remote sensing

Technical Note

Research on Stellar Occultation Detection with Bandpass
Filtering for Oxygen Density Retrieval

Zheng Li 1“2, Xiaocheng Wu 123*, Cui Tu 1'?3, Xiong Hu 1-2(0, Zhaoai Yan 1230, Junfeng Yang -2

and Yanan Zhang /2

check for
updates

Citation: Li, Z.; Wu, X,; Tu, C.; Hu, X,;
Yan, Z.; Yang, J.; Zhang, Y. Research
on Stellar Occultation Detection with
Bandpass Filtering for Oxygen
Density Retrieval. Remote Sens. 2023,
15,3681. https://doi.org/10.3390/
rs15143681

Academic Editor: Carmine Serio

Received: 21 June 2023
Revised: 19 July 2023

Accepted: 19 July 2023
Published: 24 July 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

State Key Laboratory of Space Weather, National Space Science Center, Chinese Academy of Sciences,
Beijing 100190, China

Key Laboratory of Science and Technology on Environmental Space Situation Awareness,

Chinese Academy of Sciences, Beijing 100190, China

University of Chinese Academy of Sciences, Beijing 100190, China

*  Correspondence: xcwu@nssc.ac.cn

Abstract: Stellar occultation instruments detect the transmission of stellar spectra through the plan-
etary atmosphere to retrieve densities of various atmospheric components. This paper introduces
an idea of using instruments with bandpass filters for stellar occultation detection. According to
the characteristics of the occultation technique for oxygen density measurement, a full-link forward
model is established, and the average transmission under a typical nocturnal atmosphere is calculated
with the help of the HITRAN database, occultation simulation and a 3D ray-tracing program. The
central wavelength and bandwidth suitable for 760 nm oxygen A-band absorption measurement are
discussed. This paper also compares the results of the forward model with GOMOS spectrometer
data under this band, calculates the observation signal-to-noise ratio corresponding to different
instrument parameters, and target star magnitudes. The results of this paper provide a theoretical
basis for the development of a stellar occultation technique with a bandpass filter and guidance on
the instrument design.
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1. Introduction

Atmospheric density detection in the mesosphere is the focus of the earth and space
scientific community. Stellar occultation technology is an effective approach to detect
the middle and upper atmosphere by measuring the spectral absorption and refraction
characteristics of planetary atmospheres on starlight. It can detect atmospheric parameters
such as density, temperature, and composition, and plays an important role in solving
problems in the near-space environment [1]. This technology has the advantages of global
coverage and multiple occultation events, and has irreplaceable potential advantages in
studying climate change, ozone layer holes, etc.

The idea of stellar occultation technology was first proposed by Smith and Hunten in
1968 [2]. In 1973, the Stellar Ultraviolet Photometers carried on the OAO-2 satellite achieved
the detection of intermediate ozone concentration for the first time and obtained the
distribution of lower thermosphere molecular oxygen at night [3]. GOMOS, developed by
ESA in 2002, was the first instrument dedicated to detecting Earth’s atmospheric component
density using stellar occultation technology [4], mainly detecting the vertical profile of
the ozone while also monitoring other atmospheric components. Some researchers have
also used GOMOS data to study oxygen density inversion, but due to limitations of the
instrument itself and the effect of temperature on oxygen absorption cross-sections, the
inversion results are not ideal.

Oxygen density can be used to calculate the total atmospheric density because the
proportion of oxygen in the air is very stable, accounting for 20.947% below 80 km, and
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has a uniform distribution from the stratosphere to the mesosphere [5]. Currently, there
is no stellar occultation instrument specifically designed for oxygen density detection
in the mesosphere, but some solar occultation instruments have been the focus of such
research. Researchers used the absorption characteristics of the 760 nm oxygen absorption
A-band to retrieve oxygen density. In 1993 and 1998, NASA respectively launched the
POAM II and POAM III solar occultation instruments. POAM was designed with nine
photometers to detect atmospheric absorption lines in different bands, one of which has a
central wavelength of 761.3 nm and a bandwidth of 2.3 nm, specifically for detecting the
oxygen absorption A-band [6,7]. The ILAS solar occultation instrument launched by Japan’s
Ministry of the Environment in 1996 obtained atmospheric temperature and pressure by
retrieving oxygen density, with an estimated error of about 4 K and 4% [8]. The ACE-
MAESTRO solar occultation instrument developed by the Canadian Space Agency began
operation in 2003 and calculated total atmospheric density through the stable proportion of
oxygen [9].

