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Abstract: In order to simultaneously determine the values of total solar irradiance (TSI) and the
Earth’s radiation at the top of the atmosphere (TOA) on board the Fengyun-3F satellite, a spaceborne
relative radiometer (SRR) was developed. It adopts a dual-channel structure, including a solar
radiometer channel (SR) with an unobstructed field of view (FOV) of 1.5◦ and an Earth radiometer
channel (ER) with a wide field of view (WFOV) of 95.3◦ and a diameter of about 1900 km on the
ground. Before the launch, both the SR and ER were calibrated. The SR, installed on the inner frame
of the solar tracker of the SIM-II (solar irradiance monitor-II), is used to observe rapid changes in solar
radiance with the SIAR (solar irradiance absolute radiometer), an electrical-substitution radiometer,
on orbit. The ER is mounted on the U-shaped frame of the solar tracker, directly pointing in the nadir
direction. Additionally, a dark space observation mode is used to determine the on-orbit background
noise and lunar observation mode for on-orbit calibration. In this article, the instrument design and
working principle of the SRR is first introduced, and an analysis of the measurement model of the ER,
the WFOV channel of the SRR, is focused on. Finally, ground test results of the SRR are introduced.

Keywords: relative radiometer; Earth radiation budget; on-orbit calibration; measurement model

1. Introduction

The Earth’s climate system is powered by solar radiation. The temporal and spatial
differences in the distribution of solar radiation at the Earth’s surface provide energy for
surface water evaporation, convection, precipitation, wind, and ocean circulation, which
contribute to the diversity of the Earth’s climate [1–6]. Meanwhile, some of the incoming
solar radiation is reflected by the atmosphere and the Earth’s surface, which is known as
reflected shortwave radiation (RSR). Additionally, the Earth also emits long-wave thermal
radiation, outgoing long-wave radiation (OLR), into space. This kind of energy flow
that the Earth receives from the Sun and gives back to outer space is defined as Earth’s
radiation budget (ERB), which is one of the 54 essential climate variables (ECVs) determined
by the global climate observing system (GCOS) [7]. In a steady Earth’s climate system,
the incoming and outgoing radiation at the TOA stays in a dynamic balance. However,
anthropogenic forcing is usually considered to break this balance and cause continual
Earth energy imbalance (EEI). Researchers analyzed Earth radiation data from satellites
and Argo and found that the EEI value doubled during the period from 2005 to 2019 [8,9].
Scientists from the Intergovernmental Panel on Climate Change (IPCC) also warn that
global warming of 1.5 K will be reached between 2030 and 2050 at the current rate [10].
Therefore, the measurement of the ERB is very important to study climate change and
global warming.
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The measurement of the ERB mainly consists of two parts. One of them is the TSI
measurement. The other is the measurement of terrestrial outgoing radiation (TOR). The
TSI value has been continuously measured from space since the 1970s. There are six sets of
instruments in operation to measure the TSI from space, as shown in Figure 1.
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Figure 1. Instruments in operation measuring TSI from space. DIARAD: Differential Absolute
Radiometer; VIRGO: Variability of Irradiance and Gravity Oscillations; SOHO: Solar and Heliospheric
Observatory; PMO: Physikalisches und Meteorologisches Observatorium; TIM: Total Irradiance
Monitor; TSIS: Total and Spectral Solar Irradiance Sensor; ISS: International Space Station; SIAR: Solar
Irradiance Absolute Radiometer; JTSIM: Joint Total Solar Irradiance Monitor; FY: Feng Yun; DARA:
Digital Absolute Radiometer; CTIM-FD: Compact Total Irradiance Monitor Flight Demonstration.

The VIRGO experiment on the SOHO mission has been measuring the TSI value
on orbit for more than 27 years, covering two complete solar cycles. TIM/TSIS-1 on
ISS continues the on-orbit TSI value measured by a TIM-type absolute radiometer, since
2003. The JTSIM-DARA experiment on the FY-3E mission continues an on-orbit TSI value
measured by a SIAR-type radiometer and a DARA-type absolute radiometer. This is also the
third time that two independent absolute radiometers have been used to measure the TSI
value on the same mission. The CTIM-FD is a radiometer verifying new technology used for
TSI measurement. In addition to the instruments shown in Figure 1, the Space Cryogenic
Absolute Radiometer (SCAR) is also being considered for TSI observation [11–16].

The observation of the TOR, including outgoing longwave radiation, reflected short-
wave radiation, and total radiation, at the TOA, started in 1975 with the Nimbus-6 satellite.
Figure 2 shows a number of representative instruments in operation measuring the TOR
from space. There are six CERES instruments in operation to provide the shortwave,
longwave, and total radiance products with different temporal resolutions. The ERM
instrument on FY-3C measures the Earth’s radiance in shortwave and total bands on a
Sun-synchronous orbit. GERB4 observes the Earth’s radiance in shortwave and total bands
from a geostationary orbit [17–20].

