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Abstract

:

Low uncertainty and long-term stability remote data are urgently needed for researching climate and meteorology variability and trends. Meeting these requirements is difficult with in-orbit calibration accuracy due to the lack of radiometric satellite benchmark. The radiometric benchmark on the reflected solar band has been under development since 2015 to overcome the on-board traceability problem of hyperspectral remote sensing satellites. This paper introduces the development progress of the Chinese radiometric benchmark of the reflected solar band based on the Space Cryogenic Absolute Radiometer (SCAR). The goal of the SCAR is to calibrate the Earth–Moon Imaging Spectrometer (EMIS) on-satellite using the benchmark transfer chain (BTC) and to transfer the traceable radiometric scale to other remote sensors via cross-calibration. The SCAR, which is an electrical substitution absolute radiometer and works at 20 K, is used to realize highly accurate radiometry with an uncertainty level that is lower than 0.03%. The EMIS, which is used to measure the spectrum radiance on the reflected solar band, is designed to optimize the signal-to-noise ratio and polarization. The radiometric scale of the SCAR is converted and transferred to the EMIS by the BTC to improve the measurement accuracy and long-term stability. The payload of the radiometric benchmark on the reflected solar band has been under development since 2018. The investigation results provide the theoretical and experimental basis for the development of the reflected solar band benchmark payload. It is important to improve the measurement accuracy and long-term stability of space remote sensing and provide key data for climate change and earth radiation studies.
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1. Introduction


The impact of human activities on the Earth’s ecosystem is gradually increasing. The world is facing significant environmental challenges [1,2]. The phenomena of glacier melting, sea level rise, land drought, and more extreme weather show that the climate system is changing [3,4]. Climate change is closely related to human reproduction. In the future, climate change will be more noticeable and even pose various dangers. Solar radiation, which is reflected from the Earth’s surface, clouds, etc., back to space, constitutes a powerful and highly variable feature of the climate system through changes in snow cover, sea ice, land use, aerosol, and cloud properties. Systematic and spatially resolved observations of time series of the reflected solar spectral radiation can provide reliable analytical data for the changing climate system [5,6,7,8,9].



Space remote sensing technology has provided many achievements and plays a key role in meteorological prediction, disaster prevention and mitigation, resource exploration, and ocean studies [10,11,12,13,14,15,16,17,18,19]. However, climate change models need reflected solar spectral radiation data with high accuracy and long-term stability. The solar radiation changes by 0.1% within a solar cycle and changes by 0.2% within a week. The change in reflected solar spectral radiation is manifested as weakness. The measured uncertainty of reflected solar spectral radiation needs to be 1%. The measurement of reflected solar spectral radiation needs to maintain long-term stability for researching climate change trend. The decade stability needs to achieve the 0.3% level. Although the optical remote sensors are calibrated with high accuracy before being launched, the post-launch calibration cannot be traced to the International System of Units (SI), and cannot meet the absolute accuracy requirement at present [20].



Calibration is important for the development of optical remote sensors. The quality of remote sensing data can be improved by calibration [21,22]. Remote sensors can be calibrated with high accuracy before being launched. The radiometric scale can be traced back to the cryogenic absolute radiometer. However, the traceability chain of pre-launched calibration is broken by the launching process, the space environment, and model drift. The optical remote sensor must be calibrated in-orbit. The in-orbit calibration mainly adopts the solar diffuse reflector, standard lamp, and standard blackbody at present. The Moderate Resolution Imaging Spectrometer (MODIS) is one key instruments for the Earth Observing System (EOS) of National Aeronautics and Space Administration (NASA). The EOS/MODIS uses a solar diffuser to realize the highest accuracy in-orbit calibration in the field of spectral imaging. However, the measurement accuracy is only 2% [23,24,25,26,27,28,29]. The on-satellite radiometric scale cannot be unified due to the random attenuation of the calibration system, such as the diffuser, the standard lamp, etc. The remote sensing data of different satellites are incomparable. Thus, remote sensors cannot satisfy the urgent needs of climate change research due to the low accuracy of in-orbit radiometric calibration [30,31,32].