Considering the stable proportion of oxygen below 80 km, the low absorption efficiency
above 80 km, and the presence of aerosols, water vapor, turbulence and other complex
influences below 40 km, this paper’s conceived occultation instrument with a bandpass
filter focuses on oxygen density detection at altitudes of 40-80 km, uses a single band,
and is designed with a wider bandwidth for a higher signal-to-noise ratio. Based on
these characteristics, this paper establishes a stellar occultation full-link forward model,
explores the central wavelength and bandwidth suitable for oxygen density measurement,
and compares the forward model transmission results with GOMOS actual data. Finally,
we analyze the signal-to-noise ratio corresponding to different instrument parameters
and target star magnitudes. The research results of this paper provide guidance for the
development of a stellar occultation instrument with a bandpass filter.

2. The Principle of Stellar Occultation Technology

In a stellar occultation event, a star is viewed as a point source passing through
the atmosphere and is received at different heights by a spectrometer or photometer
mounted on an LEO orbit satellite, to obtain the atmospheric spectral transmission. Figure 1
shows the scheme of a stellar occultation event, the star symbol represents a real bright
star. Different components in the atmosphere have different effects on starlight, such
as refraction, absorption, scattering, etc., and various atmospheric component density
parameters can be retrieved by utilizing these characteristics. The minimum distance from
the line connecting the star and satellite to the Earth’s surface is defined as the occultation
tangent height. As the occultation tangent height decreases continuously, the length of
the starlight passing through the atmosphere increases, and the starlight received by the
detector gradually decays. The ratio of the attenuated spectrum to the unabsorbed reference
spectrum is called atmospheric spectral transmission:

F(A,2)
Fo(A)

Tobs()\) = @

Here, A is the wavelength of detection, z is the tangent height. F is the detected
flux of star in different tangent height, Fj is the unabsorbed reference flux, T, is the
observed transmission.

According to the Beer-Lambert Law,

Tops = eXp(—T) ()

W=y (2,16 )oi (116) ) s ®
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Here, 7 is optical depth, j represents different atmospheric components, ¢ is absorp-
—

tion or scattering cross-section, p is the density of atmospheric components, I (s) is the
location along the light path. Optical depth is the product of cross-sections and densities
integrated along the light path. The Beer-Lambert law is key to the inversion of star occul-
tation data. The onion peeling method can be used to retrieve the density of atmospheric
components [10].
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Figure 1. Scheme of a stellar occultation event.

The current occultation-detection instruments mainly carry spectrometers to achieve
multi-band detection, their structures are large and costly. Due to the high resolution of
spectrometers and the dim light of stars, the signal within each band is relatively low
and the signal-to-noise ratio is unsatisfactory for oxygen measurement. Therefore, we
have conceived a stellar occultation instrument with a bandpass filter to realize a higher
signal-to-noise ratio and simpler structures, by sacrificing the spectral-detection ability. For
the detection of a single atmospheric component, this method helps to achieve low-cost
and networked occultation detection.

By changing the central wavelength of the filter, the instrument can be used not
only for oxygen measurement but also for detecting other components such as ozone and
water vapor.

3. Forward Model and Results

The establishment of the forward model is the basis for subsequent retrieval work.
The model first uses the oxygen spectral-line intensity from the HITRAN database to
calculate the oxygen absorption cross-section at different temperatures. The coordinates
of the light path are obtained by the occultation simulation program. Then, the product
of oxygen density output by the NRLMSISEOO model and the cross-section is integrated
along the light path to calculate optical depth, and then transmission is obtained. The
relationship between transmission and signal-to-noise ratio can be analyzed to perform
band and instrument parameter selection.

The spectral-line intensity data are from HITRAN 2004 [11]. They include the low-
energy-state energy E” (cm ') and the spectral-line intensity S (cm ™! /(molecule-cm~2))
corresponding to the frequency v (cm~!), as shown in Figure 2:

The actual spectral lines present in the atmosphere have a certain width and shape.
The absorption of spectral lines varies with frequency, with maximum absorption at the
center frequency and rapid decreases on both sides. In order to represent this frequency-
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dependent absorption distribution, a line shape function is generally defined for a spectral
line, so that the absorption coefficient can be written as [12]:

ky =Sf(v—wo) 4)
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Figure 2. O, spectral-line intensity data by HITRAN 2004 (T = 296 K).