On the FY-3F satellite, we developed a spaceborne relative radiometer to monitor the
total solar irradiance and observe the terrestrial outgoing radiation in 0.2–20.0 µm. This
was achieved via two different channels of the SRR: the SR and the ER. The SR is a narrow
field of view (NFOV) channel installed on the inner frame of the solar tracker, which will
measure the TSI value and calibrate with the SIAR. The ER is a WFOV broadband channel
mounted on the U-shaped frame of the solar tracker pointing in the nadir direction. The
ER will observe the total radiance reflected and emitted from the Earth’s disk at about
1900 km in diameter. The SRR shares a similar measurement principle with the bolometric
oscillation sensor (BOS) that was on the PICARD mission from 2010 to 2014 [20,21]. Unlike
the 180◦ FOV of the BOS, the updated NFOV design of the SR channel and WFOV of the ER
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channel allow the SRR to have enhanced stray light suppression ability during TSI and TOR
observations. The SR channel uses the dark space mode to calibrate the background noise
and compare it with the on-orbit TSI measurement results of the SIAR. The ER channel
uses the dark space mode and lunar observation mode to determine the background noise
and perform on-orbit calibration. Compared with the previous wide field of view ERB
measurements, the SR and ER use the identical bolometer type detector, and the two are
only different in terms of optical design. This configuration can minimize the differences
in the instruments themselves caused by the measurement of the TSI and EOR by two
different instruments.
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Figure 2. Instruments in operation measuring Earth’s outgoing radiation (EOR) from space. CERES:
Clouds and the Earth’s radiant energy system; FM: Flight module; NPP: National polar-orbiting
partnership; ERM: Earth radiation budget; GERB: Geostationary Earth radiation budget; NOAA:
National oceanic and atmospheric administration.

This article first presents the instrument design of the SRR, including the optical design,
operation mode, and on-orbit calibration method. In order to adapt to the optical design,
the measurement model based on the bolometer principle is analyzed and established.
Benefiting from the operation mode of the SR, the absolute value of the SR measurement
is traced to the SI unit by comparing the total solar irradiance measurement in the same
measurement period with the electrical-substitution absolute radiometer SIAR. The cali-
bration of the ER measurement is achieved through the dark space and lunar observation
mode. Section 2 provides an overview of the SRR instrument design. The measuring model
of the SRR based on the bolometer principle is analyzed in Section 3; Section 4 describes
the pre-flight tests of the SR and ER. Some findings are discussed in Section 5; Section 6
provides the conclusions.

2. Instrument Design
2.1. Overview

Figure 3 shows the schematic diagram of the on-orbit observation of the SRR on board
the FY-3F satellite. The SRR/FY-3F consists of two 0.2–20 µm total wavelength channels;
the SR channel has a 1.5◦ NFOV for the TSI measurement, and the ER channel has a 95.3◦

WFOV for Earth radiation observation at an altitude of about 836 km. Each channel contains
a planar thermal detector based on the bolometer principle and an optical system. In the
SR channel optical system, there is a reflector applied in front of the thermal detector
to increase the absorptivity of the planar thermal detector. A baffle with an extinction
thread was designed for the ER optical system to reduce the influence of solar stray light
during observation. The measurement results of the SR and ER were sampled using
electronic systems.
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Figure 3. Schematic diagram of SRR space observation on FY-3F satellite in Sun-synchronous orbit.

As shown in Figure 4a, to track the Sun during the TSI measurement, the SR is installed
on the solar tracker of the SIM-II/FY-3F, which points to the Sun by using a Sun sensor for
feedback during the TSI measurement mode on each orbit. The ER channel is mounted
on the U-shaped frame of the solar tracker. It is designed to point in the nadir direction
during the whole mission, except in dark space mode and lunar observation mode. The
pointing accuracy of the ER is guaranteed by the satellite platform. The control unit of the
SIM-II/FY-3F is shown in Figure 4b.
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2.2. Sensitivity Analysis of the Design

The SR and ER of the SRR use the planar thermal detector based on the bolometer
principle. The planar thermal detector consists of a heat rod and two COTS thermistors, as
shown in Figure 5. The detector is in an axial thermal conductivity structure configuration.
The temperature distribution of the heating rod can represent the change in the power of
the incident light absorbed by the black coating.
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Figure 5. Schematic diagram of planar thermal detector.

The planar thermal detector is painted with high-absorptance and high-emissivity
black coatings. The absorptivity is 96.6% and the emissivity is 91% over the whole spectrum
range. The thickness of the black coating is about 32 µm. Additionally, T1 and T2 are
measured with the 100K6MBD NTC thermistors working in a temperature range of 233.5 K
to 398.5 K. High-thermal-resistance Polyimide pads are used to suppress the thermal
interference from the case of the detector.

Because the amplitude of the EEI is generally below 1 W/m2, requirements are put
forward for the measurement sensitivity of the instrument, and the measurement sensitivity
should be above 0.1 W/m2. The minimum energy received by the detector Φmin can be
calculated by Equation (1)

Φmin = S × ASR (1)

The Φmin is about 7.54 µW. The thermal connection structure needs to be designed so
that when the incident radiation power is 7.54 µW, the temperature gradient between the
receiving surface of the detector and the heat sink at a steady state should be greater than
0.1 mK. Therefore, the thermal conductivity G of the thermal detector is designed to be:

G =
Φmin

∆T
= 0.0754W/K (2)

The heat conductivity should be less than 0.0754 W/K, and at the radiated power
input of 7.54 µW, there will be a temperature gradient greater than 0.1 mK. The specific
design parameters are shown in Table 1, after calculation by Equation (3)

Gdesign = k
A
l
= 0.0712W/K (3)

Table 1. The parameter of planar detector of SRR/FY-3F.

