and observed digital values (DNs) of GF-6/WFV. The accuracy of the results was verified
using ground-synchronized measurement data, with the relative error being less than 5%,
affirming the reliability of the cross-calibration [17].

It can be concluded that cross-radiometric calibration has significant advantages, in-
cluding a high calibration frequency, a low cost, and the capacity to calibrate historical
images. These benefits are instrumental in facilitating the long-term series calibration of
sensors. Taking account of the advantages of the cross-radiometric calibration approach,
this study focuses on long-time cross-radiometric calibrations of GF-6/WFV at RadCal-
Net sites by taking Sentinel-2/MSI as a reliable reference sensor. The spectral response
functions, solar and sensor viewing geometries, and atmospheric differences between GF-
6/WFV and Sentinel-2/MSI were corrected. Trend analysis of the time-series radiometric
calibration results was carried out to characterize the radiometric performance changes
since the satellite’s launch. Validation of radiometric cross-calibration results was carried
out by comparing them with RadCalNet radiometric products, and the uncertainty of the
calibration results was also estimated.

2. Description of Sites and Datasets
2.1. RadCalNet Sites

The RadCalNet program, established in 2014 by WGCV, encompasses four calibration
sites: Gobabeb in Namibia, La Crau in France, RVP in the United States, and Baotou in
China. Each of these sites represents diverse surface types, including sand and gravel with
dry grass, sparsely vegetated areas with scattered soil and pebbles, dry riverbeds, and
artificial targets. These four sites were specifically chosen as the calibration targets for this
analysis [18–20]. Figures 1–4 show true-color composite images of the GF-6/WFV over
Gobabeb on 4 April 2021, over the La Crau site on 24 April 2021, over the RVP site on
3 April 2021, and over Baotou on 10 September 2020, respectively.
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2.2. Satellite Images

A GF-6/WFV image comprises eight multispectral bands covering the VNIR spectrum,
with a spatial resolution of 16 m and a swath width of about 860 km. In this study, bands 2, 3,
4, and 8 of Sentinel-2/MSI were implemented in the cross-calibration of GF-6/WFV bands
1–4, corresponding to the blue, green, red, and near-infrared spectrum bands. Sentinel-2
consists of two multi-spectral satellites, namely, Sentinel-2A and Sentinel-2B. With an
on-orbit radiometric calibration accuracy of up to 3% and a wide spectral radiance range,
Sentinel-2/MSI has often been used as a reference sensor for radiometric calibration studies
of many medium- and high-resolution satellite sensors. Sentinel-2/MSI has a spatial
resolution of 10 m in the visible and near-infrared bands and is available for download
from the ESA website [21]. Due to the disparity in spatial resolution between GF-6/WFV
and Sentinel-2/MSI, the Sentinel-2/MSI images were downscaled to 16 m to match the
resolution of the GF-6/WFV images. Table 1 and Figure 5 show the characteristics and
spectral response functions of the selected bands for GF-6/WFV and Sentinel-2/MSI.

Table 1. Sensor characteristics of GF-6/WFV, Sentinel-2A/MSI, and Sentinel-2B/MSI in selected
bands.

Sensor Band No. Spectral Band Spectral Range
(nm)

Spatial
Resolution (m)

GF-6/WFV

1 Blue 450–520

16
2 Green 520–590
3 Red 630–690
4 Near-infrared 770–890

Sentinel-2A/MSI

2 Blue 440–538

10
3 Green 538–582
4 Red 646–684
8 Near-infrared 760–980

Sentinel-2B/MSI

2 Blue 438–532

10
3 Green 536–582
4 Red 646–685
8 Near-infrared 774–907
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Figure 5. Spectral response functions for matched bands of Gf-6/WFV and Sentinel-2/MSI.

