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Abstract: The Polarization CrossFire (PCF) suite onboard the Chinese GaoFen-5(02) satellite has
been sophisticatedly composed by the Particulate Observing Scanning Polarimeter (POSP) and the
Directional Polarimetric Camera (DPC). Among them, DPC is a multi-angle sequential measurement
polarization imager, while POSP is a cross-track scanning simultaneous polarimeter with correspond-
ing radiometric and polarimetric calibrators, which can theoretically be used for cross comparison
and calibration with DPC. After the data preprocessing of these two sensors, we first select local
homogeneous cluster scenes by calculating the local variance-to-mean ratio in DPC’s Level 1 product
projection grids to reduce the influence of scale differences and geometry misalignment between
DPC and POSP. Then, taking the observation results after POSP data quality assurance as the abscissa
and taking the DPC observation results under the same wavelength band and geometric conditions
as the same ordinate, a two-dimensional radiation/polarization feature space is established. Results
show that the normalized top of the atmosphere (TOA) radiances of DPC and POSP processed data
at the nadir are linearly correlated. The normalized TOA radiance root mean square errors (RMSEs)
look reasonable in all common bands. The DPC and POSP normalized radiance ratios in different
viewing zenith angle ranges at different times reveal the temporal drift of the DPC relative radiation
response. The RMSEs, mean absolute errors (MAEs), relative errors (REs), and scatter percentage
of DPC degree of linear polarization (DoLP) falling within the expected error (EE = ±0.02) of POSP
measured DoLP are better than 0.012, 0.009, 0.066, and 91%, respectively.

Keywords: cross calibration; GaoFen-5(02); Directional Polarimetric Camera (DPC); Particulate
Observing Scanning Polarimeter (POSP)

1. Introduction

Aerosols and clouds have a great influence on global climate and air quality through
their interactions with solar radiation. Polarization detection can provide an independent
information dimension for atmospheric remote sensing from space and is considered to
be the observation method with the most potential to improve the detection accuracy
of atmospheric aerosols and cloud parameters [1]. However, atmospheric aerosols have
complex microphysical properties such as particle shapes and sizes, radiation, absorption,
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scattering characteristics, and different spatiotemporal or vertical distributions. Great
challenges have been brought to the design of the detection scheme for designing of
spaceborne aerosol remote sensing sensors. Currently, the combined use of multi-spectral,
multi-angle, and polarization detection is the main application trend of aerosol passive
remote sensing. Multi-angle polarization cameras like POlarization and Directionality
of the Earth’s Reflectance (POLDER) [2–4], directional polarimetric camera (DPC) [5–7],
Multi-view Multi-channel Multi-polarization Imaging (3MI) mission [8,9] and Hyper-
Angular Rainbow Polarimeter (HARP) [10,11] are limited to carrying onboard calibrators
for their ultra-wide field of view. As for polarimeters that can be easily configured with
onboard calibrators like the Aerosol Polarimetry Sensor (APS) [12,13], Particulate Observing
Scanning Polarimeter (POSP) [14], and the Polarized Scanning Atmospheric Corrector
(PSAC) [15–19], etc. It is difficult to balance their detection abilities based on the scanning
swath and viewing angles of one target.

The cross-calibration methods between sensors on different platforms are relatively
complicated and require orbit and observation target matching [20,21], time matching
and field of view matching, spectral matching, environmental factor parameter correc-
tion, etc. However, ground targets have complex geometric distribution characteristics
in their polarimetric information. Additionally, the polarization measurement process is
sensitive to the influence of atmospheric and surface environmental factors. Thus, the
polarimetric cross-calibration parameters are more sensitive to the error of observation
condition differences between sensors. The cross-calibration of sensors carried on the same
platform after matching processing can effectively reduce the differences in observation
conditions, thereby improving the accuracy of onboard calibration. Thus, the feasible
solution to realize high accuracy onboard calibration of the polarization imaging remote
sensing sensor without a calibrator is the radiometric and polarimetric cross calibration on
the same platform.