A Chinese expert group on earth observation and navigation with the 863 Project proposed the concept of a radiometric benchmark satellite in 2006 [33]. The Chinese Space-based Radiometric Benchmark (CSRB) project has been under development since 2014. The goal of the CSRB project is to launch the radiometric benchmark satellite, which adopts the new in-orbit calibration system, instead of using solar diffusers, standard lamps, vicarious calibration methods, and ground-based calibration techniques. The calibration principle of CSRB is similar to the Traceable Radiometry Underpinning Terrestrial-and Helio-Studies (TRUTHS) [34,35,36] as well as the Climate Absolute Radiance and Refractivity Observatory (CLARREO) [37,38,39]. The radiometric benchmark satellite has attained ultra-high precision tracing ability via self-calibration in orbit. The radiometric scale of the radiometric benchmark satellite is transferred to other satellites by synchronous observation of track crossing. The radiometric benchmark satellite will improve the long-term stability and the measurement accuracy of the emitted earth spectrum, the incident solar spectrum, and the reflected solar spectrum.



The development of the Chinese radiometric benchmark on the reflected solar band is introduced in this paper. The Space Cryogenic Absolute Radiometer (SCAR) was used to realize super high accuracy on-satellite radiometry while referencing the ground-based optical standard [40,41,42,43,44,45,46]. The reflected solar spectrum radiance is measured by the Earth–Moon Imaging Spectrometer (EMIS). The EMIS is regularly calibrated by the SCAR and the benchmark transfer chain (BTC) to improve the measurement accuracy and long-term stability. The key technologies of the space absolute radiometric measurement have been under development since 2015, such as cryogenic radiometric measurement, benchmark transfer, and hyperspectral radiance measurement.




2. The New Challenges of Spatial Radiometry


The applications of satellite remote sensing products are gradually expanding. Satellite remote sensing technology is facing greater challenges, especially in the field of climate change research. We need to have both high accuracy and high stability data to recognize the long-term changes of the Earth. Wielicki researched the relationship between absolute calibration accuracy and the accuracy of global average decadal climate change trends [47]. The research results suggested the need for a perfect observation system as well as varying levels of instrument calibration uncertainty. The measurement uncertainty dramatically affects both climate trends and the time required to detect trends. The remote sensor should not only ensure comparability between various short-term data, but also the comparability of data across decades or even longer periods.



On-satellite calibration cannot realize traceability at present. Thus, remote sensing data are incomparable between different countries, different series of the same country, and different satellites of the same series. Total solar irradiance (TSI) is a pivotal parameter of climate models. TSI has been continuously measured on satellite platforms since 1978 [48]. The spatial TSI data from different remote sensors and different counties constitute the data chain needed to ensure long-term accuracy. Spatial TSI data have obvious 0.5% deviations between different remote sensors and different counties according to the research of Suter [49]. The World Radiation Center (WRC) established the World Radiometric Reference (WRR) to unify the solar radiometric scale in 1978. The worldwide solar absolute radiometers are traced back to the WRR by the International Pyrheliometer Comparison (IPC), which is held every five years. The TSI payloads are calibrated by the WRR transfer radiometers before being launched. Then, the uniformity of the spatial TSI data is improved from 0.5% to 0.3%. NASA developed the TSI Radiometer Facility (TRF) to calibrate the TSI radiometers using an end-to-end methodology. The TRF used the cryogenic absolute radiometer as the radiometric benchmark. TSI radiometers and cryogenic absolute radiometers measure the same incident light. The TRF provides the calibration means of TSI radiometers in vacuum-like spatial operating conditions and improves the calibration accuracy of TSI instruments [50]. The TSI measurement accuracy was further improved to 0.035%, such as the Active Cavity Radiometer Irradiance Monitor (ACRIM) launched by the ACRIM satellite (ACRIMSAT), the Total Irradiance Monitor (TIM) launched by the Solar Radiation and Climate Experiment satellite (SORCE), the Total Irradiance Monitor (TIM) launched by the U.S. Air Force Space Test Program spacecraft of the Total Solar Irradiance Calibration Transfer Experiment (TCTE), etc. [51]. However, the long-term stability of the spatial TSI data has huge uncertainty due to the lack of TSI calibration after launching. Once the data chain is broken, the absolute accuracy of spatial TSI data is negatively affected.