Taking into account the impact of cloud cover, a total of 62 GF-6/WFV images were
collected between January 2019 and July 2023. These include 5 images from the Gobabeb
site, 10 images from the La Crau site, 26 images from the RVP site, and 21 images from
the Baotou site. Figure 6 displays the viewing zenith and relative azimuth angles of
Sentinel-2/MSI and GF-6/WFV during satellite overpasses at RadCalNet sites.
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Figure 6. Viewing geometries of Sentinel-2/MSI and GF-6/WFV: (a) viewing zenith angles of
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2.3. Atmospheric Datasets

Aerosol optical thickness (AOT) and columnar water vapor (CWV) data were obtained
from the AERONET website. The AOT values in the 440, 670, 870, and 1020 nm bands
were derived using the Langley algorithm from direct solar irradiance measurements.
Subsequently, the AOT at 550 nm was calculated through logarithmic interpolation of
the AOT values obtained at 440, 670, 870, and 1020 nm. The CWV data were inverted
from AERONET direct solar irradiance measurements in the water vapor absorption band
around 940 nm [22]. Figure 7 displays the AOT at 550 nm and CWV. It is noteworthy that
the maximum AOT at 550 nm is less than 0.4 and the CWV is less than 3 g/cm2.
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3. Methodology

The core of cross-radiometric calibration is the selection of reference and target sensors
to acquire images of the same area simultaneously or of areas nearby. This process involves
establishing a radiometric relationship between the reference and target sensors by match-
ing their spectral responses. Subsequently, the absolute on-orbit radiometric calibration of
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the target sensors is achieved based on the highly accurate calibration coefficients of the ref-
erence sensors [23]. The main challenge of cross-radiometric calibration is to eliminate the
differences between the two sensors associated with spectral responses, geometry angles,
and atmospheric profiles. In this study, the cross-radiometric calibration for GF-6/WFV
was performed via spectral matching based on the normalized TOA reflectance using
Sentinel-2/MSI as the reference sensor. The flowchart of the time-series cross-radiometric
calibration and validation of GF-6/WFV at RadCalNet sites is shown in Figure 8.

As depicted in Figure 8, the specific process for cross-calibration includes the following
steps: match-up of the GF-6/WFV and Sentinel-2/MSI images at the RadCalNet sites,
spectral matching, correction for the solar zenith angle, and calculation of radiometric
calibration coefficients. Firstly, image pairs with a time difference of less than 30 min
and no cloud cover were selected. For these matched image pairs, the TOA reflectance
and DN values for the calibration points were extracted from Sentinel-2/MSI and GF-
6/WFV images separately. Subsequently, the extracted TOA reflectance values underwent
spectral matching and were converted to TOA radiance values, and the extracted DN
values were corrected for the solar zenith angle. Using the preprocessed TOA radiance and
DN values, the on-orbit radiometric calibration coefficients for GF-6/WFV were calculated.
Then, the cross-calibration results were validated using products from RadCalNet and
comparisons with Landsat/OLI and MODIS data. Furthermore, the overall uncertainty
of the cross-radiometric calibration was also estimated. Finally, trend analysis of the time-
series radiometric performance was also conducted. Detailed descriptions of the key steps
of the cross-radiometric calibration are given below, while the validation and uncertainty
analysis as well as the trend analysis are described in the Section 4.
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3.1. Spectral Matching

The spectral response functions (SRFs) between the Sentinel-2/MSI and GF-6/WFV
sensors exhibit notable differences, as shown in Figure 5. Therefore, spectral matching
using spectral band adjustment factors (SBAFs) is the key step when carrying out cross-
radiometric calibration of the target sensor with a reference sensor. In this study, the SBAFs
are defined as the fitting coefficients of the TOA reflectance between the GF-6/WFV and
Sentinel-2/MSI sensors, as expressed in Equation (1). The SBAFs not only take into account
the differences in the SRFs but also the variations in the sun–target–sensor geometries (Θ),
AOT, and CWV atmospheric parameters in GF-6/WFV and Sentinel-2/MSI imaging at the
RadCalNet sites [24].

ρsim
W,i(RSFs, AOT, CWV, Θ) = Ki · ρsim

M,i(RSFs, AOT, CWV, Θ) + bi (1)

where K and b are the SBAFs between the GF-6/WFV and Sentinel-2/MSI sensors, and ρsim
W,i

and ρsim
M,i, calculated with Equations (2) and (3), represent the values of TOA reflectance of

the GF-6/WFV and Sentinel-2/MSI sensors, respectively.

