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Abstract— TanSat is an important satellite in the Chinese
Earth Observation Program which is designed to measure
global atmospheric CO2 concentrations from space. The first
Chinese superhigh-resolution grating spectrometer for measuring
atmospheric CO2 is aboard TanSat. This spectrometer is a suite
of three grating spectrometers that make coincident measure-
ments of reflected sunlight in the near-infrared CO2 band near
1.61 and 2.06 μm and in the molecular oxygen A-band (O2A)
at 0.76 μm. Their spectral resolving power (λ/�λ) is ∼19 000,
∼12 800, and ∼12 250 in the O2A, weak absorption band of
molecular carbon dioxide band, and strong absorption of carbon
dioxide band, respectively. This paper describes the laboratory
radiometric calibration of the spectrometer suite, which consists
of measurements of the dark current response, gain coefficients,
and signal-to-noise ratio (SNR). The SNRs of each channel meet
the mission requirements for the O2A and weak CO2 band
but slightly miss the requirements in a few channels in the
strong CO2 band. The gain coefficients of the three bands have
a negligible random error component and achieve very good
stability. Most of the R-squared of gain coefficients model consist
of five numbers of nine (e.g., 0.99999) after the decimal point,
suggesting that the instrument has significant response linearity.
The radiometric calibration results meet the requirements of an
absolute calibration uncertainty of less than 5%.

Index Terms— Atmospheric measurements, carbon dioxide,
radiometric calibration, spectrometer.

I. INTRODUCTION

ATMOSPHERIC CO2 is an important greenhouse gas
in the climate system and plays a key role in climate

change. Space-based remote sensing has received significant
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attention in recent years due to its potential to resolve many
of the uncertainties in the spatial and temporal variability
characterizing atmospheric CO2 concentrations [1], [2]. How-
ever, obtaining the precise global atmospheric monthly CO2
concentrations from space-based platforms at regional and
global scales has proven to be challenging [3]–[7]. The radio-
metric calibration and characterization of spectrometers in the
laboratory are essential in achieving the precise retrievals of
atmospheric CO2.

The Greenhouse Gases Observing Satellite (GOSAT) is a
Japanese JAXA mission designed to monitor CO2 and CH4
globally using Fourier-transformed spectrometry of the ther-
mal and near-infrared bands [8], [9]. GOSAT was launched on
January 23, 2009, and has provided a large amount of global
atmospheric CO2 and CH4 observational data. The Orbiting
Carbon Observatory-2 (OCO-2), launched on July 2, 2014,
is a NASA mission designed to measure the column-averaged
CO2 dry air mole fraction (XCO2) [7]. The OCO-2 satellite
carries a single instrument and incorporates three grating
spectrometers that take coincident measurements of reflected
sunlight in the near-infrared CO2 band near 1.61 and 2.06 μm
and in the molecular oxygen A-band (O2A) at 0.76 μm. The
three spectrometers have different characteristics and were
calibrated independently [10], [11]. The OCO-2 has provided a
large amount of observational data on atmospheric CO2 since
2015 and may offer opportunities to study the global carbon
cycle under climate change.

TanSat, the third satellite mission dedicated to measuring
atmospheric CO2 from space, can benefit from the lessons
learned from the GOSAT and OCO-2 missions. “Tan” is the
Chinese word for carbon, and TanSat means “carbon satellite.”
TanSat is a key satellite mission supported by the Ministry
of Science and Technology of the China Earth Observation
Program, and the mission is designed to measure global
atmospheric CO2 concentrations using a satellite in a Sun-
synchronous, near-polar orbit. The measurement precision,
accuracy, coverage, and resolution of the mission should meet
the requirements of studying global climate change using mod-
eling systems. TanSat is a one-satellite scientific exploratory
mission. The satellite platform is actively stabilized over three
axes, and its nominal design life is three years. TanSat is in
a Sun-synchronous orbit with a local time of the descending
node of ∼13 : 30 min, an orbital altitude of ∼700 km, and an
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TABLE I

RADIOMETRIC PERFORMANCE REQUIREMENTS OF ACGS

angle of inclination of 98.2°. TanSat was successfully launched
on December 22, 2016. The National Satellite Meteorological
Center of the China Meteorological Administration is in
charge of TanSat data acquisition, processing, and dissemi-
nation. The main payload aboard TanSat is the atmospheric
carbon dioxide grating spectrometer (ACGS), which measures
three spectral bands: the oxygen-absorbing A-band, with a
centroid wavelength of 760 nm, and the weak and strong
carbon dioxide-absorbing bands, which are used to measure
atmospheric CO2 and have centroid wavelengths of 1610 and
2060 nm, respectively. The ACGS has a spatial resolution of
2 × 3 km, a swath of 20 km, a mass of 204 kg, and a peak
power of 255 W.