According to the above-mentioned requirements and problems, cross-calibration between
polarimetric sensors onboard the same platform is proposed in NASA’s Plankton, Aerosol,
Cloud, and ocean Ecosystem (PACE) mission [22,23] for HARP-2 and Spectro-Polarimetric
EXperiment-one (SPEXone). The Scanning Polarimeter (ScanPol) and the Multi-Spectral
Imaging Polarimeter (MSIP) in the Ukrainian space project Aerosol-UA [24–26] also have the
cross-calibration configuration. The “Polarization CrossFire” (PCF) [27,28] suite, which
consists of POSP and DPC onboard the same platform, was proposed by China, while the
aviation verification experiment [29] was conducted in 2019. The validity of the field of view
(FOV), spectral bands, and key parameters used in the collaborative configuration between
the two sensors is verified. The cross-calibration results can improve the data quality for
high-precision retrieval requirements of aerosols. Although the calibration process has
been conducted in the laboratory before launch, the radiation/polarization measurement
accuracy is easily affected by the onboard environment factors after launch. Therefore, the
onboard calibration and accuracy evaluation process are required. The onboard calibrators
have been developed for POSP in the PCF suite, but it is difficult to configure onboard
calibrators for DPC because of its wide FOV. If high-precision onboard calibration and
accuracy validation can be performed with the POSP onboard calibrator, then the calibration
accuracy can be transferred from POSP to DPC through cross-calibration. Further research
based on this method will enrich and improve the onboard calibration application system.

In this study, we conduct the cross-calibration and comparison between Level 1
products of DPC and POSP onboard the Chinese GaoFen-5(02) satellite. The results are
the basis of fusion retrieval, and the development of a cross-calibration method between
polarization remote sensing sensors on the same platform is of great significance for further
improving the in-orbit radiation/polarization calibration method system and subsequent
data applications for spaceborne polarimetric sensors. The paper is structured as follows.
The PCF suite is introduced in Section 2, and the data selection approach and criteria are
presented in Section 3. Then the cross-calibration and comparison results and analysis are
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shown in Section 4. Finally, the discussion and conclusions of this study are presented in
Section 5.

2. PCF Suite onboard GaoFen-5(02) Satellite
2.1. GaoFen-5(02) Satellite

The Chinese GaoFen-5(02) satellite in the Chinese High-resolution Earth Observation
Program was successfully launched in Taiyuan Satellite Launch Center on 7 September 2021.
The satellite will systematically improve China’s hyperspectral observation capabilities of
the atmosphere, water bodies, and land, meet her urgent needs in comprehensive environ-
mental monitoring, and provide domestic hyperspectral data support for the monitoring
of the atmospheric environment, water environment, and ecological environment. There
are seven sensors onboard this satellite. Among them, the Advanced HyperSpectral Im-
ager (AHSI) [30] and the Visible and Infrared Multispectral Imager (VIMI) [31] are mainly
responsible for land observation. The other five sensors are mainly used for atmospheric
monitoring. DPC, POSP, and the Absorptive Aerosol Sensor (AAS) are all developed for
atmospheric aerosol detection. By measuring the solar backscatter radiation, AAS can de-
tect the absorbing aerosols. The Greenhouse-gas Monitoring Instrument (GMI) [32,33] and
Environment Monitoring Instrument (EMI) [34] are in operation with hyperspectral sensors
for monitoring pollution gases and greenhouse gases. With these multiple sensors on the
same platform, the GaoFen-5(02) satellite can realize the fusion application of multiple
observation data types such as hyperspectral, full spectrum, polarization, and multi-angle.

2.2. Overview of PCF

For remote sensing of PM2.5 from space, the PCF suite and the Particulate Matter
Remote Sensing (PMRS) model [27] have been developed and first implemented on GaoFen-
5(02) satellite. The schematic diagram of the two sensors installed on the satellite is shown
in Figure 1, while the spectral parameters are provided in Table 1.
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Figure 1. The sensor assembly of the PCF suite installed on the GaoFen-5(02) satellite.

DPC is a polarimetric camera similar to the POLDER design concept. Its optical system
consists mainly of an ultra-wide-angle lens, filters, and polarizers installed on the wheel.
A charge-coupled device (CCD) is used as a detector for DPC, and its number of pixels
is increased from 512 × 512 to 1024 × 1024 compared to DPC/GF-5 to achieve a better
FOV match between DPC and POSP. Additionally, for one target region, it can be observed
more than 15 times for different viewing angles by taking advantage of its wide FOV of
±50◦ both in the along-track and cross-track directions. According to the 705 km satellite
orbit altitude, the ground sampling distance (GSD) of a DPC pixel at nadir is about 1.7 km.
After sinusoidal projection and pixel combination, the grid resolution of the DPC Level 1
product is about 3.5 km. Moreover, the preprocessing processes of DPC Level 1 products
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include dark current correction, stray light correction, radiance, and polarization parameter
extraction. The processing flow is similar to POLDER [35].

Table 1. Spectral parameters of the PCF suite.