ρsim
W,i =

πd2Lsim
W,i

ESUN,i cos(θW)
(2)

ρsim
M,i =

πd2Lsim
M,i

ESUN,i cos(θM)
(3)

where ESUN is the equivalent solar irradiance at the Earth–Sun distance of GF-6/WFV and
Sentinel-2/MSI; θW and θM are the solar zenith angles at the imaging moments of WFV and
MSI, respectively; d is the mean distance between the Earth and the Sun; i is the spectral
bands corresponding to GF-6/WFV and Sentinel-2/MSI; and Lsim

W and Lsim
M represent the

TOA radiance values of GF-6/WFV and Sentinel-2/MSI.
To determine the SBAFs of K and b in Equation (1), the TOA radiance of GF-6/WFV

(Lsim
W ) and Sentinel-2/MSI (Lsim

M ) were simulated with the MODTRAN-5 transfer radiative
code by setting the surface reflectance to 0.1, 0.2, 0.3, 0.4, and 0.5. For each simulation,
the differences in SRFs, the sun–target–sensor geometries, AOT, and CWV atmospheric
parameters between GF-6/WFV and Sentinel-2/MSI were considered, as described in
Section 2. The atmospheric profiles used in the input parameters of MODTRAN-5 were
the standard atmospheric profile models established by the U.S. Air Force Geophysical
Laboratory. The rural aerosol model was used in this study according to the recommenda-
tion of the RadCalNet sites. It allowed for the spectral matching factors to be calculated by
linearly fitting the simulated sets of TOA reflectance of GF-6/WFV and Sentinel-2/MSI. It
should be pointed out that the BRDF was not corrected in the time-series cross-radiometric
calibration of GF-6/WFV. The reason is that the variations in the sun–target–sensor ge-
ometries were considered in the simulation of the values of TOA radiance of GF-6/WFV
and Sentinel-2/MSI when fitting the SBAFs according to Equation (1). The viewing angles
of Sentinel-2/MSI used as reference are smaller than 10 degrees. Therefore, the large
viewing angles of GF-6/WFV were corrected to the approximate nadir viewing angles of
Sentinel-2/MSI when conducting the cross-radiometric calibration using the SBAFs.

3.2. Solar Zenith Angle Correction

To perform time-series calibration of GF-6/WFV, remote sensing images captured over
a significant period, spanning various months and acquired at different solar zenith angles,
were selected in this study. Then, solar zenith angle correction was carried out according
to Equation (4) for the corrected GF-6/WFV images to eliminate radiometric differences
between images captured at different periods.

DNcor,i = DNi/ cos(SZA) (4)
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where DNcor is the digital counts corrected via the solar zenith angle, DN is the extracted
digital counts over the RadCalNet sites from GF-6/WFV images, and SZA is the solar zenith
angle at the moment of imaging. The solar zenith angle is influenced by the satellite’s
overpassing time, latitude, and longitude [6].

3.3. Radiometric Cross-Calibration

Firstly, the reference time-series TOA reflectance values (ρ∗M) over the RadCalNet
sites were extracted from the Sentinel-2/MSI L1C level images. Then, the time-series TOA
reflectance of GF-6/WFV (ρ∗W) was determined according to Equation (5) based on the
calculated SBAFs using Equation (1). Next, the time-series TOA reflectance of GF-6/WFV
was converted to TOA radiance (LW) values with Equation (6). Finally, based on the
time-series TOA radiance and collected DNs of GF-6/WFV, the time-series radiometric
calibration coefficients of GF-6/WFV were calculated according to Equation (7).

ρ∗M,i = Ki ∗ ρ∗M,i + bi (5)

LW,i =
ρW,i

∗ESUN,i

πd2 =
ρW,iESUN,i cos(θW)

πd2 (6)

GW,i = LW,i/DNcor,i (7)

where GW,i is the radiometric calibration coefficients at each band i with the unit of
W/m2/sr/µm.

4. Results and Discussion
4.1. Cross-Radiometric Calibration Results

Based on the cross-radiometric calibration method and datasets introduced in
Sections 2 and 3, the time-series on-orbit radiometric calibration coefficients of GF-6/WFV
in the four matched VNIR bands were calculated with reference to Sentinel-2/MSI. Firstly,
the spectral matching factors, SBAFs, were calculated based on the method described in
Section 3.1, and the results are illustrated in Figure 9. It is worth noting that only the gains
(K) of SBAFs are shown in Figure 9, since the offsets (b) of the SBAFs were near zero. Then,
the time-series cross-radiometric calibration coefficients of GF-6/WFV were determined and
are depicted in Figure 10, where the x-axis represents the day of the year (DOY) after the
launch of GF-6/WFV and the y-axis illustrates the corresponding cross-radiometric calibration
coefficients. Based on the findings presented in Figure 10, it is evident that the cross-calibration
coefficients of the four bands exhibit sinusoidal trend patterns, which are likely attributable to
the periodic variations in solar elevation in GF-6/WFV imaging over RadCalNet sites.