Spatial radiometric benchmarks must be established to improve the calibration accuracy of the remote sensing payload. The spatial applications of ultra-high accuracy measurement, such as the cryogenic absolute radiometer and phase-change blackbody, face considerable challenges. The high cost of a radiometric benchmark will exceed the cost of the payload. It is not economically feasible to equip each payload with an expensive calibration system. The benchmark satellite is an economic and effective means to solve this problem. The benchmark satellite records ultra-high accuracy measurements. The radiometric scale is transferred to other remote sensors via cross-calibration. The in-orbit calibration can ensure the comparability of multi-source remote sensing data and products. The key technologies of the space-based radiometric benchmark were researched, including the cryogenic radiometric benchmark, the phase-change blackbody, and lunar calibration. The goal of the space-based radiometric benchmark satellite is to accurately measure and calibrate the emitted earth spectrum, the incident solar spectrum, and the reflected solar spectrum.



The Chinese Radiometric Benchmark on the reflected solar band has been under development based on the SCAR. The operating models of the radiometric benchmark satellite are self-calibration, TSI calibration, uniform field calibration, and lunar calibration, as shown in Figure 1. The self-calibration model is periodically applied to check the measurement accuracy. The TSI monitor is calibrated by the synchronous measurement with the SCAR in the TSI calibration model. The remote sensors on the other satellite are calibrated by the radiometric benchmark satellite in the uniform field calibration model. When the orbits cross over uniform fields, such as deserts, lakes, and ice, the remote sensors on the other satellite are calibrated by synchronous observation under the same conditions. The moon is also a uniform field. The cross-calibration is achieved by synchronous radiance observation of the moon.




3. Principle of Radiometric Benchmark on Reflected Solar Band


The radiometric benchmark on the reflected solar band uses the SCAR to establish the calibration system, instead of using a solar diffuser, standard lamps, vicarious calibration methods, and ground-based calibration techniques, as shown in Figure 2. The calibration system consists of the SCAR and BTC. The SCAR is an electrical substitution radiometer that works at 20 K. The detector of the SCAR is a blackbody cavity with super high absorptance. The incident light is converted into the temperature rise of the blackbody cavity by multiple reflection and absorption. The power of the incident light can be obtained by precisely measuring the electrical power when the temperature rise is replaced by electrical power. The heating effect of the incident light and electrical heater is highly equivalent at 20 K. The measurement accuracy of the SCAR is thus improved. The radiance of the Earth and moon is measured by the EMIS. The EMIS needs a high signal-to-noise ratio and a large dynamic range. The power benchmark of SCAR is converted into a radiance benchmark by the BTC. Based on the multiwavelength laser diodes and the halogen tungsten lamp, the EMIS can be radiance calibrated by the transfer radiometer. The linearity of the EMIS can be calibrated by the sun attenuator. The goal of the radiometric benchmark on the reflected solar band is shown in Table 1. The radiance uncertainty is expected to reach 1%.



3.1. SCAR


The SCAR is used to realize high accuracy radiometric measurements on satellites. The SCAR adopts the principle of the electrical substitution that has been used for nearly 100 years. The cryogenic electrical substitution measurement is the main method used for absolute radiometric calibration. The detector of the SCAR is the blackbody cavity, which has an ultra-high absorption ratio of incident light. The incident light is converted into the temperature rise of the blackbody cavity by multiple reflections and absorptions. The power of the incident light can be obtained by preciously measuring the electrical power when the temperature rise is replaced by electrical power. The incident light power (PO) can be determined by:


   P O  =   Δ  T O    Δ  T E    ·   N  V E   I E    α η    



(1)




where ΔTO is the temperature rise caused by optical power, ΔTE is the temperature rise caused by the equivalent electrical power, α is the absorption of the blackbody cavity, N is the inequivalence coefficient, VE is the heating voltage, IE is the heating electric current, and η is the vacuum window transmittance. The SCAR uses cryogenic and vacuum technology to reduce the thermal noise from radiation and air convection compared with normal environmental temperature and pressure. The superconductivity application can eliminate the ohmic heat loss on the lead and improve the measurement uncertainty. The blackbody cavity is composed of oxygen-free copper. In the cryogenic condition, the thermal diffusivity of oxygen-free copper increases by four orders of magnitude, and it is possible to increase the volume for developing a blackbody cavity with an ultra-high absorption ratio. The ground-based cryogenic radiometer generally adopts a liquid helium cooled mode, and works at 4–10 K. However, the liquid helium cooled mode cannot be applied in space. The mechanical Stryn-type Pulse Tube Cryocooler (SPTC) has been under development to reduce its volume and mass and improve its working life. The SCAR was designed for a working temperature of 20 K due to the limitation of the refrigeration efficiency.