Band No.
POSP DPC

Central
Wavelength (nm)

Spectral
Bandwidth (nm) Polarization Central

Wavelength (nm)
Spectral

Bandwidth (nm) Polarization

1 380 20 Yes - - -
2 410 20 Yes - - -
3 443 20 Yes 443 20 No
4 490 20 Yes 490 20 Yes
5 - - - 565 20 No
6 670 20 Yes 670 20 Yes
7 - - - 763 10 No
8 - - - 765 40 No
9 865 40 Yes 865 40 Yes
10 - - - 910 20 No
11 1380 40 Yes - - -
12 1610 60 Yes - - -
13 2250 80 Yes - - -

The polarimetric principle of DPC is based on Fessenkov’s method [36]. It combines
three measured intensities of one detection element to calculate the polarization information.
The incident light passes through linear polarizers with a relative azimuth angle of 0◦, 60◦,
and 120◦ at the division of time. Additionally, the satellite movement between polarization-
analyzing channels with different sampling times is compensated by the optical wedge
filter. While the circular polarization component of polarized light measured by the Earth’s
remote sensors is usually assumed to be very small [37]. Thus, the measurement model
of DPC can be characterized with a three-dimensional Stokes–Mueller matrix that only
contains linear polarization components, as shown in Equation (1): I0

I60
I120

 =
1
2

1 1 0
1 −1/2

√
3/2

1 1/2 −
√

3/2

 I
Q
U

 (1)

where the Stokes vector [I, Q, U]T is the linear polarization information of incident light, and
I0, I60, and I120 are the detected light intensities in different polarization analyzing channels
in the same coordinate system with different relative azimuth angles. The polarization
information of targets can be obtained by inversely solving this matrix equation.

For POSP, it is a scanning polarimeter adopting a simultaneous polarization mea-
surement scheme with division of aperture to obtain the intensity information of different
polarization states, which has the same measurement principle as the APS. Single-element
detectors are used to receive linearly polarized light signals passing through the filters
and Wollaston prisms. The single sampling results of POSP are multi-spectral and multi-
polarization digital number (DN) values for one target region. Additionally, the wide FOV
coverage is formed by scanning samples in the cross-track direction, which is also ±50◦.
Different from DPC, the Level 1 product of POSP keeps the center latitude/longitude of
each measurement instead of projecting them into grids. The GSD is about 6.4 km at the
nadir and larger at the FOV edge (about 20 km). The POSP data preprocessing system
sequentially performs raw science data extraction, parameter quality supervision, data
precorrection, polarization analysis, and geometric correction to obtain Level 1 products,
which is similar to PSAC [16].

The polarization measurement principle of POSP is the same as that of APS/Glory
and PSAC/HJ-2AB, which are based on the modified Pickering method [36] to measure
the first three elements of the Stokes vector (I, Q, and U) by employing a pair of optical
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paths. The Wollaston prisms are used as the polarization analyzer for the system to realize
division of amplitude measurement by decomposing the incident light into two polarized
analytic beams with orthogonal vibration directions. For one optical path in the pair with
polarizer orientations of 0◦ and 90◦, I and Q parameters of the Stokes vector are measured
simultaneously, while the other optical path with polarizer orientations of 45◦ and 135◦

measures I and U elements by setting up a polarization azimuth bias of 45◦ to the former
optical path in the pair. Then the target signals are analyzed as linearly polarized light
with four relative vibration direction angles of 0◦, 45◦, 90◦, and 135◦ and detected by four
corresponding detectors simultaneously. The measurement model of POSP in Equation (2)
also neglects the circular polarization component.

I0
I90
I45
I135

 =
1
2


1 1 0 0
1 −1 0 0
1 1 0 0
1 0 −1 0




I
Q
U
V

 (2)

The Stokes vector [I, Q, U]T has the same definition as the DPC mentioned above.
Additionally, the relative polarization analyzing angle of detected light intensities Iθ are
distinguished by subscripts θ.

2.3. POSP onboard Calibration

The POSP onboard radiometric calibration scheme adopts the solar calibration method
based on the solar diffuser. The radiance standard is established from solar to diffuser, in
which the standard value is determined in real time from the solar spectral irradiance and
the diffuser bidirectional reflectance distribution function (BRDF) to implement absolute
calibration at the front end of the sensor optical path. However, the performance of the
solar diffuser may suffer possible degradation with time. Thus, a Solar Diffuser Stability
Monitor (SDSM) is used to monitor and correct the variation of the solar diffuser. The
incident sunlight and the diffuser-reflected light are measured sequentially by SDSM. Then
the variation coefficient of the diffuse plate can be obtained by comparing the results to the
first-time onboard calibration measurements combined with the diffuse plate parameters
calibrated in a laboratory to ensure the accuracy and data quality of the POSP throughout
the mission, that is, 3% in the visible near-infrared (VNIR) band and 5% in the shortwave
infrared (SWIR) band.