This paper focuses on the laboratory radiometric calibra-
tion of the ACGS and is organized as follows. Section II
gives a description of the instrument. Section III presents the
laboratory radiometric calibration methodology, including the
apparatus and methods used for testing, standard traceability,
and the characterization of the essential parameters of the
instrument. Section IV provides the results of this testing.
The final section summarizes this paper and presents a review
of the instrument characterization. The spectral calibration
information for this instrument can be found in a companion
paper.

II. OVERVIEW OF THE TANSAT SPECTROMETER

The ACGS is an integrated suite of three grating
spectrometers, one for each of the bands of interest. The
ACGS was designed to measure solar radiation reflected
by the earth-atmosphere system in three narrow bands at
superhigh spectral, radiometric, and spatial resolutions. The
O2A, ranging from 758 to 778 nm, indicates the absorption
of molecular oxygen, the weak absorption band of molecular
carbon dioxide (WCO2) ranges from 1594 to 1624 nm, and
the strong absorption of carbon dioxide (SCO2) band ranges
from 2042 to 2082 nm.

A. Radiometric Performance Requirements of the ACGS
The ACGS has critical radiometric, spectral, and spatial per-

formance requirements. The radiometric performance require-
ments are summarized in Table I. In Table I, dynamic range
refers to the range of spectral radiance energy values that can
be measured in each band by the ACGS. This dynamic range
of measurement is limited at one end of the range by the
saturation of the detector. The other end of the dynamic range
of measurement is limited by random noise or uncertainty in
signal level, which are viewed as defining the sensitivity of

the instrument in this paper. SNR denotes the signal-to-noise
ratio, which is a measure that compares the level of a desired
signal to the level of background noise. SNR is defined as
the ratio of the signal power to the noise power and varies
with the level of the signal. Calibration is a comparison of
the values measured by the ACGS with those of a calibration
standard of known accuracy, and the National Institute of
Standards and Technology (NIST) standards are used in this
paper. The absolute calibration error refers to the uncertainty
compared with the NIST values, and the relative calibration
error refers to the difference in the abs calibration between
the three bands. Calibration nonlinearity error refers to the
error due to the nonuniformity in the ACGS response from
one end to the other end of the dynamic range. The dark
current digital number (Dn) error refers to the uncertainty
due to electrical noise and stray emissions. Radiance response
uniformity refers to the calibration accuracy consistency in
the spectral dimension of each band of the ACGS. This paper
will describe how the ACGS instrument performed against the
radiometric requirements.

B. Basic Optical and Electric Configuration of the Instrument

The optical system of the ACGS consists of a telescope,
collimator, reflectors, beam splitters, long slits, preoptical col-
limators, blazed diffraction gratings, and reimagers. Just before
the photographs enter each spectrometer, a linear polarizer
selects only the polarizing vector perpendicular to the entrance
slit. A schematic of the ACGS is shown in Fig. 1. The
spectrometers use three flat holographic gratings and operate
at the first order.

At the focus of each spectrometer, one area array detector
records the spectrum. This detector is similar to those in most
common imaging spectrometers. One dimension is measured
on a spatial field along the slit, and the spectrum is measured
along another dimension perpendicular to the slit.