Parameter Value

Thermal conductivity, k 238 W/m/K
Length of heat rod, l 94.5 mm

Diameter of heat rod, d 6 mm

The design can meet the sensitivity requirements. In addition, according to the
temperature characteristics of the thermistor, when the temperature changes by 1 K near
25 ◦C, the resistance of the thermistor changes by about 4%. It can be simply deduced
that when the temperature changes by 1 mK, the thermistor change should be 0.004%. For
thermistor-type radiation detectors, in order to meet the relative measurement error, it is
usually necessary to have the ability to detect temperature changes of 0.1 mK. Taking the
100K6MBD small thermistor produced by the TE company used in the planar radiation
detector of the space relative radiometer as an example, when the temperature changes
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to 0.1 mK near 298.15 K, the resistance of the 100K6MBD thermistor changes to 0.0004%,
which is converted to a resistance change of 0.4 Ω. Assuming that the excitation voltage
across the resistor is 5 V, when the temperature changes by 0.1 mK, the thermistor changes
by 0.4 Ω, and the output voltage changes by about 5 µV at this time. In order to perform
µV-level voltage measurement, the noise from the circuit during signal amplification first
needs to be suppressed.

2.3. Optical Design

Compared with the cavity-type thermal detector, the incident light that hits the planar
detector cannot undergo enough reflections for absorption. A parabolic reflector was
designed to solve this problem. This method was first used in the CTIM-FD instrument,
which also uses planar detectors for TSI measurement. Figure 6a shows the optical structure
of the SR channel adopted from [15].
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Figure 6. Mechanic model of the SRR: (a) Optical structure of SR; (b) Optical structure of ER.

The main aperture is to limit the entrance area of the incident light. The baffle is
painted with black coatings to suppress stray light. The parabolic reflector was designed
using Equation (4):

y2 = 2px (4)

where the focal parameter p = 45. The center of the black coating area of the SRR detector
is placed on the focus of the parabolic reflector, as shown in Figure 7. The entrance of the
parabolic reflector is 12 mm in diameter and absorption area of the detector is 18 mm in
diameter. When an incident light ray is reflected from the focus, it will return to the focus
point again after two reflections by the parabolic reflector. The parabolic reflector will
increase the absorption of the planar detector by creating reflection paths to capture the
first reflected light rays.

Unlike the NFOV design of the optical system of the SR channel, the wide FOV of the
ER, which allows the observation of more radiation from Earth, is valued more during the
design of the optical system of the ER channel. A black-coated extinction thread, shown in
Figure 6b, is used to suppress stray light from the Sun.
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2.4. Electronic System

The function block diagram of the electronic system of the SRR is shown in Figure 8.
Pre-AMP circuit boards are mounted on the thermal detectors of the SR and ER, as illus-
trated in Figure 6a,b. In the Pre-AMP circuit, a lock-in technique with a square wave is
applied. The dual D-type Flip-Flop provides the modulation signal for the resistor bridge
and the demodulation signal for the analog switch. During this process, the circuit noise
is suppressed.
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The SRR EB sends measurement data to the SIAR EB every second via an RS422
interface. The SIAR EB then packs SRR measurement level 0 data together with a timestamp,
orbit information, the case temperature of the SRR, and other required information into
a data package and sends it to the satellite platform every minute. In addition, the case
temperature of the ER and SR channels is controlled by the SIAR EB to achieve a stable
environment during the operation. The SIAR EB also provides the system power for the SRR
instrument, making it possible to restart the SRR to reduce the risk due to software failure.
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3. Working Principle and Measurement Model
3.1. Working Principle

As mentioned in Section 1, the measurement principle is based on the thermal transfer
theory [22]. Figure 9 is a diagram of the energy budget on the thermal detector with a 180◦

FOV. This can be described through Equation (5), as follows:

Pincident = Pinternal + Pemit + Pflux (5)

where Pincident is the power of the incident light; Pemit is the power emitted by the black-
coated surface of the detector; Pinternal is the internal power of the detector; and Pflux is the
power of thermal conduction via the heat rod.

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

 

The SRR EB sends measurement data to the SIAR EB every second via an RS422 in-

terface. The SIAR EB then packs SRR measurement level 0 data together with a timestamp, 

orbit information, the case temperature of the SRR, and other required information into a 

data package and sends it to the satellite platform every minute. In addition, the case tem-

perature of the ER and SR channels is controlled by the SIAR EB to achieve a stable envi-

ronment during the operation. The SIAR EB also provides the system power for the SRR 

instrument, making it possible to restart the SRR to reduce the risk due to software failure. 

3. Working Principle and Measurement Model 

3.1. Working Principle 

As mentioned in Section 1, the measurement principle is based on the thermal trans-

fer theory [22]. Figure 9 is a diagram of the energy budget on the thermal detector with a 

180° FOV. This can be described through Equation (5), as follows: 

𝑃incident = 𝑃internal + 𝑃emit + 𝑃flux (5) 

where 𝑃incident is the power of the incident light; 𝑃emit is the power emitted by the black-

coated surface of the detector; 𝑃internal is the internal power of the detector; and 𝑃flux is 

the power of thermal conduction via the heat rod. 

 

Figure 9. Schematic diagram of the energy budget of the thermal detector with 180° FOV. 