Furthermore, the analysis method employed to evaluate the dispersion of the time-
series calibration coefficients was a boxplot analysis. As shown in Figure 11, this boxplot
illustrates the distribution and extreme outliers of the time-series calibration coefficients.
The widths of the boxes in the plot signify the variation ranges of the calibration coefficients.
The plot highlights the median radiometric calibration coefficients for each spectral band
as square markers along the time series. Outliers are represented by diamond-shaped
markers, with the mean values for each band recorded as 0.0699, 0.0549, 0.0538, and 0.0354,
respectively. According to the insights drawn from Figure 11, the radiometric calibration
coefficients for the GF-6/WFV VNIR bands exhibit minimal fluctuation, indicating a gen-
erally stable radiometric performance. Notably, the near-infrared bands demonstrate the
most consistent performance, while the calibration coefficients for the blue band show
relatively higher variability. Except for the near-infrared band, which displays a low-level
anomaly, no significant anomalies were observed in the other bands. This anomaly in the
near-infrared band is attributed to a notably low phenomenon likely caused by the presence
of vegetation at the La Crau site. This vegetative cover impacted the accuracy of the radio-
metric calibration, resulting in the observed anomalous values in the near-infrared band.
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4.2. Validation Analysis of Calibration Results

To validate the accuracy of the GF-6/WFV time-series radiometric calibration out-
comes derived from the cross-radiometric calibrations, a comprehensive validation anal-
ysis was carried out. For this purpose, select sites from RadCalNet, namely, Gobabeb,
La Crau, RVP, and Baotou, were chosen for analysis. The RadCalNet portal (https:
//www.radcalnet.org, (accessed on 10 August 2023)) provides BOA products (the in-
put files) and TOA products (the output files) to users. In this study, we used the BOA
instead of the TOA products as the input datasets for validation of the cross-radiometric
calibration results. The reasons are explained from two aspects as follows. First of all, the
TOA reflectance from the RadCalNet output file was simulated for nadir observations.
However, as we can see from Figure 6b, the viewing zenith angles are not for nadir obser-
vations. To reduce the effect due to the viewing zenith angles’ difference, we predicted the
TOA radiance with the MODTRAN radiative transfer code by configuring the GF-6/WFV
viewing zenith angles as well as the BOA reflectance and atmospheric parameters from the
RadCalNet input files. On the other hand, RadCalNet provides the TOA reflectance, which
should be converted to TOA radiance to compare it with the cross-radiometric calibrated
TOA radiance. Both the solar irradiance and cosine values of solar zenith angles should be
given when converting the TOA reflectance to radiance. Nevertheless, solar irradiance data
are not given by RadCalNet, and the selection of different sources of solar irradiance data
may introduce additional errors. Taking into account the factors as explained, we predicted
the TOA radiance with the MODTRAN radiative transfer code based on the BOA products
from RadCalNet and the viewing zenith angles of GF-6/WFV.

A total of 18 matchups from the RadCalNet input files, made available through
the RadCalNet portal, were utilized. Each selected RadCalNet input file encompasses
atmospheric and surface parameters meticulously measured by the automated observation
systems deployed in the RadCalNet sites. The RadCalNet products have been evaluated
to provide a reliable dataset for vicarious calibration and validation [25]. Furthermore, to
minimize errors due to time differences, we selected RadCalNet products within 30 min of
the GF-6/WFV overpassing time. Based on the parameters from the RadCalNet input files
and the viewing zenith angles of GF-6/WFV, the TOA radiance was simulated using the
MODTRAN-5 radiative transfer code. The simulated TOA radiance values were then used
as a reference to validate the cross-calibrated TOA radiance produced in this study. The
relative errors were calculated and are shown in Figure 12. It can be seen from Figure 12
that the relative errors of all 18 matchups between the cross-calibration and RadCalNet
TOA radiance values were within ±10%. The average absolute relative errors for all 18
validation results are 3.91%, 3.55%, 3.75%, and 4.64% in the blue, green, red, and NIR bands,