The O2A silicon detector has 320 × 1242 channels and
operates at 268 K in the on-orbit environment. The two
mercury–cadmium–telluride CO2-band detectors have 240 ×
500 channels and operate at 150 K, and the temperature is
actively controlled to within ∼0.3 K in orbit. The original O2A
detector has an area of 22.5×22.5 μm and a spatial demension
of 320 pixels, with the 17th original pixel to the 304th pixel
being used to record radiation. Each set of 32 pixels is com-
bined to yield one footprint, for a total of nine footprints in the
spatial dimension, with a spectral dimension of 1242 pixels.
Thus, the final number of O2A samples is nine footprints in
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Fig. 1. Schematic of ACGS.

the spatial dimension ×1242 pixels in the spectral dimension.
The original detector of the two CO2 bands has an area of
30 × 30 μm and a spatial dimension of 240 pixels, with the
13th original pixel to the 228th pixel being used to record
radiation. Each set of 24 pixels is combined to yield one
footprint, for a total of nine footprints in the spatial dimension.
For the spectral dimension of 500 pixels, all the pixels are
treated as spectral channels, and thus, the final number of
samples in the CO2 band is nine footprints in the spatial
dimension ×500 pixels in the spectral dimension. The detector
of O2A is a CCD55-30, from the e2v company; infrared focal
pane arrays (FPAs) of CO2 bands are NEPTUNE SW from
Sofradir.

III. METHODOLOGY

The ACGS was calibrated twice before it was assembled in
the spacecraft bus in May 2016, and therefore, these testing
data can be used to validate the stability of its character-
izations. The first test was performed from September to
November 2015, and the second test was performed from
January to February 2016. The radiometric, spectral, polariza-
tion, and geometric features were characterized independently
during the two calibration tests. All the characterization and
calibration tests were conducted in a 3-m thermal vacuum
chamber, simulating the on-orbit environment. Radiometric
calibration was performed to measure the dark current offset,
gain, linearity, and SNR for each detector in each band. This
process is essential to achieving the retrieval precision required
for atmospheric carbon dioxide concentration measurements.
Similar works have been performed for the radiometric calibra-
tion of the GOSAT and OCO satellite instruments [8], [12].
These studies used a special transfer radiometer to read
the spectral irradiance output in an integrating sphere to
improve the precision of the calibration, but the special transfer
radiometer did not work well; therefore, certain refinements

to the photodiode transfer radiometer were carried out during
the OCO-1 prelaunch radiometric calibration to correct cali-
bration errors. There were many improvements in the OCO-2
prelaunch radiometric calibration [7], [11], [13], [14]. The
integrating sphere and transfer radiometer were two key sets
of testing equipment in this paper. An integrating sphere
was used to standardize the irradiance source, and the trans-
fer radiometer was used to translate the primary irradi-
ance source, an NIST lamp standard, from the sphere to
the ACGS.

A. Testing Equipment

1) Integrating Sphere: In the laboratory radiometric cal-
ibration and characterization of the TanSat spectrometers,
a 150-cm diameter integrating sphere with a 20-cm diameter
exit port was used. The inner surface of the sphere was coated
with barium sulfate. Two exterior 1000-W halogen tungsten
lamps and one interior 600-W lamp were used as light sources
in the sphere. One 5-mm Labsphere interior integrated silicon-
unit detector, which was connected to one Labsphere elec-
trostatic meter using the Bayonet Neill–Concelman interface,
was used to monitor the stability of the sphere irradiance.
There was a 25-level adjustable diaphragm between each exte-
rior 1000-W halogen-tungsten lamp source and the entrance
to the sphere. A cold water circulation machine was used
to maintain a constant temperature at the position of the
assembly lamps on the sphere. During the operational test,
the sphere was continuously purged with high-purity nitrogen
gas to eliminate the absorption gases CO2, O2, and H2O.
The sphere was powered by three Agilent N5770A constant-
current sources, which can provide current stabilization for
the halogen tungsten lamps with a precision of 3 mA; the
uncertainty was less than 0.05%. The sphere fully illuminated
the instrument entrance slit through a fused quartz window
in the thermal vacuum chamber. However, two issues require
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Fig. 2. Results of the statistical analysis of the ASD NIST standard traceability. (Left) O2A. (Middle) WCO2 band. (Right) SCO2 band.

attention when using an integrating sphere in high-accuracy
radiometric calibration testing. The first is irradiance stability,
and the second is irradiance homogeneity at the exit port.
The irradiance stability error of our integrating sphere as
measured by the interior integrated silicon-unit detector was
less than 0.3%. The irradiance homogeneity error of the exit
port was 0.67% for the O2A, 0.73% for the WCO2 band, and
0.95% for the SCO2 band using 37 spatial samplings uniformly
distribution across the exit ports. The viewing angle irradiance
homogeneity error for the center field of view was 0.46% for
the O2A, 0.37% for the WCO2 band, and 0.29% for the SCO2
band using 21 sampling angles in a 20° conical viewing field
centered in the field of view of the exit port.

