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Abstract—Optical satellite sensor generally suffers from drifts
and biases relative to their prelaunch calibration, caused by launch
and the space environment. Radiometric cross-calibration is valu-
able for calibrating sensors without coincident surface measure-
ments through transferring radiometric values between satellite
sensors via a stable target. The data quality of visible and near-
infrared (VNIR) sensor onboard Gaofen-4 (GF-4) satellite seri-
ously depends on vicarious calibration, which is performed once
every year, thus, a cross-calibration approach is proposed for
monitoring its radiometric performance much more frequently. In
this study, the GF-4/VNIR is cross-calibrated by Landsat8/OLI,
Sentinel-2/MSI, and Terra/MODIS with the aid of the tandem
scenes during 2017 and 2018 after correcting the discrepancy on
viewing geometries and spectrum. The results show that there is
test site dependency and sensor dependency, and cross-calibration
coefficients in the four bands roughly have similar variation trend
as a sinusoidal function during 2017 and 2018, varying from
0.00023 to 0.00079. Furthermore, uncertainty analysis of the cross-
calibration is carried out to analyze the uncertainty contributions
affecting the cross-calibration accuracy. Note that the calibration
accuracy of referenced sensors, the uncertainty of the MODTRAN
model, BRDF uncertainty are the three main factors affecting the
cross-calibration accuracy, the total uncertainty is approximately
3.9%–6.64%.

Index Terms—Bidirectional reflectance distribution function
model, cross-calibration, Gaofen-4/visible-light and near-infrared
(GF-4/VNIR), Landsat8/OLI, Spectral adjustment, Sentinel-
2/MSI, Terra/MODIS.
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I. INTRODUCTION

CONSIDERABLE effort went into the design and devel-
opment of earth observation (EO) sensors, resulting in

many stable sensors ever, such as Landsat/TM, Landsat7/ETM,
Terra/MODIS, NPP/VIIRS, etc. For quantitative applications
to make full use of the ever-increasing number of EO satellite
systems, data from the various imaging sensors involved must be
on a consistent radiometric scale [1]–[3]. A sound calibration of
the individual sensors is critical for ensuring their data quality,
and assessing consistency between different sensors.

Right now, several approaches to postlaunch radiometric
calibration have been well documented, which are based on
reference to onboard standards, solar and lunar illumination,
and ground-based test sites [4], [5]. Earth surface with suitable
characteristics has long been used to transfer radiometric stan-
dards between satellite sensors, such as vicarious calibration
and cross-calibration [1], [6]. The vicarious calibration relies on
ground truth measurements coincident with a sensor overpass
for driving radiative transfer code MODTRAN to generate the
radiance at the top of atmosphere (TOA), and then TOA radiance
values are compared against the sensor digital numbers (DNs) to
determine the radiometric calibration coefficients. This method
requires high accuracy for coincident measurements of surface
and atmospheric characteristics, and the overall uncertainty se-
riously depends on the accuracy of measurements. In addition,
the cross-calibration technique is meant for calibrating sensors
through comparisons of band-to-band data of which spectral re-
sponse functions (SRFs) are overlapped mostly [7]. This method
does not require simultaneous measurements, and ideally, the
derived results when viewing the same source at the same time,
will agree within the stated uncertainties of the sensors. Such a
method is effectively one for assessing consistency between dif-
ferent sensors, and the National Environmental Satellite, Data,
and Information Service has been developed the simultaneous
Nadir overpass (SNO) method for intersatellite calibration in the
last few years with excellent results [8], [9]. However, it relies
on near-simultaneous observations from sensors in polar regions
only, and this limits the approach since it requires both sensors
are coincident in time with identical view and solar geometries,
which happen randomly, especially for high-resolution sensor
onboard polar orbit. In consideration of this, the extended SNO
(SNOx) provides an opportunity to compare satellite instruments
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at low latitudes over wide dynamic ranges [10], such as over
ocean surface, desert targets, green vegetation, etc. Its calibra-
tion uncertainty is mainly caused by the spectral, temporal and
viewing angle differences, and colocation error among different
sensors. To reduce these uncertainties in the cross-calibration
processing, various schemes are investigated. Teillet et al. de-
veloped a technique to account for small changes in view and
solar geometry by deriving the surface reflectance of a test site
both spatially and spectrally [11], and this approach allowed
the intercomparison of a wide array of sensors viewing a test
site on a single day but at varying times and with varying view
angles. In consideration of the surface bidirectional reflectance
distribution function (BRDF), Liu et al. [12] and Gao et al. [6]
developed a new method for cross-calibration, and then applied
the method to MVIRS, VIRR onboard Fengyun (FY) satellite
and MODIS instrument onboard Terra satellite. Teillet et al. [4]
also investigated impact of spectral response difference effect
between sensors as quantitative indication using simulated data
of observation.