https://www.radcalnet.org
https://www.radcalnet.org
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respectively. These findings demonstrate the precision and accuracy of the time-series
cross-radiometric calibration coefficients of the GF-6/WFV in this study.
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To further verify the reliability of the cross-radiometric calibration results, we selected
Landsat8/OLI and MODIS, which are internationally recognized for their high accuracy,
for comparisons with the GF-6/WFV radiometric calibration results. Ground reference
scenes from Gobabeb, La Crau, RVP, and Baotou were selected. Matchups were chosen
where the differences in the times between the target and additional reference sensors
were under one hour. In total, six Landsat-8/OLI matchups and four MODIS matchups
were analyzed. By applying the spectral matching technique described in Section 3.1, the
Landsat8/OLI and MODIS observations were converted to TOA radiance values for each
GF-6/WFV band, with the relative error serving as the evaluation index. The results are
shown in Figures 13 and 14. From the results, it can be seen that the relative errors are less
than 5% with Landsat-8/OLI and MODIS as the reference sensor, which further proves the
reliability of the radiometric calibration results.
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4.3. Uncertainty Analysis

In this study, the factors that contributed to the total uncertainty of the GF-6/WFV
time-series cross-radiometric calibration results include the uncertainties of image co-
registration (denoted as Ureg), the MODTRAN-5 radiative transfer code (denoted as Umod),
referenced sensor calibrations (denoted as Umsi), spectral matching (denoted as USABFs),
solar irradiance (denoted as Uirrad), AOT at 550 nm (denoted as Uaot), and CWV (denoted
as Ucwv). As to the uncertainty of image co-registration, a sliding-window analysis showed
that the maximum uncertainty was less than 0.79%. In this study, MODTRAN-5 was used
as a radiative transfer code and contributed to an uncertainty of 2% for the time-series
calibration coefficients according to published references [26]. The uncertainty contributed
by the referenced sensor Sentinel-2/MSI to the time-series cross-radiometric calibration
coefficients was 3% [27]. According to Reference [28], the uncertainty contributed by solar
irradiance to the calibration results was less than 1.5%, which was also taken as the uncer-
tainty contribution to the cross-radiometric calibration results. According to a previously
published paper [29], the absolute uncertainty of the AOT at 550 nm and the relative
uncertainty of the CWV were estimated as 0.01 and 10%, respectively. The GF-6/WFV TOA
reflectance was simulated using MODTRAN-5 before and after the uncertainties of AOT at
550 nm and CWV were added, and the relative errors were calculated as the uncertainty.
It can be seen from Tables 2–5 that the maximum uncertainty due to AOT at 550 nm and
CWV was less than 0.5%.

Uncertainty in surface reflectance primarily influenced the spectral matching factors.
The main errors originated from the surface reflectance values used in calculating these
factors. The actual spectral matching factors were calculated using MODTRAN-5, based
on the true surface reflectance data provided by RadCalNet. The uncertainty contribution
from spectral matching factors was assessed by comparing the actual spectral matching
factors with those utilized in this study, revealing that the maximum uncertainty generally
did not exceed 3%.

Based on the error propagation theory, the overall uncertainty of the cross-radiometric
calibration, encompassing image co-registration, the MODTRAN-5 code, the referenced sen-
sor calibrations, spectral matching, and solar irradiance, was computed with Equation (8)
as follows.

U =
√

U2
reg + U2

mod + U2
msi + U2

SABFs + U2
irrad + U2

aot + U2
cwv (8)

The overall uncertainties of the cross-radiometric calibration based on the RadCalNet
sites, as determined from the sources of uncertainty described above, are listed in Tables 2–5.
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The results of the time-series uncertainty analysis were statistically analyzed, and the
overall uncertainty range was from 4.08% to 4.89%. The averaged overall uncertainty of
the cross-radiometric calibration in the blue, green, red, and near-infrared bands of GF-
6/WFV was calculated to be 4.64%, 4.42%, 4.43%, and 4.16%, respectively. Additionally, the
study explored the impact of cross-calibration uncertainty on the precision of quantitative
applications of GF-6/WFV images on surface reflectance retrieval. The findings revealed
that the radiometric calibration uncertainty resulted in a deviation of approximately 0.0119,
0.0123, 0.0136, and 0.0137 in the inversion of surface reflectance in the blue, green, red, and
near-infrared bands of GF-6/WFV, respectively. Consequently, improving the outcomes of
radiometric calibration and enhancing the precision of on-orbit radiometric calibration is
important for the quantitative application of remote sensing images.