2) Transfer Radiometer: We need to know the intensity
field of the integrating sphere to calibrate the radiometric
characterization of the ACGS. A FieldSpec 4 Hi-Res analytical
spectral device (ASD) was used to measure the spectral
output of the integrating sphere as a transfer radiometer. The
original calibration certificate of the FS4 HR 18251/1 ASD
was traceable to NIST. We calibrated the ASD using a 1000-W
quartz-halogen NIST lamp before the ACGS testing; the
details will be given in Sectio III-A3.

3) NIST Standard Traceability: In this paper, a 1000-W
quartz-halogen NIST lamp was used as the primary spectral
irradiance standard. The spectral irradiance scale uncertainties
(k = 2) of the lamp are 0.69% in the O2A, 0.47% in the WCO2
band, and 0.50% in the SCO2. A Labsphere Spectralon diffuser
was used for the spectral irradiance standard transfer from the
lamp to the transfer radiometer with an apparatus. This appa-
ratus was built to hold the lamp at 500 mm from the diffuser
normal to the center of the diffuser and can accurately increase
the distance between the lamp and the diffuser to change
the magnitude of the irradiance from the lamp. The vendor
provided the directional reflectance of the diffuser, which has
the serial number 99AA01-0414-8942. The transfer radiometer
viewed the diffuser at a fixed angle and position to obtain
the irradiance value for the lamp with increasing distance
between the lamp and the diffuser. This equipment, including
the NIST lamp, Spectralon diffuser, and transfer radiometer,
was shielded from stray ambient light. A high-precision,

stabilized dc voltage source was used to ensure the stability
of the lamp irradiance that illuminated the diffuser. The lamp
illumination can be considered as a point source of light, and
thus, the radiant flux density, also called irradiance, is linearly
proportional to the solid angle [15]. The following equation
is used to calculate the spectral irradiance of the diffuser with
increasing distance between the lamp and the diffuser:

d�(r, λ) = d�0(r0, λ)
r2

0

r2 (1)

where r0 is the radius of the standard spheroid (here, 500 mm
is used), r is the radius of the spheroid, λ is the wavelength
of each band, d�(r, λ) is the spectral irradiance of the
differential solid angle at the diffuse center of a spheroid,
the center of which is normal to the diffuser center and the
radius of which is r mm, and d�0(r0, λ) is the spectral
irradiance of the differential solid angle at the diffuse center
of a spheroid, the center of which is normal to the diffuser
center and the radius of which is 500 mm, as provided by the
vendor.

We confirmed the precision and stability of the ASD
FieldSpec 4 Hi-Res transfer radiometer by statistically
analyzing the spectral irradiance calculated using (1) and the
spectral irradiance readout of the ASD. The correlation of
the statistical analysis of (1) and the ASD readout spectral
irradiances was 99.8% [root-mean-square deviation (RMSE):
7.82e-05] for the O2A, 98.9% (RMSE: 1.422e-05) for
the WCO2 band, and 98.5% (RMSE: 7.352e-06) for the
SCO2 band. Fig. 2 summarizes the statistical analysis of
the spectral irradiances of the NIST lamp and the ASD
transfer radiometer. The three graphs in the top present the
correlations between the NIST lamp and the ASDs of the
three bands, and the biases are presented in the bottom.
All values are in units of (W/m2/sr/um) or (mW/m2/sr/nm).
There is a very good agreement between the NIST lamp
and the ASD: the bias was 0.2 × 10−4 mW/m2/sr/nm for
the O2A, 1.1 × 10−5 mW/m2/sr/nm for the WCO band, and
1.5 × 10−5 mW/m2/sr/nm for the SCO2 band.

The whole flowchart of the traceability and calibration
of ACGS from the quartz-halogen NIST lamp, Labsphere
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Fig. 3. Flowchart of standard traceability and calibration of ACGS.

Spectralon diffuser, ASD radiometer, and integrating sphere
to calibrated ACGS can be seen in Fig. 3.