Gaofen-4 (GF-4) is the first geosynchronous orbit remote
sensing satellite in the significant special space-based system
of the national high-resolution earth observation system. It was
launched on December 29, 2015, and equipped with one stare
camera with a resolution of 50 m in visible and near-infrared
spectrum, and of 400 m in medium infrared spectrum. As
the highest spatial resolution among the civil satellite on the
geosynchronous orbit, GF-4 satellite has 4 operation mode:
general, continuous, regional, and maneuvering, and has great
potential for environmental protection, marine, agriculture, and
water conservation as well as regional application [13]. The
GF-4 satellite is not equipped with an onboard calibrator, the in-
orbit radiometric calibration seriously depends on the vicarious
calibration in Dunhuang test site. And this vicarious is performed
once per year due to the high cost of manpower, material,
and financial resources. Therefore, cross-calibration is an ex-
cellent method for monitoring its radiometric performance and
assessing consistency with other sensors using Landsat8/OLI,
and Sentinel-2/MSI, and Terra/MODIS, which are equipped
with stable and high-accuracy onboard calibrators to ensure
its data quality. In this cross-calibration, a method associated
with temporal, viewing angle, and spectral correction is used to
improve calibration accuracy.

In this study, the test site and datasets are described in
Section II. Section III gives the cross-calibration method. The
long-term cross-calibration result of GF-4/visible and near-
infrared (VNIR) against Landsat8/OLI, and Sentinel-2/MSI,
and Terra/MODIS is presented in Section IV. The uncertainty
analysis of the cross-calibration is shown in Section V. The
conclusion is drawn in Section VI.

II. DESCRIPTIONS OF TEST SITE AND DATASETS

In order to collect much more calibration samples for mon-
itoring the degradation of GF-4/VNIR sensor, the Dunhuang
site, Dalate site, and Baotou site in China have been used as
stable ground target for transferring the radiometric values. In
this section, the characteristics of the three test sites, and the
corresponding datasets used are depicted as follows.

Fig. 1. Dunhuang site: (a) GF-4/VNIR image on September 5, 2017, and
(b) detailed landscape of the calibration area represented by the red box in
VNIR image.

A. Test Sites

Dunhuang, Dalate, and Baotou test sites are excellent spatial
uniformity and temporal stability. Despite these sites are not
perfectly Lambertian, the direction variation of their reflectance
was monitored using different sensors or ground-based instru-
ments. Therefore, these sites in China are selected to carry out
the cross-calibration, and their characteristics are described in
detail as following.

1) Dunhuang Site: Dunhuang test site is located in 20 km
northwest of Dunhuang in Gansu province, with geographic
coordinates of 40.04 °N–40.28 °N and 94.17 °E–94.5 °E. The
overall size of the playa is approximately 20 × 30 km with an
elevation of approximately 1.19 km. The site is spatially uniform
with a coefficient of variation (standard deviation/mean) less
than 2% of spectral reflectance over the 10 × 10 km central
region. Its surface reflectance is about 15%–30% from the visible
to near-infrared (NIR) spectral region, and it characterizes low
aerosol loading except for the dusty spring season from March
to May. The Dunhuang test site was selected in 2008 by the
Working Group on Calibration and Validation (WGCV) of the
Committee on Earth Observation Satellites (CEOS) as one of the
instrumented references sites, and has been used as an excellent
earth target for vicarious calibration and cross-calibration for
optical sensors. The GF-4/VNIR image on September 5, 2017,
over Dunhuang site and the detailed landscape of the calibration
area are shown in Fig. 1.