For polarization calibration, POSP uses light reflected from the earth’s surface as
incident light to ensure simultaneous and dynamic range-matched measurements for
calibration and observation, which is the same scheme as APS adopted. Then the incident
light is modulated by a polarizer in a Linear Polarization Calibrator (LPC) or a depolarizer
in a Non-Polarization Calibrator (NPC) to obtain linearly polarized light with a known
polarization state, which can be used for calibrating the transmittance and relative response
coefficient of different divisions of the aperture optical path to ensure onboard polarization
detection accuracy that is better than 0.005 Degree of Linear Polarization (DoLP). The layout
diagram of the calibrators installed on POSP is shown in Figure 2.

2.4. Key Parameters of DPC Calibration

The response model of each DPC pixel can be established with a given polarization-
state light source and the corresponding response DN values of DPC during laboratory
calibration. For unpolarized channels, the radiometric model can be defined as [7]:

DNk
i,j = G·t·Ak·gk

i,j·Pk
i,j·
(

Ik
i,j + εk

i,j·Qk
i,j

)
+ Ck

i,j (3)

For polarized channels, the response model can be defined in another format:

DNk,a
i,j = G·t·Ak·gk,a

i,j ·P
k
i,j·Tk,a·

(
P1k,a

i,j Ik
i,j + P2k,a

i,j Qk
i,j + P3k,a

i,j Uk
i,j

)
+ Ck

i,j (4)
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where i, j represent the row and column coordinates of pixels on the CCD, k represents the
spectral band, a represents the polarization analyzing channel of the polarization band, G
is the electronic gain, t is the integration time, Ik

i,j, Qk
i,j and Uk

i,j are the Stokes parameters of

the incident light of each pixel, and Ck
i,j is the dark current of each pixel. For parameters

related to radiometric results, Ak is the radiometric calibration coefficient at nadir, gk
i,j and

Pk
i,j are the relative response and transmittance difference of CCD and optical components

at different pixels, and Tk,a is the extinction ratio of the polarizers.
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The other parameters mostly correspond to polarimetric results. P1k,a
i,j , P2k,a

i,j , and

P3k,a
i,j are the comprehensive polarization effects of lenses that can be specifically defined

as follows: 
P1k,a

i,j = 1 + εk
i,jcos

[
2
(

αk,a − φ
)]

P2k,a
i,j = εk

i,j + cos
[
2
(

αk,a − φ
)]

P3k,a
i,j =

√
1− εk

i,j
2sin

[
2
(

αk,a − φ
)] (5)

where εk
i,j is the polarization rate of optical components at different pixels and αk,a is the

orientation of the polarizer.
The Stokes parameters in the DPC Level 1 product are resampled to ground grids,

which are difficult to associate with corresponding pixel coordinates. The overlapping area
of POSP and DPC is the cross-track stripe, as shown in Figure 3. Therefore, the parameter
Ak can be obtained through cross-calibration between the Level 1 products of DPC and
POSP by linearly fitting the radiometric results of two sensors at the nadir. The other
parameters can hardly be obtained due to the lack of original pixel coordinates, except
for the relative radiation response and DoLP comparison of two sensors in the overlap
cross-track stripe.
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3. Methods

In the process of PCF suite concept design, the bandwidth and center wavelength
of the DPC and POSP common bands are set to be the same to minimize the effect of
spectral matching errors. The normalized relative spectral responses of the common bands
are shown in Figure 4. The scenes selected for calibration and comparison should be
chosen with constrained spatial uniformity to avoid introducing non-negligible spectral
gradients within the spectral response functions (SRF) and FOV matching errors between
the two sensors. Thus, the adjustment of spectral differences introduced by the scenes
will not be considered in the cross-calibration between Level 1 products, and the influence
will be analyzed in future work. Since the two sensors are carried on the same satellite
platform, massive matching scenes can be easily obtained. To facilitate accurate FOV
matching between POSP and DPC, original spatial resolution and a strict synchronous
acquisition strategy are specially designed [27], and a feasible FOV matching method has
been validated in an aviation experiment [29]. Therefore, to carry out the cross calibration
and comparison of the two sensors, the most important procedure is to perform in-orbit FOV
matching and data selection in the overlapping cross-track stripe region of the two sensors.

Remote Sens. 2023, 15, x FOR PEER REVIEW 8 of 18 
 

 

 
Figure 4. Normalized relative spectral responses of DPC and POSP common bands. 