3.2. EMIS


The EMIS is used to measure the radiance of the Earth and moon. The optical design of the EMIS consists of a telescope and a hyperspectral imaging spectrometer, as shown in Figure 3. The telescope adopts a four-mirror Anastigmat (4MA) design to eliminate aberration. The 4MA consists of four aspheric mirrors. The hyperspectral imaging spectrometer adopts an Offner structure. The prism is used as the dispersion element. The telescope uses the image space telecentric structure to achieve the matching conditions with the pupil of the spectrometer. The influence of stray light is reduced by setting baffles at the intermediate image plane. The EMIS makes a trade-off between the spectral and spatial resolution, with spectral and spatial sampling that are better than 10 nm and 100 m, respectively. The swath width is about 50 km at the nadir from a 600 km orbit. The EMIS adjusts the parameters of the lens, such as thickness and curvature. Then, the EMIS obtains a lower dispersion non-linear value and a better spectral performance is obtained.




3.3. BTC


The radiometric scale of the EMIS can be traced back to the SCAR. The measurement accuracy and long-term stability of the EMIS can be improved by on-board hyperspectral calibration. The principle of hyperspectral calibration on a satellite is shown in Figure 4. The hyperspectral calibration on the satellite consists of the SCAR and the BTC. The SCAR is the primary on-board benchmark that realizes stable and highly accurate long-term radiation measurement. The transfer radiometer (TR) is calibrated and used as the working benchmark using laser power measurement and comparison. The multi-spectral radiance of the tungsten halogen lamp is calibrated by the TR. The whole spectral radiance of the tungsten halogen lamp is reconstructed using the fitting algorithm. The hyperspectral calibration of the EMIS can then be realized by the tungsten halogen lamp. The response linearity of the EMIS is calibrated by the solar attenuator.





4. Development of Radiometric Benchmark on Reflected Solar Band


The key radiometric benchmark technologies on the reflected solar band are being researched. The prototype of the SCAR has been under development since 2015, supported by the National High-tech Research and Development Plan (the 863 Plan).



4.1. Cryogenic Absolute Measurement


The prototype of the SCAR consists of a cryogenic absolute radiation detector, the SPTC, a measurement system, and a vacuum pump, as shown in Figure 5. We have solved the problems of radiation heat leakage, high thermal resistance connection, and cryogenic refrigeration. The sensitivity of the blackbody cavity achieved 3.95 K/mW. The blackbody cavity was designed according to Fang’s effective emissivity simulation results. The blackbody cavity adopts the cylindrical cavity with a cone bottom to increase the reflection times of the incident light. The internal surface of the blackbody cavity is sprayed with black paint. Experimental measurement results illustrated that the blackbody cavity absorption is 0.999928 ± 0.000006 (1σ) at a wavelength of 632 nm [52,53,54,55].



The 20 K cryogenic working temperature is obtained by the SPTC. The SPTC has three advantages, (a) small volume, (b) little vibration, and (c) a long working life. The core component of SPTC is the compressor. The working gas is compressed into liquid and absorbs the heat of the pulse tube. The heat quantity of the cool head is exported by the pulse tube. The SPTC uses a coaxial configuration to facilitate the coupling between the cool head and the absolute radiation receiver. The pulse tube and the compressor are combined together to reduce the volume. The experimental results illustrated that the cryogenic platform temperature stabilizes at 21.8 K and the temperature stability of the cryogenic platform is 13 mK. The temperature stability of the SPTC is the main thermal noise for the blackbody cavity. The spaceborne SPTC is being developed to provide a refrigerating capacity of 350 mW at 20 K.