2) Dalate Site: Dalate test site is located at the Southwest
of Kubuqi desert, which is the seventh biggest desert in China
covering an area of about 18 600 km2. It has a plateau continental
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Fig. 2. Dalate site: (a) GF-4/VNIR image on September 28, 2017, and (b)
detailed landscape of the calibration area represented by the red box in VNIR
image.

climate with a cold semi-arid climate. The average annual rain-
fall is about 400 mm in Kubuqi desert, China. The calibration test
site has a geographical area of 40.23 °N–40.25 °N, 109.85 °E–
109.88 °E. Comparing with Baotou sandy site, Dalate test site
has much bigger size, and has a spatial uniform with a coefficient
of variation (standard deviation/mean) less than 2% derived from
GF-4/VNIR image. It is suitable for the cross-calibration of the
moderate resolution sensors, such as MODIS, AVHRR, etc. The
GF-4/VNIR image on September 28, 2017 over Dalate site and
the detailed landscape of the calibration area are shown in Fig. 2.

3) Baotou Site: Baotou site is located in the Inner Mongolia,
China, 50 km away from Baotou city with convenient trans-
portation. It covers a flat area of approximately 300 km2 with an
average altitude of 1270 m, and features a cold semi-arid climate.
The site is dominated by various land surfaces, including lake,
sand, bare soil, maize, grass, etc., and is equipped with various
artificial standard targets and natural scenes, including portable
and permanent targets. As part of the contribution to worldwide
calibration and validation study coordinated by CEOS-WGCV,
Baotou site is offering its support to Radiometric Calibration
Network of Automated Instruments (RadCalNet), with an aim of
providing demonstrated global standard automated radiometric
calibration service in cooperation with the European Space
Agency, the National Aeronautics and Space Administration,
the National Centre for Space Studies (CNES) and the National
Physical Laboratory. The sandy area in this site has an area of
300× 300 m with a uniformity of approximately 2% [14], which
is used as a stable ground target for this cross-calibration. The

Fig. 3. Baotou site: (a) GF-4/VNIR image on July 1, 2017, and (b) detailed
landscape of the calibration area represented by the red box in VNIR image.

GF-4/VNIR image on July 1, 2017, over Baotou site and the
detailed landscape of the calibration area is shown in Fig. 3.

B. Datasets

We choose 2017 and 2018 as the study year for all the datasets
in this research. To avoid the impact of clouds on the satellite
observation, total 32 clear-sky datasets during 2017 and 2018 are
used in the analysis. For clarity, the satellite images, BRDF data,
and the corresponding atmosphere parameters are described as
follows.

1) Satellite Image Datasets: GF-4/VNIR provides images in
5 spectral bands ranging in wavelengths from 0.45 to 0.90 μm,
with a spatial resolution of 50 m at nadir. It seriously depends
on vicarious calibration to ensure its data quality. In this study,
GF-4/VNIR band 2–5, namely blue band, green band, red band,
NIR band, is cross-calibrated with the corresponding bands from
Landsat8/OLI (band 2, band 3, band 4, and band 5), Sentinel-
2/MSI (band 2, band 3, band 4, and band 8) and Terra/MODIS
(band 3, band 4, band 1, and band 2), respectively. Landsat8/OLI
observes a 185 km wide swath of the Earth in 30 m resolution at
nadir; Sentinel-2/MSI measures the Earth’s reflected radiance at
30-m resolution at nadir; whereas, MODIS captures data in band
1, 2 at 250-m spatial resolution and band 3, 4 at 500-m spatial
resolution. To reduce the spatial discrepancy between two sen-
sors, the reference and the to-be-calibrated data should be geo-
metrically registered.

The sensor characteristics of GF-4/VNIR, Landsat8/OLI,
Sentinel-2/MSI, and Terra/MODIS in these selected bands are
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TABLE I
SENSOR CHARACTERISTICS OF GF-4/VNIR, LANDSAT8/OLI, SENTINEL-2/MSI,

TERRA/MODIS IN SELECTED BANDS

Fig. 4. SRFs for these selected bands of GF-4/VNIR, Sentinel-2/MSI, and
Terra/MODIS.

shown in Table I, and the corresponding SRFs are shown in
Fig. 4.