3.1. Data Selection 
FOV matching is one of the prerequisites for cross-calibration and validation [38]. 

Before data selection, the FOV matching method in the aviation verification experiment 
was used to match the FOV of DPC and POSP. The first step of data selection is the DPC 
scene uniformity constraint, which can help reduce the errors introduced by geometric 
and spectral mismatches. Since the POSP ground sample area at the edge is larger than 
the grid resolution of the DPC Level 1 product, the scene uniformity is constrained by the 
coefficient of variation of 7 × 7 neighbor grids, which is about 25 × 25 km2, which is more 
than enough to cover the single sampling ground projection area of the POSP at the edge 
FOV. The scene uniformity criteria are determined only using DPC L1 data by: 𝑆𝑇𝐷 𝐼 , , … , 𝐼 ,𝑀𝑒𝑎𝑛 𝐼 , , … , 𝐼 , < 0.01 (6)

where 𝑚, 𝑛 represent the row and column coordinates of the grid, and 𝐼  is the nor-
malized top of the atmosphere (TOA) radiance in the DPC Level 1 product. 𝑆𝑇𝐷 and 𝑀𝑒𝑎𝑛 are standard deviation and mean value calculation functions, respectively. For the 
DoLP comparison, Equation (4) can be replaced as follows: 𝑆𝑇𝐷 𝑃 , , … , 𝑃 ,𝑀𝑒𝑎𝑛 𝑃 , , … , 𝑃 , < 0.01 (7)

where 𝑃  is the DoLP value of each grid in the DPC Level 1 product. 
After that, the viewing geometry, target alignment, and matching of the two sensors 

are basically needed. For viewing target matching, the latitude and longitude ranges of 
DPC grids should be within the minimum enclosing rectangle of the POSP ground pro-
jection area. Additionally, the operation is optimized for speed using block and vector 
multiplication. For viewing geometry alignment, the viewing zenith angles (VZAs) and 
viewing azimuth angles (VAAs) differences of POSP and DPC should be restricted. |𝑉𝐴𝐴 − 𝑉𝐴𝐴 | < 1|𝐻 ∙ (tan (𝑉𝑍𝐴 ) − tan (𝑉𝑍𝐴 ))| < 5 (8)

where 𝐻 is the orbit height in km. 
Saturation and abnormal data should also be removed. For each group of full-orbit 

DPC and POSP Level 1 products, the data pairs of DPC and POSP sampling at the same 
homogeneous area are selected. Then the selected data pairs are used for subsequent pro-
cessing, and time series analysis can be performed in different operation orbits. 

3.2. Relative Radiation Response and DoLP Comparison 

Figure 4. Normalized relative spectral responses of DPC and POSP common bands.



Remote Sens. 2023, 15, 1933 8 of 18

3.1. Data Selection

FOV matching is one of the prerequisites for cross-calibration and validation [38].
Before data selection, the FOV matching method in the aviation verification experiment
was used to match the FOV of DPC and POSP. The first step of data selection is the DPC
scene uniformity constraint, which can help reduce the errors introduced by geometric
and spectral mismatches. Since the POSP ground sample area at the edge is larger than
the grid resolution of the DPC Level 1 product, the scene uniformity is constrained by the
coefficient of variation of 7 × 7 neighbor grids, which is about 25 × 25 km2, which is more
than enough to cover the single sampling ground projection area of the POSP at the edge
FOV. The scene uniformity criteria are determined only using DPC L1 data by:

STD
({

Im−3,n−3
DPC , . . . , Im+3,n+3

DPC

})
Mean

({
Im−3,n−3
DPC , . . . , Im+3,n+3

DPC

}) < 0.01 (6)

where m, n represent the row and column coordinates of the grid, and IDPC is the normal-
ized top of the atmosphere (TOA) radiance in the DPC Level 1 product. STD and Mean
are standard deviation and mean value calculation functions, respectively. For the DoLP
comparison, Equation (4) can be replaced as follows:

STD
({

Pm−3,n−3
DPC , . . . , Pm+3,n+3

DPC

})
Mean

({
Pm−3,n−3

DPC , . . . , Pm+3,n+3
DPC

}) < 0.01 (7)

where PDPC is the DoLP value of each grid in the DPC Level 1 product.
After that, the viewing geometry, target alignment, and matching of the two sensors

are basically needed. For viewing target matching, the latitude and longitude ranges
of DPC grids should be within the minimum enclosing rectangle of the POSP ground
projection area. Additionally, the operation is optimized for speed using block and vector
multiplication. For viewing geometry alignment, the viewing zenith angles (VZAs) and
viewing azimuth angles (VAAs) differences of POSP and DPC should be restricted.{

|VAADPC −VAAPOSP| < 1
|H·(tan(VZA DPC)− tan(VZAPOSP))| < 5

(8)

where H is the orbit height in km.
Saturation and abnormal data should also be removed. For each group of full-orbit

DPC and POSP Level 1 products, the data pairs of DPC and POSP sampling at the same
homogeneous area are selected. Then the selected data pairs are used for subsequent
processing, and time series analysis can be performed in different operation orbits.