The three-stage heat transfer structure is designed for the connection between the blackbody cavity and the SPTC. The three-stage heat transfer structure consists of a main heat sink, a temperature-controlled heat sink, and a cryogenic platform. The two-stage precise temperature controller is designed based on the Proportional Integral Differential (PID) algorithm to establish a high stable thermal environment for the blackbody cavity. The temperature stability of the main heat sink was improved from 13 to 0.5 mK. The high stability of the working environment in the 20 K temperature region was thus established. The thermoelectric repeatability of the blackbody cavity was experimentally tested. The blackbody cavity was repeatedly heated by a group of electrical powers. The electrical power was increased gradually from 0.1 to 1 mW. The increase in electrical power was 0.1 mW. The temperature response curves were measured and the equilibrium temperatures were obtained as shown in Figure 6. The experimental results illustrated that the thermoelectric repeatability of the blackbody cavity is 0.1 mK with different electrical power inputs. The thermoelectric repeatability is optimized by the improvement in environmental stability.



The SCAR adopts the measurement algorithm of double electrical calibration. The non-linearity of sensitivity is compensated by a linear fitting in a small power region. The measurement repeatability of the SCAR is 0.019% for 0.4 mW of incident light. The synthetic uncertainty of the SCAR is 0.021% according to the experimental measurements and theoretical analysis. The standard uncertainty of the SCAR is 0.029% by combining the repeatability uncertainty and synthetic uncertainty. The standard uncertainty of the SCAR was tested by the indirect comparison with the cryogenic radiometer of the National Institute of Metrology (NIM).



Therefore, the high accuracy optical power measurement can be realized via SCAR. The payload prototype of SCAR is being developed to establish the radiometric satellite benchmark.




4.2. Whole Spectral Light Source


Whole spectral light is needed for the full spectral radiance calibration of the EMIS. We adopted a tungsten halogen lamp with a smooth spectral distribution curve as the whole spectral light source. The spectral distribution curve of the tungsten halogen lamp can be precisely obtained using an inversion algorithm according to the multispectral calibration data. The spectral radiance measurement system was established. The long time-scale variation of the spectral distribution curve has been experimentally measured. The spectral radiance attenuation of the tungsten halogen lamp was obtained as shown in Figure 7. The experimental results illustrated that the spectral radiance achieves red shift with time. The results provide key support for inversion algorithm investigation.



The tungsten halogen lamp is similar to the high temperature blackbody. Huang established an inversion algorithm which considers the impact of emissivity [56]. When the fitting parameters (c0, c1, c2, c3, c4, c5) are determined via multispectral calibration, the spectral radiance of the full spectral band (F(λ)) was obtained, which is expressed as:


  F ( λ ) =  {     λ  − 5   exp (  c 0  +  c 1  / λ ) × exp [  c 2  λ −  c 3  |   λ − 450   500    |   c 4    ( λ < 450 )      λ  − 5   exp (  c 0  +  c 1  / λ ) × exp [  c 2  λ +  c 5  |   λ − 450   500    |   c 6    ( λ > 450 )      



(2)




According to Formula (2), the spectral radiance of the standard lamp was rebuilt as shown in Figure 8. The average relative error of the rebuilt spectral radiance was 0.6%. We are researching the inversion algorithm to reduce the average relative error from 0.6% to 0.3%.



The long-term spectral radiance data of tungsten halogen lamp are accumulated for researching the attenuation property. The tungsten halogen lamp can be used as the whole spectral light source for the radiometric benchmark on the reflected solar band. The inversion algorithm of the full spectral band radiance has been investigated, and needs optimization to reduce the error.




4.3. Signal-to-Noise Ratio (SNR) Analysis of EMIS


The SNR equation of the Visible Near Infrared Radiance spectrometer (VNIR) is depicted by:


  S N  R  V N I R   =    S  e V N I R   ( λ )      S  e V N I R   ( λ ) +  N e    2  +  N  O P     2  +  N  A D     2       



(3)




where Ne is the electrical noise, NOP is the amplifier noise, NAD is the analog-to-digital converter noise and SeVNIR(λ) is the signal electric number of VNIR, which is expressed by:


   S  e V N I R   ( λ ) =   π  A d    4  F 2    ·  λ  h C   ·  T  i n   ·  τ 0  ( λ ) ·  L  V N I R   ( λ ) · η ( λ ) · Δ λ  



(4)




where F is the focal length, τ0(λ) is the transmittance of the front optical system, η(λ) is the transmittance of the VNIR, Δλ is the spectral resolution, and LVNIR(λ) is the pupil radiance of the VNIR optical system. Under typical conditions, the pupil radiance is as shown in Figure 9a. According to Formula (4), the signal electric number of VNIR is as shown in Figure 9c. The SNR of the VNIR spectrometer is better than 300, as shown in Figure 9e.