Since the two sensors onboard different platforms have differ-
ent overpassing times, the difference in data acquisition time of
the tandem scene is required within 1 h for balancing amount of
the calibration samples and the atmospheric effect. The viewing
geometries of the 32 clear-sky tandem scenes over the Dunhuang

Fig. 5. Viewing geometries of referenced sensor and recalibrated sensor. (Solid
symbol represents reference, hollow symbol represents to-be-calibrated; the red
one represents the data pair of MSI and VNIR, the blue one represents the data
pair of OLI and VNIR, the green one represents the data pair of MODIS and
VNIR). (a) Dunhuang site. (b) Dalate site. (c) Baotou site.

site, Dalate site, and Baotou site during 2017 and 2018 are shown
in Fig. 5. Note that some of the data pairs have large differences in
viewing direction between the two sensors, and a model should
be proposed to correct the radiance difference resulting from the
viewing geometries.

2) BRDF Datasets: BRDF is an inherent optical property
that describes the reflectance of a surface when illuminated by
an infinitesimally narrow beam of radiation, and viewed through
an equally infinitesimally narrow beam, and is a function of the
geometry of those two beams [15]. It is a theoretical parameter
impossible to measure directly, therefore, the bidirectional re-
flectance factor (BRF) is still defined with infinitesimal reflected
solid angles which make it as conceptual as BRDF. In this
study, the in situ measurements of BRF characteristics over
Dunhuang and Baotou sites are collected using SVC HR1024
spectrometer and multiangle observation system under clear-sky
condition and solar zenith angle (SZA) of 30˚. The spectrometer
is designed to scan at the relative azimuth angles (RAA) from 0˚
to 360˚ with a step of 30˚, viewing zenith angle (VZA) from 0°
to 30°with a step of 5˚ for Baotou site, and from 0˚ to 70˚ with a
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step of 14˚ for Dunhuang site. The BRF measurements, whose
VZAs are within 30˚, are selected to fit the Ross-Li BRDF model
[16], [17] for constructing the surface anisotropic effects, so that
the BRFs (R) can be corrected to a nadir view geometry.

The Ross-Li BRDF model decomposes surface reflectance
into three types of scattering, and combines them in the following
form:

R(θi, θv, ϕ, λ) = fiso(λ) + fvol(λ)Kvol(θi, θv, ϕ, λ)

+ fgeo(λ)Kgeo(θi, θv, ϕ, λ) (1)

where θi is SZA, θv is VZA, ϕ is RAA, λ is wavelength, Kvol

and Kgeo are the volumetric and geometric scattering kernels,
respectively, and fiso, fvol, and fgeo are the isotropic, volumetric,
and geometric kernel scaling parameter, respectively. In practice,
a linear least square fitting is used to find the best kernel scaling
parameters.

In addition, since the in situ BRF measurements are not
available for Dalate site, MODIS BRF product (MCD 43A1)
are used to minimize the viewing and illumination effects on the
cross-calibration. It provides the model parameters of Ross-Li
BRDF model at overlapping 8-day “weekly” intervals based on
7 spectral bands, and model parameters for corresponding data
pairs are extracted from MCD 43A1 product for BRF estimation.

Fig. 6(a)–(c) shows the multiangle BRF simulated in NIR
band over the three test sites, respectively. The uncertainty of
the fitted Ross-Li BRDF model is approximately 5%, and it is
noted that the general increasing trend towards the backward
scattering direction is presented in Fig. 6.

3) Water Vapor Data: The MODIS precipitable water prod-
uct (MOD 05) consists of column water vapor (WVC) amounts.
During the daytime, a NIR algorithm is applied over clear
land areas of the global and above clouds over both land and
ocean; over clear ocean areas, water vapor estimates are provided
over the extend glint area [18]. The WVC retrieved from NIR
radiation received by the sensor and the corresponding quality
assurance scientific data sets (SDSs) are stored at a spatial reso-
lution of 1 km. In addition, the SDSs related to time, geolocation,
and viewing geometry are only stored at 5-km pixel resolution.
In this study, according to the SDSs information, WVC for each
tandem scene is mainly extracted from water vapor product at a
spatial resolution of 1 km in MOD 05 product since the WVC
variation could be neglected within 1 h. However, due to its data
missing for these tandem scenes on October 31, 2017, May 29,
2018, June 14, 2018, and December 8, 2017, the WVC extracted
from National Centers for Environmental Prediction reanalysis
dataset is numerically interpolated to acquire the values at the
scenes’ acquisition time [19], which provides meteorological
parameters at a spatial resolution of 2.5 degree every 6-hourly
observations. Fig. 7 shows WVC for each tandem scene. It is
noted that the maximum WVC is lower than 3 g/cm2.