3.2. Relative Radiation Response and DoLP Comparison

Since the observation results at different positions of the DPC correspond to different
detector pixels. The differences in transmittance of the optical system and response sensi-
tivity between different pixels are the main reasons for the relative responsivity variance
of DPC. For relative radiation response calibration in the laboratory, a spatially uniform
source like an integrating sphere is usually used. Additionally, for onboard calibration, it
is difficult to find natural targets with a large spatial region and continuous uniformity.
However, POSP can obtain the results of a different FOV by rotating the scanning mirror
in a cross-track direction, and there is no inconsistency in the sensitivity of the detector’s
response. Thus, the relative radiation response and DoLP comparison of DPC and POSP
can be conducted by directly comparing the normalized radiance and DoLP at different
positions of the FOV in the overlapping cross-track stripe regions of the two sensors, which
is related to the viewing geometry. Suppose the relative radiation response and DoLP are
functions of VZAs [39]. Additionally, the positive and negative values of VZAs are divided
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by VAAs. The nadir is set as the origin, then the VZAs of the westward part (VAA < 180◦)
of the ground projection are negative, and vice versa.

4. Results

Two or three days of data are selected in each month of the DPC and POSP Level 1
products from October 2021 to July 2022 for cross-calibration and comparison.

4.1. Cross-Calibration of Ak

Figure 5 shows the linear fitting results of DPC and POSP L1 data at nadir after FOV
matching and data selection. The fitted slope is cross-calibrated Ak, and the correlation
coefficient (R2) reaches 0.999; the root mean square errors (RMSEs) are less than 4%, which
indicates high response linearity of the two sensors at nadir and low temporal drift of DPC
Ak. The calculation equation for RMSE is:

RMSE =
√

∑N
i=1(IDPC − IPOSP)

2/N (9)

where N is the number of selected DPC and POSP L1 data at nadir (from −1◦ to 1◦ VZA
range), and IDPC and IPOSP are the normalized TOA radiances in the Level 1 products of
DPC and POSP. Figure 6 shows the temporal drift characteristics of linear fitting results. The
trend of Ak is relatively stable over time. The R2 and RMSEs are maintained at the original
level. These results demonstrate the response stability of DPC pixels in the central FOV.
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Figure 5. The linear fitting coefficients of DPC and POSP normalized radiance in common spectral
bands at nadir. The data pairs are a collection selected from May 2022 of (a) 443 nm; (b) 490 nm;
(c) 670 nm; and (d) 865 nm bands in DPC and POSP Level 1 products. Yellow solid and red dashed
lines are the 1:1 lines and fit lines, respectively. The reason for the fewer matching data points is that
the amount of raw data points at nadir is small.
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collections from November 2021 to May 2022 in DPC and POSP Level 1 products.

DPC radiometric cross-calibration accuracy consists of three main error contributors:
radiance measurement of POSP, transfer of this radiance to DPC, and DPC errors. The POSP
onboard calibration error was preliminary evaluated at about 2.64–3.03% for all common
bands. DPC errors include non-linearity, non-stability, out-of-band response, etc. that can
be determined through laboratory testing, which was less than 1.1%. These two errors
are only relevant to the sensors themselves and can be determined independently, not to
the cross-calibration transfer process. While the sources of cross-calibration uncertainty
in the transfer process are mainly differences in spectral response, viewing geometry, and
target matching between the two sensors [40], as shown in Table 2. The bandwidth and
center wavelength of DPC and POSP are almost the same (Figure 4), but different target
types can introduce spectral response uncertainty of about 0.5% based on the spectral band
adjustment factor (SBAF). DPC and POSP have strict constraints on viewing geometry
consistency. The differences in viewing angles may introduce response uncertainty of
about 0.2% based on the bidirectional reflectance distribution functions (BRDF) model
of different target types. Additionally, the target matching uncertainty is related to the
scene uniformity, which is about 0.1% for all selected data. Therefore, the combination of
radiometric cross-calibration transfer uncertainty is on the order of 0.55%, which can be
negligible compared to the radiometric measurement uncertainty of the POSP reference
sensor and the measurement errors of DPC.

Table 2. Sources of cross-calibration uncertainty in the transfer process.

Sources Uncertainty

Spectral Response 0.5%
Viewing Geometry 0.2%

Target Matching 0.1%

Total Calibration Transfer Uncertainty 0.55%

4.2. Relative Radiation Response Calibration

Figure 7 shows the linear fitting slope and corresponding quadratic fitting curve at
different post-launch days for data from different VZA ranges. The data pairs are divided
into four 30◦ range intervals symmetrically to the cross-track direction. It is obvious that
relative radiation response changes in the −30◦–0◦ VZA range of the 443 nm band have a
clear downward trend over time. Additionally, the curves in Figure 7d show the response
differences between the central and edge areas of the 865 nm band. The linear fitting slope
results in the −30–30◦ VZA range are larger than the results in the ±30–60◦ VZA range.