B. Testing and Data Processing Methods

The method for testing the calibration and characterization
configuration is shown in Fig. 4, which presents a schematic
and all the equipment used in this paper. A total of 35 energy
levels were set for the integrating sphere for the O2A
from 1.1 to 407.8 mW/m2/sr/nm, 34 energy levels from
0.5 to 66.0 mW/m2/sr/nm for the WCO2 band, and 31 energy
levels from 0.1 to 19.1 mW/m2/sr/nm for the SCO2 band.
The three bands of the ACGS were tested individually using
the integrating sphere from high to low energy levels in
observation mode, which has a 0.293-s frame sampling rate.
Each energy level was maintained for 1.5 min to provide a
sufficiently large sampling of the Dn values of each channel.
The dark current was tested between energy levels using the
irradiance shielding mode, and the irradiance intensity at the
exit port was measured by the ASD simultaneously.

The dark current was also tested during temperature cycling
testing of the ACGS before the calibration.

After comparing the results of the statistical analysis from
the second- to sixth-order polynomial fittings, we found that
the sixth-order polynomial coefficients are more stable. Thus,
we choose the sixth-order least-squares polynomial fitting to
compute the gain coefficients of the radiometric calibration
for each channel in the three bands [see (2)] and evaluated the
goodness of fit using the sum of squares due to error (SSE)
and the R-squared. In principle, the radiometric calibration
calculations belong to a category of statistics concerning large
independent, representative samples. Thus, statistics can be
useful in assessing the quality of the calibration

R = k
6∑

i=0

ci (Dn − Dndark)
i (2)

where R is the radiant intensity of the entrance aperture of
the ACGS as measured by the ASD, ci are the radiometric
calibration gain coefficients for each channel with a sixth-order
least-squares fitting, k is the scaling parameter of the gain
coefficients in flight, Dn is the digital number response in the
observation model, and Dndark is the digital number of the
dark current response. In total, there are 9 × 1242 groups of
gain coefficients in the radiometric calibration for the O2A and
9 × 500 for the WCO2 and SCO2 bands. Each group contains
seven coefficients, from c0 to c6, that represent the response
characteristics for each channel.

The calculation of the SNR of the ACGS is very similar to
that performed for most optical remote sensing instruments.
The SNR was characterized using the following equation at
each energy level of the integrating sphere for each channel
of the three bands:

SNR = Imean√
1

n−1

∑n
i=1(Ii − Imean)2

(3)

where SNR is the signal-to-noise ratio of one channel at a
given energy level, Imean is the average radiant intensity from
n samplings at a given energy level, n is the number of
samplings of radiant intensity at a given energy level, and
Ii is one sampling of radiant intensity at a given energy level.

IV. RESULTS

The main goal of this paper is to examine the radiometric
characteristics of the ACGS through radiometric calibration
testing in a laboratory setting. As mentioned in the intro-
duction, the radiometric calibration accuracy and its stabil-
ity are pivotal in realizing high-precision measurements of
global atmospheric CO2 concentrations [16]. In this section,
we evaluate the radiometric calibration results, including the
dark current response, gain coefficients, and SNR. Finally,
we analyze the total error of the radiometric calibration and
present on-orbit radiometric calibration results.

A. Dark Current
Dark current is the response of a detector when it is not

actively being irradiated. This measurement is the first key
step of calibration. We measured the dark current response of
the ACGS during thermal balance testing in the 3-m thermal
vacuum chamber and evaluated the dark current temperature
sensitivity simultaneously. The temperature during the thermal
balance testing ranged from 258 K to 180 K.

The O2A dark current response is approximately 66 counts,
and this result varies only between 2 and 3 counts between
the high and low temperatures during thermal balance testing,
indicating that this measure exhibits minimal temperature
sensitivity. Because the temperature of the FPA is controlled
to within 0.3 K on orbit, this sensitivity should be negligible.
The dark current response in the WCO2 band was found to
be approximately 2850 counts, and there was a change of
∼100 counts in one simulated orbit during thermal balance
testing. In contrast to that of the O2A, the dark current
response of the WCO2 band was found to clearly depend
on ambient temperature. Similarly, a significant sensitivity
of the dark current response to ambient temperature was
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Fig. 4. Schematic of the ACGS radiometric calibration and characterization.

TABLE II

RADIOMETRIC CALIBRATION GAIN MODEL GOODNESS OF FIT

found for the SCO2 band, the dark current response of which
totaled to approximately 3000 counts during one simulated
orbit. In addition, there was a change of ∼110 counts during
the thermal balance testing. Thus, an ambient temperature
sensitivity correction should be established for the dark current
response for the two CO2 bands.