Here, k, is the absorption coefficient at frequency v, S is line intensity, a function of
temperature, which can be derived from quantum mechanics theory:

Qu(Ts)Qr(Ts) 1439E"(T — Ts)
Qu(T)Q.(T) P TT,

Here, Ts is the reference temperature of HITRAN data, S(Ts) is the spectral-line
intensity at reference temperature, E” is the lower-state energy of the transition. Q, and Q,
are the vibrational and rotational partition functions. For oxygen, Q,(T) and Q,(T) can be
expressed by the following formula at temperatures between 175 and 325 K, where T is

§ = 5(Ts) Q)

in Kelvin.
Qu(T) = 1.00486 — 4.41322 x 107°T 4 9.7317 x 108 T2 (6)
T\/
Qr(T) = Qr(TS) (T) (7)
S

In the above formula, j varies with the molecule. Generally, for linear molecules (such
as Op, COy, N7 O, etc.), j = 1; while for non-linear molecules (such as H,O, O3, CHy, etc.),
j=15.

In the actual atmospheric absorption calculation, there are three main physical mecha-
nisms causing spectral-line broadening. It is necessary to consider the effects of pressure
broadening (mainly occurring in the stratosphere and troposphere below 30 km), Doppler
broadening (mainly occurring above 30 km), and their mixed effect—Voigt broadening.
Under the Doppler broadening mechanisms, the Doppler half-width ap and the absorption

coefficient are as follows:
ap = 4.301 x 10*71/0\/1 (8)
D=4 M

S v—1) 2
= mer (5] ¥

Here, M is molecular weight.
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Since the stellar occultation instrument discussed in this paper mainly focuses on
atmospheric detection above 40 km, where the atmosphere is thin and Doppler broadening
dominates, a Doppler line shape is used for the forward model.

k,;i is the absorption coefficient for the ith spectral line at frequency v. Then, the
cross-section can be obtained by the absorption coefficient:

o(v) =Y ky;i (10)

The cross-section result is shown in Figure 3; the x-axis is converted from frequency
to wavelength.

3 ><’10.2|2 T T T T

Cross section cm%‘molecule

0 Il | ] L L L H |L Ll
760 762 764 766 768
Wavelength nm

Figure 3. O, absorption cross-section (T = 296 K).

Although scattering and absorption effects involve different physical processes, the
net effect of scattering can be regarded as an equivalent process to absorption and can be
calculated simultaneously [13]. Consider the Rayleigh scattering coefficient:

32783 (n(A) — 1)

3 MNG,

kr = 1.06 (11)

In the formula, 1.06 is the air depolarization factor, n(A) is the air refractive index,
and Ns, is the air number density at sea level. Thus, we can obtain the total extinction

coefficient:

Using the occultation simulation program [14], the coordinates of the star (7,1, 742,
..., Tan), satellite coordinates (141, 732, . . . , tpy), and corresponding time (t1, to, ... , t,) are
obtained within an occultation event. Considering the light bending caused by atmospheric
refraction, the star and satellite coordinate sets are input into the radio occultation 3D ray-

- = —
tracing program [15] to obtain the corresponding ray-tracing coordinates (/1, Iy, ... , I).
The temperature and oxygen density at each position is obtained by inputting the time
—

t, and the ray-tracing coordinate /,, into the NRLMSISEQO atmospheric model. The total
atmospheric optical depth T passed by the starlight:

W=y o3 (4,16 oy (165) ) s 13)
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o
0;j is the absorption cross-section of component j at location I(s). P; is the density of

—
component j at location I(s). After obtaining the total optical depth, the atmospheric
transmission can be obtained by Beer-Lambert’s law:

Tups(A) = e ™) (14)

The atmosphere also has the effect of refractive dilution, which can be calculated by
the following formula:
dp A 1

Tai = (15)

Here, p,4 is the position of the intersection of incoming and outgoing rays, ps is the
position of a satellite. D is the distance between the atmospheric screen and the observation
plane, both perpendicular to the star direction. w is the refractive angle [16].

At this point, the observed transmission of starlight through the atmosphere to the
instrument is:

Tops(A) = Taps(A) X Tdil()\) (16)

And the average transmission observed by the instrument between A1~A; is:

T (A F(A)Q(A)dA

obs —
2 F(A)Q(A)dA

(17)

Here, F(A) is the flux density of star, Q(A) is the quantum efficiency of photoelectric device.

A typical nocturnal atmospheric spatiotemporal parameter (LAT: —45.0, LON: —39.8,
YEAR: 2018, DAY: 180, UT: 06:00) is set, the spatial resolution of the 3D ray-tracing program
is set to 10 m, and the satellite orbit height is set to 830 km. The oxygen density within the
altitude of 0-150 km is considered. Then, T,;s(1) is obtained by performing the forward
model, as shown in Figure 4:

1 — =
I I W
1
o
o
:g 0.95 :
e
w
[
g
= oot 40 km| |
———60 km
——80km
758 760 762 764 766 768 770

Wavelength nm
Figure 4. The transmission varies with wavelength.