Remote Sens. 2023, 15, 1933 11 of 18

Remote Sens. 2023, 15, x FOR PEER REVIEW 11 of 18 
 

 

which can be negligible compared to the radiometric measurement uncertainty of the 
POSP reference sensor and the measurement errors of DPC. 

Table 2. Sources of cross-calibration uncertainty in the transfer process. 

Sources Uncertainty 
Spectral Response 0.5% 
Viewing Geometry 0.2% 

Target Matching 0.1% 
Total Calibration Transfer Uncertainty 0.55% 

4.2. Relative Radiation Response Calibration 
Figure 7 shows the linear fitting slope and corresponding quadratic fitting curve at 

different post-launch days for data from different VZA ranges. The data pairs are divided 
into four 30° range intervals symmetrically to the cross-track direction. It is obvious that 
relative radiation response changes in the −30°–0° VZA range of the 443 nm band have a 
clear downward trend over time. Additionally, the curves in Figure 7d show the response 
differences between the central and edge areas of the 865 nm band. The linear fitting slope 
results in the −30°–30° VZA range are larger than the results in the ±30°–60° VZA range.  

  
(a) (b) 

  
(c) (d) 

Figure 7. The linear fitting slope and corresponding quadratic fitting curve of DPC and POSP nor-
malized radiance in common spectral bands with different post-launch days and different VZA 
ranges. The data pairs are collected in each day selected from October 2021 to July 2022 of (a) 443 
nm; (b) 490 nm; (c) 670 nm; and (d) 865 nm bands in DPC and POSP Level 1 products. 

In order to analyze the relative radiation response of the 443 nm and 865 nm bands 
over time with more detail, the ratio between the normalized radiance of the two sensors 
from November 2021 to June 2022 is explored as the change of VZAs in data pairs, as 
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2022 is very small, it is not shown in the figures. For the results of the 443 nm band at 
different times, there is an obvious relative response attenuation within the range of the 
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Figure 7. The linear fitting slope and corresponding quadratic fitting curve of DPC and POSP
normalized radiance in common spectral bands with different post-launch days and different VZA
ranges. The data pairs are collected in each day selected from October 2021 to July 2022 of (a) 443 nm;
(b) 490 nm; (c) 670 nm; and (d) 865 nm bands in DPC and POSP Level 1 products.

In order to analyze the relative radiation response of the 443 nm and 865 nm bands
over time with more detail, the ratio between the normalized radiance of the two sensors
from November 2021 to June 2022 is explored as the change of VZAs in data pairs, as
shown in Figures 8 and 9. Since the amount of data collected in October 2021 and July
2022 is very small, it is not shown in the figures. For the results of the 443 nm band at
different times, there is an obvious relative response attenuation within the range of the
−30–0◦ VZAs. Additionally, the ratio of normalized radiance has a small downward trend
at the edge of the 30–60◦ VZA range. For the 865 nm band, significant differences can be
found in the relative responses of the central and edge regions. Additionally, there is an
upward temporal drift in the overall results. These phenomena are consistent with the
above-mentioned results of relative response changes in different angle intervals analyzed
on different launch days.

For the other two common bands of PCF, the small downward trend in the −30–0◦

VZA range of 490 nm is also shown in Figure 10. Correspondingly, the relative response
stability of the overall results in the 670 nm band is also reflected in Figure 11.
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Figure 8. The ratio of DPC and POSP normalized radiance in the 443 nm band with different VZAs. 
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Figure 8. The ratio of DPC and POSP normalized radiance in the 443 nm band with different VZAs.
These data pairs are selected for collection from (a) November 2021; (b) December 2021; (c) January
2022; (d) February 2022; (e) April 2022; and (f) May 2022 in DPC and POSP Level 1 products.
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Figure 9. The ratio of DPC to POSP normalized radiance in the 865 nm band with different VZAs.
These data pairs are selected for collection from (a) November 2021; (b) December 2021; (c) January
2022; (d) February 2022; (e) April 2022; and (f) May 2022 in DPC and POSP Level 1 products.
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Figure 10. The ratio of DPC to POSP normalized radiance in the 490 nm band with different VZAs. 
These data pairs are selected for collection from (a) November 2021; (b) December 2021; (c) January 
2022; (d) February 2022; (e) April 2022; and (f) May 2022 in DPC and POSP Level 1 products. 
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Figure 10. The ratio of DPC to POSP normalized radiance in the 490 nm band with different VZAs.
These data pairs are selected for collection from (a) November 2021; (b) December 2021; (c) January
2022; (d) February 2022; (e) April 2022; and (f) May 2022 in DPC and POSP Level 1 products.
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Figure 11. The ratio of DPC to POSP normalized radiance in the 670 nm band with different VZAs.
These data pairs are selected for collection from (a) November 2021; (b) December 2021; (c) January
2022; (d) February 2022; (e) April 2022; and (f) May 2022 in DPC and POSP Level 1 products.
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4.3. DoLP Comparison