Considering the thermal radiation noise of the instrument (ST), the SNR equation of the Short Wave Infrared Radiance spectrometer (SWIR) is depicted by:


  S N  R  S W I R   =    S  e S W I R   ( λ )      S  e S W I R   ( λ ) +  S T  +  N e    2  +  N  O P     2  +  N  A D     2       



(5)




where ST is the environment thermal noise, and SeSWIR(λ) is the signal electric number of SWIR, which is depicted by:


   S  e S W I R   ( λ ) =   π  A d    4  F 2    ·  λ  h C   ·  T  i n   ·  τ 0  ( λ ) ·  L  S W I R   ( λ ) · η ( λ ) · Δ λ  



(6)




where F is the focal length, τ0(λ) is the transmittance of the front optical system, η(λ) is the transmittance of the SWIR, Δλ is the spectral resolution and LSWIR(λ) is the pupil radiance of the SWIR optical system. The pupil radiance is shown in Figure 9b at the typical condition. The signal electric number is shown in Figure 9d. The SNR of the SWIR spectrometer is better than 300 at the non-absorption region, as shown in Figure 9e.



The measurement repeatability (σ) of EMIS can be calculated as:


  σ =  1  S N R    



(7)







The SNR analysis results of the VNIR and SWIR spectrometers illustrated that the radiance measurement repeatability of EMIS is better than 0.3%. The optical design can meet the requirements of high-precision hyperspectral remote sensing.




4.4. Polarization Correction


The dual Babinet depolarizer is used by the telescope to reduce the polarization sensitivity of the optical system. The dual Babinet depolarizer consists of a two-series Horizontal-Vertical (H-V) depolarization device. The Muller matrix of the first H-V depolarization device is expressed as:


  M =  [     1   0   0   0     0   1   0   0     0   0    cos  δ 1  x     sin  δ 1  x      0   0    − sin  δ 1  x     cos  δ 1  x      ]   



(8)




and δ1x is depicted by:


      δ 1  x   =   2 π  λ  [  n 0  ( λ ) −  n e  ( λ ) ] [ (  t 1  − r x tan β ) − (  t 2  + r x tan β ) ]       = k Δ n ( λ ) [ 2 r x tan β + (  t 1  −  t 2  ) ]     



(9)




where λ is the wavelength, x is the normalized position coordinates, no is the refractive index of O light, ne is the refractive index of X light, r is the radius of depolarizer, and β is the angle between the two wedge plates.



The second H-V depolarization device is placed behind the first H-V depolarization device. The angle between the two depolarizers is 45°. The Muller matrix of the second H-V depolarization device is expressed as:


   M  45   =  R  45    M 0   R  − 45   =  [     1   0   0   0     0    cos  δ 2   x ′     0    sin  δ 2   x ′       0   0   1   0     0    − sin  δ 2   x ′     0    cos  δ 2   x ′       ]   



(10)







The Muller matrix of the dual Babinet depolarizer is:


  D = M  M  45   =  [     1   0   0   0     0    cos  δ 2   x ′      − sin  δ 2   x ′  sin  δ 1  x     cos  δ 1  x sin  δ 2   x ′       0   0    cos  δ 1  x     sin  δ 1  x      0    − sin  δ 2   x ′      − cos  δ 2   x ′  sin  δ 1  x     cos  δ 2   x ′  cos  δ 1  x      ]   



(11)







Each beam incident on the depolarizer is described by Formula (5). After polar integration, the spatial average Muller matrix of a circular incident beam is expressed as:


   M Entering pupil  =  [     1   0   0   0     0   A   B   D     0   0   A   0     0   0   D   C     ]   



(12)






  A =  1 π     ∫ 0 1   ρ d ρ    ∫ 0  2 π    cos [  δ 2  ρ cos ( θ +  π 4  ) ]       d θ  



(13)






  B =  1 π     ∫ 0 1   ρ d ρ    ∫ 0  2 π    sin (  δ 1  ρ cos θ ) sin [  δ 2  ρ cos ( θ +  π 4  ) ]       d θ  



(14)






  C =  1 π     ∫ 0 1   ρ d ρ    ∫ 0  2 π    cos (  δ 1  ρ cos θ ) cos [  δ 2  ρ cos ( θ +  π 4  ) ]       d θ  