4) Aerosol Data: The VIIRS aerosol data products are de-
rived primarily from the radiometric channels covering the
visible through the short-wave infrared spectral regions (412–
2250 nm). The Intermediate Product (IP) of VIIRS is aerosol
retrieval at the pixel level with a high spatial resolution of 750
m [20]. It consists of aerosol optical depth (AOD) at 550 nm,

Fig. 6. Polar plot of BRF simulation data in NIR band over the three test sites
for SZA = 30˚. Polar angles represent RAA with a zero degree pointing to the
East, and the circle radius direction represents the variation of VZA from 0˚ to
50˚. (a) Dunhuang site. (b) Dalate site. (c) Baotou site.

Ångström exponent, and aerosol model information including
a single-aerosol model selected over land and three parameters
retrieved over the ocean. IP is averaged and aggregated to an
Environmental Data Record (EDR) with a spatial resolution of
6 km (8 × 8 pixels). AOD data is extracted from the VIIRS
EDR data for avoiding the data missing in several study dates,
and is directly used in this cross-calibration since the temporal
variation of AOD under a clear sky is relatively small during a
time span of 3 h, which is the maximum differences on image
acquisition time between VNIR and VIIRS. Fig. 8 also shows
the AOD data for each tandem scene. Note that the maximum
AOD is lower than 0.45.

III. CROSS-CALIBRATION METHOD

In order to eliminate the spectral and angular discrepancies
between two sensors, a cross-calibration approach based on a
radiative transfer model is used in this study.
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Fig. 7. Water vapor content at the data acquisition time of Sentinel-2/MSI,
Landsat8/OLI, and Terra/MODIS over Dunhuang, Dalate, and Baotou sites.

Fig. 8. Aerosol optical depth @ 550 nm at the data acquisition time of Sentinel-
2/MSI, Landsat8/OLI, and Terra/MODIS over Dunhuang, Dalate, and Baotou
sites.

A. Cross-Calibration Formulation

The radiance received by a sensor in spectral band i Li can
be described by the following equation:

Qi = GiLi +Q0i (2)

whereQi is digital counts in spectral band i,Gi is band-averaged
sensor responsivity (in counts per unit radiance), and Q0i is the
zero-radiance bias (in counts).

TOA reflectance ρ∗i is related to the TOA radiance by

ρ∗i = πLid
2
s/(E0i cos θ) (3)

where ds is the Earth–Sun distance in astronomical units, E0i is
the exo-atmospheric solar irradiance in spectral band i, and θ is
the solar zenith angle. A combination of (2) and (3) yields

ΔQi = Qi −Qi0 = ρ∗iGiE0icosθ/πd
2
s. (4)

Thus, the cross-calibration formulation between GF-4/VNIR
[denoted as GF in (5)] and the references [denoted as REF in
(5)] can be described as

ΔQi(GF) = (Gi(GF)/Gi(REF))× (ρ∗i(GF)/ρ
∗
i(REF))

× (E0i(GF)/E0i(REF))× (cosθGF/cosθREF)×ΔQi(REF)

K = (ρ∗i(GF)/ρ
∗
i(REF)) (5)

where K is a factor related to spectral band adjustment and
viewing geometry correction between GF-4/VNIR and the ref-
erences.

Fig. 9. Flowchart of the cross-calibration method.