Table 2. Uncertainty of the cross-radiometric calibration of GF-6/WFV at the Gobabeb site.

Band Image
Co-Registration MODTRAN-5 Sentinel-2/

MSI

Spectral
Matching

Factor

Solar
Irradiance

AOT at
550 nm CWV Overall

Uncertainty

Blue 0.55% 2.00% 3.00% 2.31% 1.5% 0.42% 0.31% 4.60%
Green 0.29% 2.00% 3.00% 2.00% 1.5% 0.35% 0.27% 4.42%
Red 0.73% 2.00% 3.00% 2.52% 1.5% 0.02% 0.3% 4.71%
NIR 0.43% 2.00% 3.00% 1.31% 1.5% 0.13% 0.35% 4.15%

Table 3. Uncertainty of the cross-radiometric calibration of GF-6/WFV at the La Crau site.

Band Image
Co-Registration MODTRAN-5 Sentinel-2/

MSI

Spectral
Matching

Factor

Solar
Irradiance

AOT at
550 nm CWV Overall

Uncertainty

Blue 0.34% 2.00% 3.00% 2.53% 1.5% 0.42% 0.04% 4.68%
Green 0.50% 2.00% 3.00% 2.43% 1.5% 0.30% 0.03% 4.63%
Red 0.79% 2.00% 3.00% 2.21% 1.5% 0.03% 0.02% 4.55%
NIR 0.45% 2.00% 3.00% 1.51% 1.5% 0.18% 0.32% 4.22%

Table 4. Uncertainty of the cross-radiometric calibration of GF-6/WFV at the RVP site.

Band Image
Co-Registration MODTRAN-5 Sentinel-2/

MSI

Spectral
Matching

Factor

Solar
Irradiance

AOT at
550 nm CWV Overall

Uncertainty

Blue 0.04% 2.00% 3.00% 2.94% 1.5% 0.06% 0.03% 4.89%
Green 0.24% 2.00% 3.00% 2.31% 1.5% 0.03% 0.01% 4.54%
Red 0.12% 2.00% 3.00% 1.80% 1.5% 0.01% 0.00% 4.30%
NIR 0.37% 2.00% 3.00% 1.07% 1.5% 0.08% 0.3% 4.08%

Table 5. Uncertainty of the cross-radiometric calibration of GF-6/WFV at the Baotou site.

Band Image
Co-Registration MODTRAN-5 Sentinel-2/

MSI

Spectral
Matching

Factor

Solar
Irradiance

AOT at
550 nm CWV Overall

Uncertainty

Blue 0.71% 2.00% 3.00% 1.84% 1.5% 0.18% 0.00% 4.37%
Green 0.27% 2.00% 3.00% 1.20% 1.5% 0.1% 0.01% 4.09%
Red 0.48% 2.00% 3.00% 1.37% 1.5% 0.03% 0.00% 4.17%
NIR 0.21% 2.00% 3.00% 1.49% 1.5% 0.13% 0.03% 4.19%

4.4. Trend Analysis of Radiometric Performance

Following the boxplot statistical analysis, the time-series calibration coefficients for
GF-6/WFV were refined through outlier removal. Subsequently, the trends illustrating the
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gradual decline in radiometric performance were analyzed. These coefficients were linearly
correlated with the DOY, as shown in Figure 15. Trend decay models for the blue, green,
red, and near-infrared bands were then formulated and detailed in Table 6. Observation of
Figure 15 reveals a slow degradation in radiometric performance across all four bands over
time. For a more detailed quantitative analysis, the annual decay rate was employed to
evaluate the degradation in radiometric performance of GF-6/WFV, and the formula was
calculated as follows [30]:

Dannual = 365 × Dtotal/(xend − xstart) (9)