The consistency of the dark current counts across the
different channels in the three bands is very good, with a
change in the Dn of a few. Most importantly, we found that the
dark current patterns were very stable for each spectrometer
between two tests.

The preliminary dark current responses as a function of
temperature were established for the two CO2 bands during
the thermal vacuum tests (TVAC) testing, but these responses
will be checked again when the platform is in orbit. In flight,
the dark current responses of the three bands are measured
twice during each orbit to monitor the stability of this measure
in the operational mode. A full orbit on-board dark current
response test of three bands is conducted during the first phase
of orbital checkout, during which a few days of continuous
measurements of dark current and FPA temperature are con-
ducted simultaneously. Based on these testing data, we can
construct more dark current response models to be used in the
on-board calibration.

B. Gain Coefficients
Gain coefficients provide us with knowledge of the response

of the instrument to energy inputs. In general, the uniformity

of the dynamic range, also called the linearity of response,
and the stability of the gain coefficients are the key factors in
quantitative remote sensing. Table II illustrates the statistical
results of the goodness of fit obtained from the sixth-order
least-squares polynomial fitting for calculating the radiometric
calibration gain coefficients for each channel in the three
bands. The SSEs of the three bands in Table II are very
small in terms of both mean and standard deviation (STD)
values, and the STDs are two orders of magnitude lower
than the averages, indicating that this model fitting achieves
a low random error. The R-squared values of the three bands
in Table II are nearly 1.

In the statistical results of the goodness of fit, the standard
deviations are very small, indicating that these model fits
statistically account for most of the variation in the radiation
response throughout the dynamic range.

The averages and standard deviations of the SSE and
variance of the radiometric calibration gain demonstrated that
the radiometric calibration fitting models for each band have
a small random error components and account for most of
the variation. Thus, these model fits should be made available
for on-orbit radiometric calibration. We use the R-squared to
evaluate the linearity of the instrument response. R-squared is
a statistic that can give the information about the goodness of
fit of our gain coefficient model. The R-squared of determi-
nation is a statistical measure of how well the regression line
approximates the real data points. the R-squared of 1 indicates
that the regression line perfectly fits the data. We found that
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Fig. 5. Bias histograms between the two radiometric calibrations. (Left) O2A. (Middle) WCO2 band. (Right) SCO2 band.

Fig. 6. ACGS SNR variation with the input intensity levels. (Left) Single channel near the center of the three bands. (Right) Median across all channels in
each of the three bands.

most of the R-squared of gain coefficients model consist of five
numbers of nine after decimal point. These results suggest that
the ACGS exhibited significant response linearity during this
radiometric calibration test.

The stability of the gain coefficients is very important
for on-orbit data preprocessing and applications. The gain
coefficients derived from the second radiometric calibration
test will be used in orbit. We multiplied the gain coefficients
acquired from the second test by the Dn of the first radiometric
calibration, which was conducted in November 2015, to deter-
mine the radiance of the ACGS. We compared these results
with those determined by the ASD during the first radiometric
calibration test. Histograms of the bias between the ACGS and
ASD results for the three bands are presented in Fig. 5. The
bias between the two radiometric calibrations was very small,
as shown in Fig. 5. The bias was less than 1.5% for the O2A
and WCO2 band and ranged between −1.55% and −2.1% for
the SCO2 band. These results of the second calibration were
clearly in good agreement with those of the first calibration,
and the low bias validates the stability of the gain coefficients
from the second radiometric calibration.

C. Signal-to-Noise Ratio

The SNR is an essential parameter in the remote sensing
estimation of atmospheric CO2 concentrations. SNR is a
measurement that compares the level of a desired signal to

the level of background noise. SNR indicates how useful the
data may be for a given measurement. The proper treatment of
measurement noise is the dominant consideration in designing
retrieval methods. All real measurements are subject to exper-
imental error or noise, and therefore, any practical retrieval
algorithm must allow for this [3]. Thus, we need to provide
an accurate characterization of the ACGS SNR for the retrieval
of the atmospheric CO2 concentrations.