B. Angular Difference Correction

Since each instrument can measure radiance from the col-
location targets in different viewing geometry, it is possible to
account for the angular differences by considering a radiative
transfer model MODTRAN and Ross-Li BRDF model. First, the
directional reflectance at the bottom of atmosphere (BOA) over
test site is derived from the TOA reflectance of referenced sensor
ρ∗i(REF) using the MODTRAN model with necessary inputs,
such as the viewing geometry of the referenced sensor, WVC,
AOD, etc. And then, it is corrected to the nadir BRDF-adjusted
surface reflectance in referenced channels with the aid of Ross-Li
BRDF model. Subsequently, the directional surface reflectance
of referenced channels in GF-4/VNIR viewing geometry is
derived by BRDF model, and the corresponding TOA reflectance
can be simulated using MODTRAN model driving by the view-
ing geometry of the GF-4/VNIR, WVC, aerosol data, etc. (see
Fig. 9).

C. Spectral Matching

There are significant differences in relative spectral response
profiles between two sensors, even for spectral bands designed
to look at the same region of the electromagnetic spectrum. It is
essential to compensate for the spectral band differences of mul-
tispectral sensors to provide a more accurate cross-calibration
between the sensors. The effect of spectral band difference
on measured TOA reflectance depends on spectral variation in
the exo-atmospheric solar illumination, the atmospheric trans-
mittance, and the surface reflectance. Therefore, in this study,
spectral adjustment coefficient for tandem scenes is acquired
with the simulated TOA reflectance in corresponding band of
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GF-4/VNIR and the referenced band. The surface reflectances,
varying from 0.1 to 0.5 with a step of 0.1, are used as inputs to
drive the MODTRAN model, together with selected atmospheric
states, sensor’s SRF, and the illumination and viewing geome-
tries. Note that we adopt the viewing geometry of GF-4/VNIR
for avoiding the influence of VZA differences. The detailed
viewing geometries and atmosphere parameters involved in
the simulations are given in Section II-B. K factors for each
tandem scene is calculated by linearly fitting the simulated TOA
reflectance in GF-4/VNIR band and that in the referenced band.

After spectral matching, the simulated GF-4/VNIR TOA re-
flectance is acquired and can be compared with the DN value in
GF-4/VNIR images over calibration region to calculate the gain
factor in each band (see Fig. 9).

IV. RESULT

To perform this cross-calibration, common calibration areas
over the three sites are selected as regions of interesting (ROIs)
and are geometrically registered with each other. Meanwhile,
due to the different spatial resolution of data pairs, the DN
values of ROIs are averaged and are converted into units of TOA
reflectance using calibration coefficients. Subsequently, with the
aid of atmosphere data (see Figs. 7 and 8), the atmosphere
correction is performed for the referenced sensor via MOD-
TRAN model, Fig. 10 shows the scatter-plot of TOA reflectance
against BOA reflectance of referenced sensors from ROI over
Dunhuang, Dalate, and Baotou sites. Noted that the atmosphere
effect in the blue band is higher than that in the other three
bands due to strong scattering in the blue band. Furthermore,
the differences in Fig. 11 denote the sole influence of the BRDF
correction with positive or negative values, which depend on dif-
ferences between the viewing geometries of the two sensors (see
Fig. 5). Subsequently, with the aid of atmosphere parameters,
the simulated TOA reflectance in the corresponding band of the
referenced sensor at GF-4/VNIR viewing direction is generated
and is spectrally corrected using the spectral adjustment factor
to acquire the simulated TOA reflectance of GF-4/VNIR. Fig. 12
gives spectral band adjustment factors between GF-4/VNIR and
referenced sensors over the three test sites. The simulated TOA
reflectance of GF-4/VNIR is shown in Fig. 13 and is compared
with the DN values in the GF-4/VNIR images over the ROIs of
the three sites (see Fig. 14) for calculating the cross-calibration
coefficient (gain) of GF-4/VNIR during 2017 and 2018. For
reading clarity, the gain values are magnified to 1000 times
their actual one in Fig. 14. Note that the gain factor is test site
dependency and sensor dependency, which would be caused by
the spectral correction, registration of the common areas used
for the cross-calibration, and temporal variability in the sensors
relative to one another. Similar conclusion also was reported
in [21]. The cross-calibration coefficients in the four bands
present a season fluctuation might be due to periodical change
on geometrical configurations; they roughly have a sinusoidal
trend variation, varying from 0.00023 to 0.00079. In addition,
a linear fitting is carried out for analyzing the degradation. It is

Fig. 10. Scatter plot of TOA reflectance against the derived directional BOA
reflectance of referenced sensors.
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Fig. 11. Scatter plot of the derived directional BOA reflectance of referenced
sensors against the directional BOA reflectance at GF-4 sensor’s viewing
direction.