To verify the reliability of the forward model, actual detection data from the GOMOS
spectrometer (Data 1: LAT: 82.08, LON: —41.56, YEAR: 2005, DAY: 1, UT: 12:32 and Data
2: LAT: —23.60, LON: —101.78, YEAR: 2005, DAY: 1, UT: 05:16) were used to calculate the
average transmission in the 759.8-761.8 nm band and were compared with the results of
the forward model used in the previous section (spatiotemporally corresponding). The
results are as shown in Figure 5:
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Figure 5. Average transmission results of GOMOS and forward model in 759.8-761.8 nm.

It can be seen that the curves match well, and the numerical values and trends are
consistent, indicating that the forward model is reliable. The fluctuation of GOMOS data
curve is due to its low signal-to-noise ratio.

4. Filter Band Selection

We define the signal as the light intensity absorbed by the atmosphere rather than the
light intensity detected by the instrument. F is the stellar flux that is not absorbed by the
atmosphere and can be regarded as a constant in a narrow bandwidth. Assuming only
photon noise is considered, the signal-to-noise ratio formula is:

A2
1—T,.(A))FpdA
SNR — Al ( abs( )) 0 (18)

A2
f,\] Tobs(A)FOd)\

In general, the larger the bandwidth, the more spectral segments with low absorption
rates will be included, resulting in an increase in the average transmission. We need to find
an optimal bandwidth value to maximize the signal-to-noise ratio.

The forward results T,,s(A) and T,;5(A) of the typical spatiotemporal parameters are
substituted into Formula (18). We traversed the bandwidth and central wavelength to
calculate and record the highest signal-to-noise ratio achieved by different bandwidths.
As can be seen from Figure 6, for detection at tangent heights between 40 and 80 km, the
highest signal-to-noise ratio can be achieved when the bandwidth is between 1.5 and 2 nm.

Tangent 80 km :
0.118F ‘ ‘ ' ‘ N

SNR

e
.

0.09 q

0.5 1 1.5 2 2.5
BandWidth nm

0.59 Tanglent 60 km: ‘ ‘ . ‘

0.44 /M\
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Normalized SNR  Normalized SNR Normalized

0.5 1 1.5 2 2.5 3
BandWidth nm
Tangent 40 km :

1 . T T . 3
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BandWidth nm

Figure 6. The relationship between bandwidth and max SNR.
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Considering the processing of filters and engineering practice, the bandwidth of the
filter can be set to 2 nm. When the bandwidth is fixed at 2 nm, the highest signal-to-noise
ratio can be achieved when the central wavelength is set to 760.8 nm, as shown in Figure 7:

e Tangent 80 km
===-Tangent 60 km
Tangent 40 km

Normalized SNR

0 1 1 L 1
759 759.5 760 760.5 761 761.5 762
Central Wavelength

Figure 7. The relationship between central wavelength and SNR when bandwidth is set to 2 nm.

In summary, the filter band for the measurement of oxygen absorption A-band should
be set to 759.8~761.8 nm.

5. Signal-to-Noise Analysis

The brightness of the star and the size of the telescope are the key factors determining
the signal-to-noise ratio of the detection. The brightness of the star detected on Earth is
measured by apparent magnitude. The smaller the magnitude value, the brighter the star.
The ratio of brightness between two stars with a difference of 1 magnitude is 2.512 times,
and the conversion formula is as follows:

M; - M, = 2.512-1g(2) (19)
where M; and M, represent the apparent magnitude of star 1 and star 2, S; and S, represent
the brightness of the two stars.

The brightest star in the sky is Sirius, which has an apparent magnitude of —1.46. The
light flux density of Sirius at 760 nm is approximately 5.3 x 10~ erg/cm?/s/A [17], which
is equivalent to about 2 x 10* photon/cm?/s/nm. According to the statistical results of
the Hipparcos star catalog [18], there are a total of 48 stars with a magnitude of —1.46~2
in the sky, and their number and distribution are suitable as target light sources for the
telescope. Since it is difficult to obtain the flux density data of all these stars, we use the
flux density of Sirius as a reference and use the magnitude conversion Formula (19) to
approximately convert the light flux density of the stars with magnitudes between —1.46
and 2 near 760 nm to analyze instrument performance.