As an example, Fig. 6 illustrates the results of the
laboratory-measured SNR for a single channel near the center
of the FPA (left) and for the median (right) across all channels
in each of the three bands at a variety of intensity levels taken
during the second radiometric calibration. Fig. 6 also presents
the resulting SNR model based on an exponential fit. As can be
seen in Fig. 6, the mathematical relationship between SNR and
intensity for a single channel approximated the exponential
model. We checked all channels of the three bands, and a
similar mathematical relation between the SNR and intensity
was found in each. Thus, we used the exponential model in
(4) to acquire the parameters C1, C2, and C3 of the SNR
model for each channel using an optimal least-squares fitting.
After obtaining these fit parameters for each channel of the
three bands, the SNR could then be estimated for an arbitrary
intensity I using (4). This SNR in turn can be used to evaluate
the on-board observational random error of the ACGS

SNR(I ) = C1 × I C2 + C3 (4)
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TABLE III

TOTAL ERROR ANALYSIS OF ACGS RADIOMETRIC CALIBRATION (K = 1)

where SNR is the signal-to-noise ratio of one channel for a
given intensity, I is the intensity, and C1, C2, and C3 are the
parameters of the SNR model for each channel. The SNR
values for each channel at the required intensity, which is
15.2 for the O2A, 2.6 for the WCO2, and 1.1 mW/m2/sr/nm
for the SCO2 bands, meet the mission requirements for the
O2A and weak CO2 band but slightly miss the requirement in
a few channels at longer wavelengths in the SCO2 band.

D. Total Error Analysis and On-Orbit Result
In this paper, the error has the same meaning as uncertainty,

and we analyzed each stage of the error transfer from the NIST
lamp to the ACGS instrument. We found that the total error of
the radiometric calibration consists of the radiometric standard
transfer, calibration source, and response of ACGS. The errors
of the radiometric standard transfer consist of the uncertainty
characterizing the NIST lamp, bidirectional reflectance distri-
bution function of the diffuser, distance measurement between
the lamp and the diffuser, transfer radiometer, and stray ambi-
ent light. The errors of the calibration source, the integrating
sphere, consist of the uncertainty of the inner surface uniform,
exit angle luminance uniformity, and luminance stability. The
error of the ACGS response is the fitting calculation error of
the gain coefficient. The details of the total error analysis result
can be seen in Table III, where the radiometric calibration
errors meet the 5% requirement in the three bands. We used
the following equation to calculate the total error of the
radiometric calibration:

σtotal =
√

σ 2
1 + σ 2

2 + σ 2
3 + σ 2

4 + σ 2
5 + · · ·. (5)

V. CONCLUSION

In this paper, we described the prelaunch radiometric cali-
bration of the ACGS instrument aboard TanSat in terms of dark
current response, gain coefficients, and SNR. As noted earlier,
the radiometric calibration accuracy and its stability are pivotal
to realizing high-precision retrievals of global atmospheric
CO2 concentrations. The TanSat was successfully launched on
December 22, 2016, and these prelaunch calibration results
have been used in the ground segment data preprocessing
procedures.

The dark current response may also be called the zero shift
in some works. Characterizing the dark current response is the

first key step in the calibration of remote sensing instruments,
especially with respect to the temperature sensitivity. The
dark current response must be precisely deducted from the
total response of each detector during calibration. We built
preliminary models of the dark current response to temperature
for the two CO2 bands during the TVAC testing. More precise
dark current response models must be built during the on-
board check out and will be used in the on-board calibration.

The SNR of the ACGS meets the mission requirements
for each channel of the O2A and the weak CO2 band but
slightly misses the requirements in a few channels in the strong
CO2 band. This issue impacts the retrieval accuracy of the
XCO2 under certain weather and surface conditions. Future
work on new CO2 instruments should focus on cooling and
temperature control to create lower ambient temperatures for
the detector, which should improve the SNR of the instrument.
Exponential SNR models were built during this calibration,
and these models could be used to estimate the random error
of the on-board measurements of the ACGS and, also, could
be used in retrieval algorithm of XCO2.

The gain coefficient models for the three bands of the ACGS
have very small error components, and these models accounted
for most of the variance and are very stable. Thus, these gain
coefficients should be made available for on-orbit radiometric
calibration. Most of the R-squared of gain coefficients model
consist of five numbers of nine after decimal point, suggesting
that the ACGS has significant response linearity. These results
show that the radiometric calibration errors are smaller than
the required absolute calibration uncertainty of 5%.
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