Dtotal = ( f (xstart)− f (xend))/ f (xstart) (10)

where Dtotal is the total decay rate during the period of radiometric calibration time, f is
the trend decay models listed in Table 6, and xstart and xend are the first day and last days in
the time series, respectively. Based on these models, the annual decay rates for each band of
GF-6/WFV were determined to be 0.57%, 1.45%, 1.11%, and 2.31%. These findings indicate
that the annual degradation of GF-6/WFV was relatively modest over the period from
January 2019 to 2023. Moreover, Figure 15 shows only slight variations in the degradation
trend of the calibration coefficients when aligned with DOY changes.
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An analysis of the impact of radiometric performance degradation on the quantitative
application of GF-6/WFV data was also undertaken, with a specific focus on the inversion
of surface reflectance. This analysis compared the inversion results of surface reflectance
before and after the decay. The decay in sensor radiometric performance resulted in
annual variations of approximately 0.0073, 0.0080, 0.0084, and 0.0083 in the inversion of
surface reflectance in the visible and near-infrared bands of GF-6/WFV. These variations
have implications for the accuracy of vegetation indices derived from reflectance data.
Supporting this observation, research by Zhang et al. demonstrated that a majority of
the vegetation browning trends identified using MODIS Terra-C5 vegetation indices (vIs)
were likely due to sensor degradation [7]. Therefore, the radiometric performance of
GF-6/WFV during on-orbit operations inevitably introduces errors in surface reflectivity
measurements, affecting the accuracy of calculations for commonly used indices. This
underscores the necessity for ongoing, long-term calibration of GF-6/WFV to monitor and
address potential sensor degradation effectively.
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Table 6. The decay model of the radiometric performance of GF-6/WFV.

Band Decay Model

Blue Y = −1.1125 × 10−6 × X + 0.0713
Green Y = −2.2575 × 10−6 × X + 0.0574
Red Y = −1.6779 × 10−6 × X + 0.0558
NIR Y = −2.3852 × 10−6 × X + 0.0382

5. Conclusions

The GF-6 satellite, equipped with a WFV sensor, offers high spatial resolution and
swath width capabilities. However, the full potential of GF-6/WFV images for quantitative
applications necessitates consistent, long-term on-orbit radiometric calibration. Given
the lack of on-board calibration equipment, post-launch on-orbit calibration techniques,
such as vicarious and cross-radiometric calibration methodologies, emerge as primary
strategies for ensuring the sensor’s radiometric calibration accuracy and performance
monitoring post-launch. Traditionally, the absolute radiometric calibration of GF-6/WFV
relies primarily on annual field calibrations conducted at the Dunhuang calibration site by
CRESDA from July to September. This approach, however, poses limitations for continuous
sensor performance assessment over its operational lifespan.

In response, this study introduced a method for time-series cross-radiometric calibra-
tion of GF-6/WFV, leveraging Sentinel-2/MSI as a reference at RadCalNet sites. Through
this methodology, 62 on-orbit radiometric calibrations of GF-6/WFV were executed. The
calibration process meticulously accounted for differences in spectral response, geometric
angles, and atmospheric conditions between the GF-6/WFV and Sentinel-2/MSI sensors.
Subsequent boxplot statistical analysis of the calibration coefficients facilitated the identifi-
cation and exclusion of outliers, enabling an evaluation of the radiometric performance
degradation trends of GF-6/WFV. This analysis revealed an annual degradation rate in
radiometric performance ranging from 0.57% to 2.31% since the satellite’s launch. The
implications of this degradation for quantitative applications, exemplified through sur-
face reflectance retrieval, indicated an impact on the visible and near-infrared bands of
GF-6/WFV, with deviations of approximately 0.0073, 0.0080, 0.0084, and 0.0083. Hence, the
calibration desired by GF-6/WFV requires consistent long-time-series calibration through-
out the entire mission lifetime.

Further validation of this study’s outcomes involved a comparison with RadCalNet
radiometric products, yielding average absolute relative errors between cross-radiometric
and RadCalNet TOA radiance values from 3.55% to 4.64%. Cross-validation employing
high-precision on-orbit sensors such as Landsat-8/OLI and MODIS confirmed the reliability
of our calibration results, with relative differences in sensor bands 1 to 4 staying under
5%. Additionally, the overall uncertainty of the cross-radiometric calibration ranged from
4.08% to 4.89%, introducing a bias in surface reflectance retrieval within the range of 0.011
to 0.014. Collectively, our findings highlight the operational efficacy and reliability of the
proposed method for achieving long-term time-series on-orbit radiometric calibration of GF-
6/WFV. The study corroborates the sensor’s relative stability and suitability for extended
quantitative applications, particularly for long-term environmental monitoring tasks.
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