Fig. 12. Spectral band adjustment factor between GF-4/VNIR and referenced
sensors.

noted from Fig. 14 that a decreasing trend is given during 2017
and 2018.

Furthermore, in order to validate the cross-calibration results,
four match-ups are selected over Baotou site due to the lack of
synchronous in situ measurements over Dunhuang and Dalate
sites, namely these datasets on July 1, 2017, October 31, 2017,
March 23, 2018, and November 23, 2018. With the aid of surface
reflectance and synchronous atmosphere parameters (WVC,
AOD), the TOA reflectance of GF-4/VNIR is simulated using
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Fig. 13. Scatter plot of simulated TOA reflectance of GF-4 after and before
spectral adjustment.

Fig. 14. Cross-calibration coefficients of GF-4/VNIR during 2017 and 2018.

MODTRAN 5 model (denoted asρ∗1,v) and is compared with two
types of observed TOA reflectance. One is calculated according
to the DN value extracted from the GF-4/VNIR images over the
ground target and the calibration coefficients published by China
Centre for Resources Satellite Data and Application (CRESDA)
(denoted as ρ∗1,p), the other one is calculated with DN value and
the derived cross-calibration coefficients in this study (denoted
as ρ∗1,c). The validation results are shown in Fig. 15. Note that the
ρ∗1,c is much closer toρ∗1,v thanρ∗1,p, and the maximum difference
between ρ∗1,c and ρ∗1,v decreases from 28.5% to 15.4%. This
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Fig. 15. Validation results with in situ synchronous measurements over Baotou
site.

illustrates that the gain factors derived by cross-calibration are
reasonable.

V. UNCERTAINTY ANALYSIS

In this study, the uncertainty contributions affecting the ac-
curacy of cross-calibration of satellite sensors are related to
three main domains: spectral, spatial, and angular. Although the
view geometries and spectral discrepancies between two sensors
are reduced as much as possible, several factors, such as the
uncertainty of the BRDF model, the uncertainties from WVC,
AOD, aerosol type, and image registration, the uncertainty of
MODTRAN model, are mentioned. Since some terms of uncer-
tainty could not be quantified, a rough estimation is clarified as
follows. The uncertainties analysis result of the cross-calibration
against OLI, MSI, MODIS over Dunhuang, Dalate, and Baotou
sites is shown in Tables II–IV.

1) The uncertainty caused by the referenced sensor calibra-
tion (denoted as σcal)

The calibration uncertainty of Landsat8/OLI, Sentinel-2/MSI,
and Terra/MODIS is approximately 3%, 3%, and 2%, respec-
tively (see the third row in Tables II–IV) [22]–[24].

2) The uncertainty caused by the MODTRAN model (denoted
as σm)

The uncertainty of the MODTRAN model is estimated to
be approximately 2% [25], and according to the error transfer
theory, this term of uncertainty is transferred independently to
the cross-calibration results (see the fourth row in Tables II–IV).

3) The uncertainty caused by the BRDF effect (denoted as
σbrf )

The uncertainty of the fitted Ross-Li BRDF model is ap-
proximately 5% over Dunhuang, Dalate, and Baotou sites, re-
spectively, this term of uncertainty results in an uncertainty of
4.92% to the cross-calibration, and the uncertainty depends on
wavelength and site characteristics (see the fifth row in Tables
II–IV).

4) The uncertainty caused by WVC (denoted as σwvc)
To investigate the effect of WVC uncertainty, the Monte-Carlo

method as described in Supplement 1 to the Guide to the Ex-
pression of Uncertainty in Measurement (GUM) [26] is used.
A Gaussian distribution with a mean of actual WVC value and
a standard deviation of 12% of WVC is added to the original
WVC when generating the simulated TOA reflectance in the
GF-4/VNIR band. Running the Monte-Carlo simulation using
M = 1000 trails would lead to a calibration uncertainty com-
ponent, which is caused by the WVC uncertainty. The analysis
results are shown in the sixth row in Tables II–IV. Note that
the uncertainty of WVC contributes much lower to the total
calibration uncertainty than that of BRDF, the maximum values
are approximately 0.63%.