(15)






  D = 0  



(16)







Considering that the parameters of the two H-V depolarization devices are coincident, δ = δ1 = δ2, Formulas (7)–(10) can be simplified as:


  A = 2    J 1  ( δ )  δ   



(17)






  B =    J 1  ( 2 δ sin  π 8  )   2 δ sin  π 8    -    J 1  ( 2 δ cos  π 8  )   2 δ cos  π 8     



(18)






  C =    J 1  ( 2 δ sin  π 8  )   2 δ sin  π 8    +    J 1  ( 2 δ cos  π 8  )   2 δ cos  π 8     



(19)







The Stokes vector of an arbitrary polarized light is:


  E =  [     1      cos 2 θ       sin 2 θ      0     ]   



(20)







Then, the Stokes vector of the outgoing light is:


   F ′  =  [     1   0   0   0     0   A   B   D     0   0   A   0     0   0   D   C     ]  ·  [     1      cos 2 θ       sin 2 θ      0     ]  =  [     1      A · cos 2 θ + B · sin 2 θ       A · sin 2 θ      0     ]   



(21)







According to the calculation formula of the degree of polarization of light wave, which is expressed as:


  P =   (  Q 2  +  U 2  +  V 2  ) /  I 2     



(22)




the residual degree of polarization of the dual Babinet depolarizer is:


  P =     ( A · cos 2 θ + B · sin 2 θ )  2  +   ( A · sin 2 θ )  2     



(23)




Based on the theoretical model, the residual polarization degree of the depolarizer is designed to 2% (λ = 920 nm).





5. Discussion


The uncertainty of the radiometric benchmark on the reflected solar band is analyzed in this section. The uncertainty decomposition is shown in Table 2. The radiometric uncertainty of the SCAR is 0.03%. The radiance uncertainty of the EMIS is 0.3%. Thus, the uncertainty of the radiance calibration is expected to reach 0.5% to realize hyperspectral radiance measurement with less than 1% uncertainty.



The laser diodes with 10 wavelengths are coupled by optical fibers. The radiometric scale of the CSAR is transferred to the TR by measuring the multiwavelength laser diodes separately. The impact factors conclude the power stability of the laser diodes (u1) and the optical power measurement uncertainty of the TR (u2). Then, the TR is used as the secondary standard in radiance calibration. The radiometric scale is converted from power to radiance by the TR. The spectral curve of the tungsten halogen lamp is corrected by multispectral calibration and a spectral reconstruction algorithm. The light of the tungsten halogen lamp is reflected by the diffuser, and measured by the TR and the EMIS with the same angle. Then, the EMIS can be calibrated by the TR. The uncertainty impact factors conclude the uncertainty of the optical-radiance conversion (u3), radiance measurement (u4), photodiode detector (u5), spectral radiance stability (u6), spectral radiance reconstruction accuracy (u7), diffuser reflection uniformity (u8), and stray light (u9).




6. Conclusions


The radiometric benchmark on the reflected solar band has been under development to improve the accuracy and long-term stability of the hyperspectral radiance data for climate change research. The radiometric benchmark was designed based on the SCAR referencing the ground-based optical standard. The radiometric scale of the SCAR is converted and transferred by the TR. The TR is used as the secondary standard in radiance calibration. The EMIS is calibrated in-orbit to improve the measurement accuracy and long-term stability.



The SCAR is used to record highly accurate light power measurements on satellites. The SCAR is an electrical substitution radiometer, and it works at 20 K. The prototype of the SCAR consists of an absolute radiation receiver, the SPTC, a measurement system, and a vacuum pump. The experimental results illustrated that the measurement uncertainty is 0.029% for 0.4 mW incident light. The uncertainty was tested by an indirect comparison with the cryogenic radiometer of the NIM.



The EMIS measures the hyperspectral radiance of the Earth and the moon. The optical design of the EMIS consists of a telescope and a hyperspectral imaging spectrometer. The telescope adopts the four-mirror anastigmat (4MA) design to eliminate aberration. The 4MA consists of four aspheric mirrors. The dual Babinet depolarizer is used by the telescope to reduce the polarization sensitivity of the optical system. The hyperspectral imaging spectrometer adopts an Offner structure. The prism is used as the dispersion element. The SNR of the SWIR and VNIR spectrometers is improved to 300 by optimizing the optical design.