Figure 12 shows the linear fitting and statistical distribution results of DoLP with
DPC versus POSP. The scatter percentage of DPC’s DoLP falling within the expected error
(EE = ±0.02) of POSP’s measured DoLP is also estimated. While high polarization detection
accuracy POSP results are used as a benchmark in the comparison of DoLP. While the
expected polarimetric accuracy of DPC is 0.02 DoLP. The results show that the probability of
a DoLP difference less than 0.02 in the common polarimetric bands of two sensors is greater
than 90% and that the consistency is high in the large polarization range. For the 490 nm and
865 nm bands, the fitting slope is smaller than the result at the 670 nm band, which might
be caused by the change in the relative radiation response of these two bands mentioned
above. The other four parameters are also used for quality assessment, including RMSEs,
mean absolute errors (MAEs), mean bias (MB), and relative errors (REs). The calculation
equations for MAE, MB, and RE are as follows:

MAE = ∑N
i=1 |PDPC − PPOSP|/N (10)

MB = ∑N
i=1(PDPC − PPOSP)/N (11)

RE = ∑N
i=1 |PDPC − PPOSP|/∑N

i=1 PPOSP (12)

where PDPC and PPOSP are the DoLP value of each grid in the DPC and POSP Level 1
products, and N is the number of selected DPC and POSP L1 data.
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5. Conclusions

The GaoFen-5(02) satellite, carrying two polarimetric sensors integrated by POSP and
DPC, was launched on September 7, 2021. The POSP itself has been equipped with an on-
board radiation and polarization system, which can guarantee the measurement accuracy
throughout the mission and thus facilitate the cross-calibration and accuracy comparison
between the two sensors. In this paper, data comparison and cross-calibration between L1
products of the two polarization sensors on the same satellite platform were carried out;
data matching and screening methods were proposed; the radiometric calibration transfer
uncertainty and the time series characteristics of the relative radiation response as well as
DoLP at different observation angles in the cross-track direction of DPC were analyzed.
Data comparison and cross-calibration results indicated the following:

(1) The radiometric cross-calibration coefficient Ak of DPC showed a robust fitting result
with transfer uncertainty on the order of 0.55%, and the radiometric calibration transfer
uncertainty can be negligible compared to the radiometric measurement uncertainty
of the POSP reference sensor and the measurement errors of DPC;

(2) The temporal variations of the relative radiation response cross-calibration coefficients
of DPC at different observation angles in the cross-track direction reflect the attenua-
tion characteristics, especially within the range of −30–0◦ VZAs in the 443 nm band,
and the mechanism of this attenuation pattern is currently uncertain and thus needs
to be further studied. Particularly, the coefficients were obtained only in the cross-
track direction; POSP observation-constrained relative radiation response calibration
with a combination of other methods, such as the uniform scenes method used by
POLDER [41], will be carried out to cover the full FOV of DPC, and the coefficients
will be applied to the L1 product of DPC;

(3) The cross-comparison results of DoLP between POSP and DPC verify the accuracy
of DPC polarimetric measurements, with the scattering percentage of DPC DoLP
falling within the expected error (EE = ±0.02), while POSP measured DoLP better
than 91%, the former of which has an onboard polarization calibration system with
a higher polarimetric accuracy of 0.005. However, polarization characteristics may
gradually deteriorate with time, and pixel-level polarimetric cross-calibration on the
same satellite platform is a reasonable way to maintain DPC in-orbit polarimetric
accuracy, but it also faces the problem of the full FOV calibration expansion.

In this study, the radiometric cross-calibration and polarization comparison between
different polarization sensors on the same platform were carried out for the first time, and
nearly 29 days of data collected at monthly intervals over a 9 month range were used for
analysis. Compared with the traditional vicarious calibration methods using natural targets
used by sensors like DPC with a large field of view (>50◦ off nadir), the cross-calibration
and validation between different sensors on the same satellite show significant advantages
in terms of precision, calibration frequency, and reliability. In addition, to further improve
the accuracy of subsequent joint retrieval results from the two sensors, radiometric and
polarimetric cross-calibration at the original pixel level needs to be carried out with great
significance and is ongoing at the time of this writing.
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