3.2. Measurement Model of Detector with 180° FOV 

As shown in Figure 10, the radiation network method was applied to analyze the 

detector measurement model in TSI measurement. J1 is the radiosity of the detector sur-

face. J2  is the radiosity of the Sun. J3  is the radiosity of the dark space. Shape factor 

𝐹1,2 is the fraction of energy leaving the detector surface that reaches the solar surface. 

Shape factor 𝐹1,3 is the fraction of energy leaving the detector surface that reaches the dark 

space. 

 

Figure 9. Schematic diagram of the energy budget of the thermal detector with 180◦ FOV.

3.2. Measurement Model of Detector with 180◦ FOV

As shown in Figure 10, the radiation network method was applied to analyze the
detector measurement model in TSI measurement. J1 is the radiosity of the detector surface.
J2 is the radiosity of the Sun. J3 is the radiosity of the dark space. Shape factor F1,2 is the
fraction of energy leaving the detector surface that reaches the solar surface. Shape factor
F1,3 is the fraction of energy leaving the detector surface that reaches the dark space.
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According to the radiation network analysis, when we apply Kirchhoff’s current law
to the network, it states that the sum of heat current flows into the node J1 is zero, as
described in Equations (6) and (7):

Eb1 − J1
1−ε1
A1ε1

+
J2 − J1

1
A1F1,2

+
J3 − J1

1
A1F1,3

= 0 (6)
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−Eb1 − J1
1−ε1
A1ε1

= Pinternal + Pflux (7)

where Eb1 is the emissive power of the detector surface; A1 is the black-coated area of
the detector surface; and ε1 is the emissivity of the detector surface. It assumes that the
emissivity is equal to the absorptivity of the detector surface. The solar energy that reaches
the detector surface is written as

J2 A1F1,2 + J3 A1F1,3 = Pinternal + Pflux + J1 A1 (8)

Solving J1 A1 from Equation (8) and making use of Equation (7) gives

ε1J2 A1F1,2 + ε1J3 A1F1,3 = Pinternal + Pflux + Pemit (9)

where ε1J2 A1F1,2 is contributed by solar irradiance. Additionally, ε1J3 A1F1,3 is contributed
by the dark space radiation. According to the Stefan–Boltzmann law, Pemit can be expressed
as Equation (10):

Pemit = A1ε1Eb1 = A1ε1σT1
4 (10)

where ε1 is the emissivity of the black-coated area of the detector; σ is the Stefan–Boltzmann
constant; and T1 is the temperature measured using the thermistor TR1. In this case, the
background is the dark space 2.7 K temperature. Therefore, the background radiation is
not considered in the equation. The Pflux can be described from Equation (11):

Pflux = Grod(T1 − T2) (11)

where Grod is the thermal conduction of the heat rod; T2 is the temperature measured using
the thermistor TR2. Pinternal can be calculated as described in Equation (12):

Pinternal = Cm1
∂T1

∂t
(12)

where C is the thermal capacity of the detector. m1 is the mass of the detector. ∂T1
∂t is the

temperature change at the TR1 point. The Pincident can then be stated as follows:

Pincident = ε1J2 A1F1,2 + ε1J3 A1F1,3 = A1ε1σT1
4 + Grod(T1 − T2) + Cm1

∂T1

∂t
(13)

assuming that the dark space temperature is zero. So,

Pincident = ε1J2 A1F1,2 = A1ε1σT1
4 + Grod(T1 − T2) + Cm1

∂T1

∂t
(14)

and with T1 and T2, Equation (14) provides a measurement model to determine the solar
energy that reaches the detector’s surface during the TSI measurement in space.

3.3. Measurement Model of Detector with Limited FOV

The main limitation of the measurement model presented in Section 3.2 is that it is
only suitable for a relative radiometer with a 180◦ FOV. Because the FOV of the SR and ER
channel of the SRR are limited by optical systems, the temperature of the optical system
needs to be taken into account.

Figure 11 shows the radiation network for a detector with a NFOV or a WFOV. J4 is
the radiosity of the aperture surface. In the SR, J2 is the radiosity of the solar surface. In
the ER, J2 is the radiosity of the Earth’s surface. F1,4 is the fraction of energy leaving the
detector surface that reaches the inner surface of the aperture. F1,3 is the fraction of energy
leaving the detector surface of the aperture that reaches the dark space. F1,2 is the fraction
of energy leaving the detector surface that reaches the solar, or the Earth’s, surface.
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Kirchhoff’s current law can be applied into node J1, so that

Eb1 − J1
1−ε1
A1ε1

+
J2 − J1

1
A1F1,2

+
J3 − J1

1
A1F1,3

+
J4 − J1

1
A1F1,4

= 0 (15)

−Eb1 − J1
1−ε1
A1ε1

= Pinternal + Pflux (16)

The total power received by the detector can be calculated from Equations (15) and (16).

ε1J2 A1F1,2 + ε1J3 A1F1,3 + ε1J4 A1F1,4 = Pinternal + Pflux + Pemit (17)

Assuming that the dark space temperature is zero and J4 = Eb2, Equation (17) can be
written as:

ε1J2 A1F1,2 = Pinternal + Pflux + Pemit − ε1Eb2 A1F1,4 (18)

Equation (18) can be changed into

ε1J2 A1F1,2 = A1ε1σT1
4 + Grod(T1 − T2) + Cm1

∂T1

∂t
− ε1ε2σTopt

4 A1F1,4 (19)

where Topt is the temperature of the inner surface of the optical system; and ε2 is the
emissivity of the inner surface of the optical system. With the measured T1, T2, and Topt
values and the calculated shape factors F1,2 and F1,4(In the ER condition, the F1,2 is about
0.5205. F1,4 is about 0.4982) [23,24], Equation (19) gives the measurement model of a detector
with a NFOV and a WFOV.