5) The uncertainty caused by AOD (denoted as σaod)
Similar to the analysis method of WVC, a Gaussian distribu-

tion with a mean of actual AOD value and a standard deviation of
0.01 is added to the measured AOD @ 550 nm when generating
the simulated TOA reflectance in the GF-4/VNIR band. The
analysis results are shown in the seventh row in Tables II–IV. It is
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TABLE II
UNCERTAINTY OF THE CROSS-CALIBRATION OF GF-4/VNIR WITH SENTINEL-2/MSI, LANDSAT8/OLI, AND TERRA/MODIS AT DUNHUANG SITE

TABLE III
UNCERTAINTY OF THE CROSS-CALIBRATION OF GF-4/VNIR WITH SENTINEL-2/MSI, LANDSAT8/OLI, AND TERRA/MODIS AT DALATE SITE

TABLE IV
UNCERTAINTY OF THE CROSS-CALIBRATION OF GF-4/VNIR WITH SENTINEL-2/MSI, LANDSAT8/OLI AT BAOTOU SITE

worth noting that the uncertainty of AOD contributes much more
to the total calibration uncertainty in the blue band than that in the
other three bands, and the maximum values are approximately
0.68%.

6) The uncertainty caused by aerosol type (denoted as σtyp)
The three sites have a mixed aerosol type of the rural and

desert models, whereas the rural aerosol type is selected in this
study while simulating TOA reflectance, which would result in
an error in the simulated TOA reflectance. In order to analyze
the uncertainty caused by different aerosol types, a new group of

simulated TOA reflectance is generated when the desert aerosol
model is used, and the relative differences are also computed,
which is denoted as the uncertainty caused by aerosol type. It is
noted that the maximum uncertainty caused by aerosol type is
2.67%.

7) Image coregistration error (denoted as σreg)
Site nonuniformity in combination with uncertainty due to

misregistration of image scenes, in principle, leads to a sys-
tematic uncertainty that needs to be accountable for the total
uncertainty budget of this cross-calibration. In this study, a
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sliding window method [27] is used to estimate that the image
coregistration error would cause an uncertainty of approximately
within 0.59% (see the eighth row in Tables II–IV).

According to the law of propagation of uncertainties, the
total uncertainty σ could be calculated for each band, namely

σ =
√

σ2
cal + σ2

m + σ2
brf + σ2

wvc + σ2
aod + σ2

typ + σ2
reg(see the

ninth row in Tables II–IV). It is noted that the total uncertainty
is approximately 3.9%–6.64%.

VI. CONCLUSION

In this study, a cross-calibration approach has been formulated
and implemented to use image pairs from the tandem configura-
tion period to radiometrically calibrate the GF-4/VNIR with re-
spect to the Landsat8/OLI, Sentinel-2/MSI, and Terra/MODIS.
In consideration of angular and spectral differences between
two sensors, the angular difference is compensated with the aid
of MODTRAN a radiative transfer model and Ross-Li BRDF
model, and meanwhile, a simulation method is proposed to
correct the spectral differences, so that a more accurate cross-
calibration between the sensors can be performed. The results
show that there is test site dependency and sensor dependency,
and cross-calibration coefficients in the four bands roughly have
similar variation trend as a sinusoidal function during 2017
and 2018, varying from 0.00023 to 0.00079. Furthermore, an
uncertainty analysis related to the uncertainty of the BRDF
model, the uncertainties from WVC and AOD, image regis-
tration, the uncertainty of MODTRAN model, are mentioned.
The uncertainty results show that the calibration accuracy of
referenced sensors, and the uncertainty of MODTRAN model,
and BRDF uncertainty are the three main factors affecting the
cross-calibration accuracy, the uncertainty caused by WVC,
AOD, and the image co-registration error is low than 1%, re-
spectively. The total uncertainty is approximately 3.9%–6.64%.

This work will benefit for the improvements to GF-4/VNIR
in-orbit calibration and would go hand in hand with an improved
understanding of surface reflectance characterization.
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