The light from a star is partially absorbed by the atmosphere and enters the telescope
of the instrument. After passing through the 2 nm filter, it hits the photoelectric device.
For a star with an apparent magnitude of M, the electrical signal generated by photons
in the A;~A; band when observed at a tangent height of H can be calculated using the
following formula:

2512~ M-146F5.())
he/A

A2
Ne(z) = /A | Tuts (A, 2)E(V)AT A (20)
Tops(A, z) is the forward results under typical atmospheric spatiotemporal parameters. E(A)
is the product of the instrument’s optical efficiency and the photoelectric device quantum
efficiency, which is set as a constant 55%. A is the telescope lens area, T is the photoelectric
device integral time set to 0.5 s, and Fg;(A) is the flux density of Sirius used as a reference.
h is Planck’s constant 6.626 x 1073* J's, and c is the speed of light 3 x 10® m/s. After
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obtaining the electrical signal N,, the signal-to-noise ratio can be calculated using the
following formula:

_ _ Ne(z0) = Ne(2)
B \/Ne(z) + Nread + Ndark (21)

zp is the tangent height at which starlight is not absorbed by the atmosphere. N,,,; is the
readout noise of the photoelectric device, with a typical value of 5 e~ rms. N, is the dark

current noise of the photoelectric device. Nowadays, devices can control dark current well
under cooling conditions, so this term is ignored.

SNR(z)

The telescope lens radius is set to 3 cm, 6 cm, and 12 cm, respectively, and the magni-
tude is set to —1.46, 0, and 2. The results are shown in Figure 8:

100 Lens radius 3 cm 100 Lens radius 6 cm 100 Lens radius 12 cm
Mag. of —1.46
———-Mag. of 0
%0 A == Mag. of 2 90 %0 A
i\ i\ i\
i\ i i\
80 1Y 80 1Y 80 1Y
@ ‘-l_ \ g '\ \ [} '\ \
RGN ERCIR IR
= PRI = PR = PR
S <ol N < ol i
60 i \ 60 i \ 60 i \
1 \ \ \ ! A
\ \ 1 \ \ \
i \ i \ i \
L L L \
50 ‘. ‘\ 50 ‘.. ‘\ 50 ‘l |
i \ i \ i \
i N ! N i v
40 e — 40 = L 40 . S :
0 5 10 15 20 25 30 0 10 20 30 40 50 60 0 25 50 75 100
SNR SNR SNR

Figure 8. The relationship between SNR and lens radius, apparent magnitude, tangent height.

For observations at the same tangent height, the signal-to-noise ratio increases with

the increase in lens radius and star magnitude. If the instrument is focused to detect oxygen
density at high altitudes, such as at around 80 km, and the higher the number of target
stars, the lens radius needs to be as large as possible to achieve a higher signal-to-noise
ratio. For a tangent height of 80 km, a 6 cm radius lens can achieve a signal-to-noise ratio
of 9 for observing Sirius and a signal-to-noise ratio greater than 1.8 for observing stars
brighter than a magnitude of 2. A 12 cm radius lens can achieve a signal-to-noise ratio
of 18 for observing Sirius and a signal-to-noise ratio greater than 3.7 for observing stars
brighter than a magnitude of 2. For higher altitudes, a 12 cm radius lens only achieves a
signal-to-noise ratio of 3.0 when observing Sirius at 90 km, and signal-to-noise ratios less
than 0.1 when observing at 100 km.

By analyzing the relationship between magnitude and signal-to-noise ratio, we can
select suitable target stars to achieve our detection performance requirements. As for the
radius of the lens, it should be optimized based on the number of bright stars and optical
design, according to the actual situation.

6. Conclusions

This paper establishes a stellar occultation full-link forward model according to the
characteristics of occultation instruments with a bandpass filter. It is dedicated to the detec-
tion of oxygen density at altitudes of 40-80 km. The observation band of 759.8-761.8 nm
is designed to achieve the highest signal-to-noise ratio. The transmission calculated by
the forward model is compared with the actual data detected by GOMOS. The numerical
values and trends of the two are quite consistent, indicating that the forward model is rea-
sonable and reliable. Finally, the signal-to-noise ratio corresponding to different instrument

parameters and target star magnitudes is analyzed. If high-altitude and multi-occultation

detection is desired, the lens radius should be greater than 6 cm. The research results of
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this paper provide a theoretical basis and design guidance for the development of stellar
occultation technology.

In future work, we will focus on establishing an oxygen-density retrieval model for
the occultation technology, as well as perform signal simulation and error analysis.
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