4. Pre-Flight Tests of SRR

In order to verify the performance of the instrument before launch, a ground compari-
son traced to the World Radiometric Reference (WRR) for the SR and a vacuum extended
area blackbody test for the ER channel were carried out.

Figure 12 is a photo of the comparison test of the SR channel. The SR channel was
installed on the solar tracker together with the SIAR instrument and SIAR-2C absolute
radiometer, which has been used in the IPC (International Pyrheliometer Comparisons). A
shutter was applied before the main aperture of the SR channel in order to obtain the zero
point and remove the background basis of the measurement.

The comparison test provides the evidence to evaluate the measurement consistency
between SR and SIAR-type radiometers. Unlike the electrical-substitution radiometer,
the SR channel cannot obtain the on-orbit WRR calibration factor in this test. This may
be explained by the influence of convection. Compared with detectors in the vacuum,
convection provides additional thermal paths for detectors in SATP (standard ambient
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temperature and pressure) conditions, which may decrease the thermal response of the
detectors. In order to suppress the influence of convection, a linear correction method
based on the measurement model mentioned in Section 3 was applied.
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Figure 13 shows the results of a comparison between the SR and SIAR-2C. The mea-
surement results of SIAR-2C are shown in green diamonds. The measurement period of
SIAR-2C was 2 min. In order to compare them with results from SIAR-2C, the SR measure-
ment results with a measurement period of 1 s were corrected. The blue line shows the
measurement results of the SR with a 1 s period. Additionally, the red circles are the results
extracted from the SR results every 2 min.
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Figure 13. Results of comparison test between SR and SIAR-2C.

The Pearson correlation coefficient between results of the SR within a 2 min period
and SIAR-2C is about 0.99545. There is a strong correlation between measurement results of
the SR and SIAR-2C. Additionally, the SR could also provide second-scale solar irradiance
data during the 2 min period.

The aim of the ER is to measure the TOR at the TOA with a spectrum range from 0.2 to
20 µm. A lack of independent SW and LW channels will limit the ER in further providing
LOR and RSR products. However, the Sun-synchronous orbit with ECT 10:00 may offer a
chance for the ER to obtain the TOR when observing the Sun shadow area.
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The Pearson correlation analysis was applied to the measurement results, as shown in
Figure 14. The Pearson correlation coefficient is about 0.99545.
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Figure 14. Pearson correlation analysis of SR and SIAR-2C measurement results.

A test of the performance of the ER was carried out in a vacuum chamber by using an
extended-area blackbody developed by the NIM (National Institute of Metrology, China),
as shown in Figure 15. According to the test report of the blackbody, the emissivity of the
blackbody is 0.9902, and the temperature homogeneity is better than 0.06 K. The platform
in the vacuum chamber was cooled to 233 K in order to provide a cooling path for the
L-shaped support and the ER channel. The extended-area blackbody was controlled by a
DD-200F refrigerated circulator. A PRT installed in the blackbody was used to measure
the temperature and control the feedback of the blackbody. The thermistor provided the
temperature profiles of the support during the test.
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Figure 15. Photographic image of the performance test of ER.

The case temperature of the ER was controlled to around 273.15 K during the test. Ad-
ditionally, the blackbody temperature changed from 258.15 K to 283.15 K in 5 K increments.
Figure 16 displays the change in temperature and the irradiance of the blackbody during
the test. By applying the measurement model to this test, the blackbody irradiance was J2
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in Equation (16). Additionally, it could be calculated using the measurement results of T1,
T2, and Topt and the shape factors F1,4 and F1,2.

Remote Sens. 2023, 15, x FOR PEER REVIEW 13 of 18 
 

 

Extended Area Blackbody

Liquid 
Cooling Pipe

ER-SRR with MLI

Thermistor

L shape Support

Platform
Vacuum 
Chamber

 

Figure 15. Photographic image of the performance test of ER. 

The case temperature of the ER was controlled to around 273.15 K during the test. Ad-

ditionally, the blackbody temperature changed from 258.15 K to 283.15 K in 5 K increments. 

Figure 16 displays the change in temperature and the irradiance of the blackbody during 

the test. By applying the measurement model to this test, the blackbody irradiance was J2 

in Equation (16). Additionally, it could be calculated using the measurement results of 𝑇1, 

𝑇2, and 𝑇𝑜𝑝𝑡 and the shape factors 𝐹1,4 and 𝐹1,2. 

 

Figure 16. The temperature and irradiance of the blackbody during the test. 

The shape factors 𝐹1,4 and 𝐹1,2 could be calculated. Therefore, the relation between 

the standard irradiance from the blackbody and the irradiance calculated from the meas-

urement results is provided in Figure 17. 
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The shape factors F1,4 and F1,2 could be calculated. Therefore, the relation between the
standard irradiance from the blackbody and the irradiance calculated from the measure-
ment results is provided in Figure 17.
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Figure 17. The relation between standard irradiance from blackbody and that calculated using
measurement results.