The BTC is used to realize the calibration of multispectral, whole spectral, and linearity calibration. The BTC consists of the TR, multiwavelength laser diodes, a tungsten halogen lamp, a diffuser, and a solar attenuator. The TR is used to convert the benchmark from the light power to radiance. The EMIS is calibrated by the tungsten halogen lamp and TR based on the hyperspectral curve reconstruction. The EMIS is calibrated in-orbit by the BTC to improve the measurement accuracy and long-term stability.



The uncertainty decomposition of the radiometric benchmark on the reflected solar band was analyzed. The radiometric uncertainty of the SCAR is 0.03%. The radiance uncertainty of the EMIS is 0.3%. Thus, the uncertainty of the radiance calibration is expected to reach 0.5% to realize less than 1% uncertainty of hyperspectral radiance measurements.



The results provide the theoretical and experimental basis for the payload design of the radiometric benchmark on the reflected solar band. The radiometric benchmark will significantly improve the measurement accuracy and long-term stability of hyperspectral radiance, and provide remote sensing data for climate change research. The radiometric scale can be transferred to the remote sensors on the other satellites via track crossing calibration over uniform fields.
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Figure 1. The working model of the radiometric benchmark satellite: (a) self-calibration, (b) total solar irradiance calibration, (c) uniform field calibration, and (d) lunar calibration. 
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Figure 2. The principle of the radiometric benchmark on the reflected solar band. 
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Figure 3. Optical design of the Earth–Moon Imaging Spectrometer (EMIS). 
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Figure 4. Principle of the benchmark transfer chain (BTC). 






Figure 4. Principle of the benchmark transfer chain (BTC).



[image: Remotesensing 12 02856 g004]







[image: Remotesensing 12 02856 g005 550] 





Figure 5. The Space Cryogenic Absolute Radiometer (SCAR) prototype. SPTC: Stryn-type Pulse Tube Cryocooler. 
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Figure 6. Thermoelectric repeatability of blackbody cavity. 
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Figure 7. Spectral radiance attenuation of a tungsten halogen lamp. 
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Figure 8. Spectral radiance inversion of the tungsten halogen lamp. 
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Figure 9. Signal-to-noise ratio (SNR) simulation results: (a) pupil radiance of Visible Near Infrared Radiance spectrometer (VNIR), (b) pupil radiance of the Short Wave Infrared Radiance spectrometer (SWIR), (c) signal electric number of VNIR, (d) signal electric number of SWIR, (e) VNIR spectrometer SNR, and (f) SWIR spectrometer SNR. 
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Table 1. The goal of the radiometric benchmark on the reflected solar band. SCAR: Space Cryogenic Absolute Radiometer; EMIS: Earth–Moon Imaging Spectrometer.
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Instrument

	
Observation Target

	
Parameter

	
Technical Indicator






	
SCAR

	
Laser

	
Uncertainty

	
0.03%




	
Working temperature

	
20 K




	
Dynamic range

	
1–30 mW




	
Spectral range

	
380–2350 nm




	
EMIS

	
Earth

	
Radiance uncertainty

	
1%




	
Spatial resolution

	
100–500 m




	
Spectral range

	
380–2350 nm




	
Spectral calibration uncertainty

	
0.5 nm




	
Whole moon

	
Irradiance uncertainty

	
2%
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Table 2. Reflected solar spectrum observation uncertainty.
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Components

	
Impact Factor

	

	
Value






	
SCAR

	
Radiometric uncertainty

	

	
0.03%




	
Radiance Calibration

	

	

	
0.5%




	

	
Laser diode

	
Power stability

	
0.1%

	




	

	
Transfer radiometer

	
Optical power measurement

	
0.1%

	




	
Optical-radiance conversion

	
0.08%

	




	
Radiance measurement

	
0.1%

	




	
Photodiode detector

	
0.14%

	




	

	
Full spectral light

	
Spectral radiance stability

	
0.2%

	




	
Spectral radiance reconstruction

	
0.3%

	




	

	
Diffuser

	
Reflection uniformity

	
0.15%

	




	
Stray light

	
0.2%

	




	
EMIS

	
Radiance uncertainty

	

	
0.3%




	
Total

	

	
0.6%
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