Figure 18 shows the error between the standard irradiance and the calculated irradi-
ance. As we can see in this figure, the error increased during the blackbody temperature
adjustment period. Additionally, the error varied when the blackbody was at a different
temperature. The peak-to-peak error value was approximately 2.1 W/m2.

The measurement results of the ER can provide an estimate for the standard irradiance
within 0.7% based on the measurement model mentioned in Section 3.
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5. Discussion

A relative radiometer based on the bolometer principle with the aim to measure the
ERB at the TOA was developed. The SR channel and ER channel with different optical
systems can achieve a TSI and TOR measurement in the spectral range of 0.2–20 µm,
respectively.

There are some issues to consider in terms of the instrument design. The absorptivity of
the planar radiation detector needs to be enhanced. To increase the absorptivity, a polished
parabolic reflector was designed for the SR channel, providing additional reflection paths
to capture incident light rays. Different from the SR channel, solar stray light is the main
problem in the ER channel. Considering the WFOV and instrument dimension, a black-
coated extinction thread is used to suppress stray light. The analysis of the measurement
model is another important aspect. By analyzing the contribution of thermal radiation with
the radiation network method in a typical working case, the measurement model of the
limited FOV relative radiometer was built. The shape factors and the temperature of the
optical system were taken into consideration.

To verify the performance of the SRR instrument, pre-flight tests were conducted
with the SR and ER channels. With the rapid measurement mode, the SR can provide
TSI results with a resolution of 1 s between the measurement period of the SIAR absolute
radiometer. Additionally, a Pearson correlation coefficient of about 0.99545 between the
SR and SIAR-2C was achieved in the comparison test infield campaign. We noticed the
difference between the SR and SIAR-2C. This may be due to the different convection effects
received by different instruments. The SR and SIAR-2C simultaneously sense the TSI and
SR has a 1-s cadence; however, SIAR-2C has a 120-s sampling rate. Furthermore, the SR
is installed side by side with three cavities of electrical substitute absolute radiometers,
which allow an on-orbit cross-calibration of the SR channel’s absolute level in terms of
irradiance. This idea has been verified on a ground-based solar irradiance measurement
campaign. The SR has an excellent agreement with the absolute radiometer SIAR-2C within
0.3%, which indicates the uncertainty level SR of FY3-F could be one order of magnitude
lower than the previous PICARD-BOS measurements. The results of some previous studies
indicate that the sensitivity and time constant of a radiometer will increase in a vacuum due
to the absence of a convection component in a heat transfer path. The on-orbit calibration
of the SR will be realized by comparing TSI values in the same period between the SR
and SIAR absolute radiometer. During the pre-flight test, a standard extended blackbody
source was applied to evaluate the performance of the ER in a vacuum. The irradiance
measurement error of the ER was within 0.7% of the standard blackbody radiation value
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when the blackbody temperature increased from 258.15 K to 283.15 K. Although COTS
thermistors were used in this design to ensure the consistency of the responses of different
thermistors, the differences in the temperature response between TR1 and TR2 may still
have caused the fluctuation in errors in different blackbody temperatures. Thermistors need
to be carefully calibrated in order to obtain improved measurement performances. Dark
space measurements need to be performed in both the SR and ER channels to determine
the zero point. The ER can also use the lunar observation mode for in-flight calibration.

6. Conclusions

The SR and ER make up part of the SIM-II, which aims to measure the total solar
irradiance onboard the Fengyun meteorological satellite. TSI and solar spectral irradiance
(SSI) are two fundamental solar parameters that are continuously monitored with the solar
package of Fengyun satellites. The absolute level of TSI is determined at the 0.1% level
among different absolute radiometers. The SSI has a much larger discrepancy due to the
influence of nonlinear degradation in the short wavelength range [25]. The planar detector
has the advantage of enabling a rapid response to electromagnetic radiation at the second
level compared to a cavity-based absolute radiometer with a much more compact volume
and light weight. In terms of science return, the SR and ER observation will provide a
solution to monitoring the global average radiation flux, including seasonal and interannual
changes, and will eventually be used in the study of the Earth’s energy imbalance.
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Nomenclature

AMP Amplifier
BOS Bolometric Oscillation Sensor
CERES Clouds and the Earth’s Radiant Energy System
COTS Commercial Off-The-Shelf
CTIM-FD Compact Total Irradiance Monitor Flight Demonstration
DARA Digital Absolute Radiometer
DIARAD Differential Absolute Radiometer
EB Electronic Box
ECT Equatorial Crossing Time
ECVs Essential Climate Variables
EEI Earth Energy Imbalance
EOR Earth’s Outgoing Radiation
ER Earth Radiometer Channel
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ERM Earth Radiation Measurement
FM Flight Module
FOV Field of View
FY Feng Yun
GCOS Global Climate Observing System
GERB Geostationary Earth Radiation Budget
IPCC Intergovernmental Panel on Climate Change
ISS International Space Station
JTSIM Joint Total Solar Irradiance Monitor
LW Long-Wave
NFOV Narrow Field of View
NIM National Institute of Metrology, China
NOAA National Oceanic and Atmospheric Administration
NPP National Polar-orbiting Partnership
NTC Negative Temperature Coefficient
OLR Outgoing Long-wave Radiation
PMO Physikalisches und Meteorologisches Observatorium
PRT Platinum Resistance Thermometers
RSR Reflected Shortwave Radiation
SATP Standard Ambient Temperature and Pressure
SIAR Solar Irradiance Absolute Radiometer
SIM-II Solar Irradiance Monitor-II
SOHO Solar and Heliospheric Observatory
SR Solar Radiometer Channel
SRR Spaceborne Relative Radiometer
SW Short-Wave
TIM Total Irradiance Monitor
TOA Top of the Atmosphere
TOR Terrestrial Outgoing Radiation
TSI Total Solar Irradiance
TSIS Total and Spectral Solar Irradiance Sensor
VIRGO Variability of Irradiance and Gravity Oscillations
WFOV Wide Field of View
WRR World Radiometric Reference

References
1. Al-Ghussain, L. Global Warming: Review on Driving Forces and Mitigation: Global Warming: Review on Driving Forces and

Mitigation. Environ. Prog. Sustain. Energy 2019, 38, 13–21. [CrossRef]
2. Schmutz, W.K. Changes in the Total Solar Irradiance and Climatic Effects. J. Space Weather Space Clim. 2021, 11, 40. [CrossRef]
3. Matus, A.V.; L’Ecuyer, T.S. The Role of Cloud Phase in Earth’s Radiation Budget. J. Geophys. Res. Atmos. 2017, 122, 2559–2578.

[CrossRef]
4. Trenberth, K.E. Understanding Climate Change through Earth’s Energy Flows. J. R. Soc. N. Z. 2020, 50, 331–347. [CrossRef]
5. Andrews, T.; Forster, P.M. Energy Budget Constraints on Historical Radiative Forcing. Nat. Clim. Chang. 2020, 10, 313–316.

[CrossRef]
6. Forster, P.; Storelvmo, T.; Armour, K.; Collins, W.; Dufresne, J.-L.; Frame, D.; Lunt, D.J.; Mauritsen, T.; Palmer, M.D.; Watanabe, M.;

et al. The Earth’s Energy Budget, Climate Feedbacks, and Climate Sensitivity. In Climate Change 2021: The Physical Science Basis.
Contribution of Working Group I to the Sixth Assessment Report of the Intergovernmental Panel on Climate Change; Masson-Delmotte,
V., Zhai, P., Pirani, A., Connors, S.L., Péan, C., Berger, S., Caud, N., Chen, Y., Goldfarb, L., Gomis, M.I., et al., Eds.; Cambridge
University Press: Cambridge, UK; New York, NY, USA, 2021; pp. 923–1054. [CrossRef]

7. GCOS. The Status of the Global Climate Observing System 2021: The GCOS Status Report (GCOS-240); WMO: Geneva,
Switzerland, 2021.

8. Loeb, N.G.; Johnson, G.C.; Thorsen, T.J.; Lyman, J.M.; Rose, F.G.; Kato, S. Satellite and Ocean Data Reveal Marked Increase in
Earth’s Heating Rate. Geophys. Res. Lett. 2021, 48, e2021GL093047. [CrossRef]

9. Marti, F.; Blazquez, A.; Meyssignac, B.; Ablain, M.; Barnoud, A.; Fraudeau, R.; Jugier, R.; Chenal, J.; Larnicol, G.; Pfeffer, J.; et al.
Monitoring the Ocean Heat Content Change and the Earth Energy Imbalance from Space Altimetry and Space Gravimetry. Earth
Syst. Sci. Data 2022, 14, 229–249. [CrossRef]

10. IPCC. 2018: Global Warming of 1.5 ◦C. An IPCC Special Report on the Impacts of Global Warming of 1.5 ◦C above Pre-Industrial Levels and
Related Global Greenhouse Gas Emission Pathways, in the Context of Strengthening the Global Response to the Threat of Climate Change,

https://doi.org/10.1002/ep.13041
https://doi.org/10.1051/swsc/2021016
https://doi.org/10.1002/2016JD025951
https://doi.org/10.1080/03036758.2020.1741404
https://doi.org/10.1038/s41558-020-0696-1
https://doi.org/10.1017/9781009157896.009
https://doi.org/10.1029/2021GL093047
https://doi.org/10.5194/essd-14-229-2022


Remote Sens. 2023, 15, 3085 17 of 17

Sustainable Development, and Efforts to Eradicate Poverty; Masson-Delmotte, V., Zhai, P., Pörtner, H.-O., Roberts, D., Skea, J., Shukla,
P.R., Pirani, A., Moufouma-Okia, W., Péan, C., Pidcock, R.S., Eds.; Cambridge University Press: Cambridge, UK; New York, NY,
USA, 2018; p. 616. [CrossRef]

11. Finsterle, W.; Montillet, J.P.; Schmutz, W.; Šikonja, R.; Kolar, L.; Treven, L. The Total Solar Irradiance during the Recent Solar
Minimum Period Measured by SOHO/VIRGO. Sci. Rep. 2021, 11, 7835. [CrossRef] [PubMed]

12. Kopp, G. Science Highlights and Final Updates from 17 Years of Total Solar Irradiance Measurements from the SOlar Radiation
and Climate Experiment/Total Irradiance Monitor (SORCE/TIM). Sol. Phys. 2021, 296, 133. [CrossRef]

13. Song, B.; Ye, X.; Finsterle, W.; Gyo, M.; Gander, M.; Remesal Oliva, A.; Pfiffner, D.; Zhao, Y.; Fang, W. Correction to: The
Fengyun-3E/Joint Total Solar Irradiance Absolute Radiometer: Instrument Design, Characterization, and Calibration. Sol. Phys.
2022, 297, 111. [CrossRef]

14. Montillet, J.P.; Finsterle, W.; Haberreiter, M.; Schmutz, W.; Pfiffner, D.; Koller, S.; Gyo, M.; Fang, W.; Ye, X.; Yang, D.; et al. Total
Solar Irradiance Monitored by DARA/JTSIM: First Light Observations. In Proceedings of the EGU General Assembly Conference,
Vienna, Austria, 23–27 May 2022; p. EGU22-616.

15. Harber, D.M.; Castleman, Z.; Drake, G.; Van Dreser, S.; Farber, N.; Heuerman, K.; Miller, M.; Rutkowski, J.; Sims, A.; Sprunck, J.;
et al. Compact Total Irradiance Monitor Flight Demonstration. In Proceedings of the CubeSats and SmallSats for Remote Sensing
III, San Diego, CA, USA, 11–12 August 2019.

16. Ye, X.; Yi, X.; Lin, C.; Fang, W.; Wang, K.; Xia, Z.; Ji, Z.; Zheng, Y.; Sun, D.; Quan, J. Instrument Development: Chinese Radiometric
Benchmark of Reflected Solar Band Based on Space Cryogenic Absolute Radiometer. Remote Sens. 2020, 12, 2856. [CrossRef]

17. Smith, G.L.; Priestley, K.J.; Loeb, N.G.; Wielicki, B.A.; Charlock, T.P.; Minnis, P.; Doelling, D.R.; Rutan, D.A. Clouds and Earth
Radiant Energy System (CERES), a Review: Past, Present and Future. Adv. Space Res. 2011, 48, 254–263. [CrossRef]

18. Yang, J.; Zhang, P.; Lu, N.; Yang, Z.; Shi, J.; Dong, C. Improvements on Global Meteorological Observations from the Current
Fengyun 3 Satellites and Beyond. Int. J. Digit. Earth 2012, 5, 251–265. [CrossRef]

19. Brindley, H.E.; Russell, J.E. GERB Project Status. In Proceedings of the 38th CERES-II Science Team Meeting, Hamburg, Germany,
12–14 October 2022.

20. Gristey, J.J.; Su, W.; Loeb, N.G.; Vonder Haar, T.H.; Tornow, F.; Schmidt, K.S.; Hakuba, M.Z.; Pilewskie, P.; Russell, J.E. Shortwave
Radiance to Irradiance Conversion for Earth Radiation Budget Satellite Observations: A Review. Remote Sens. 2021, 13, 2640.
[CrossRef]

21. Zhu, P.; Wild, M.; Van Ruymbeke, M.; Thuillier, G.; Meftah, M.; Karatekin, O. Interannual variation of global net radiation flux as
measured from space. J. Geophys. Res. Atmos. 2016, 121, 6877–6891. [CrossRef]

22. Zhu, P.; Van Ruymbeke, M.; Karatekin, Ö.; Noël, J.P.; Thuillier, G.; Dewitte, S.; Chevalier, A.; Conscience, C.; Janssen, E.; Meftah,
M.; et al. A high dynamic radiation measurement instrument: The Bolometric Oscillation Sensor (BOS). Geosci. Instrum. Methods
Data Syst. 2015, 4, 89–98. [CrossRef]

23. Naraghi, M.H.N.; Warna, J.P. Radiation Configuration Factors from Axisymmetric Bodies to Plane Surfaces. Int. J. Heat Mass
Transf. 1988, 31, 1537–1539. [CrossRef]

24. Buschman, A.J.; Pittman, C.M. Configuration Factors for Exchange of Radiant Energy between Axisymmetrical Sections of Cylinders,
Cones, and Hemispheres and Their Bases; National Aeronautics and Space Administration: Washington, DC, USA, 1961.

25. Thuillier, G.; Zhu, P.; Snow, M.; Zhang, P.; Ye, X. Characteristics of solar-irradiance spectra from measurements, modeling, and
theoretical approach. Light Sci. Appl. 2022, 11, 79. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1017/9781009157940
https://doi.org/10.1038/s41598-021-87108-y
https://www.ncbi.nlm.nih.gov/pubmed/33837231
https://doi.org/10.1007/s11207-021-01853-x
https://doi.org/10.1007/s11207-022-02056-8
https://doi.org/10.3390/rs12172856
https://doi.org/10.1016/j.asr.2011.03.009
https://doi.org/10.1080/17538947.2012.658666
https://doi.org/10.3390/rs13132640
https://doi.org/10.1002/2015JD024112
https://doi.org/10.5194/gi-4-89-2015
https://doi.org/10.1016/0017-9310(88)90262-1
https://doi.org/10.1038/s41377-022-00750-7
https://www.ncbi.nlm.nih.gov/pubmed/35351849

	Introduction 
	Instrument Design 
	Overview 
	Sensitivity Analysis of the Design 
	Optical Design 
	Electronic System 

	Working Principle and Measurement Model 
	Working Principle 
	Measurement Model of Detector with 180 FOV 
	Measurement Model of Detector with Limited FOV 

	Pre-Flight Tests of SRR 
	Discussion 
	Conclusions 
	References

