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Article
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Abstract: Molecular scattering (Rayleigh scattering) has been extensively utilized from the ground
with lidars and from space to observe the limb, thereby deriving vertical temperature profiles
between 30 and 80 km. In this study, we explore how temperature can be measured using the
new Ozone Mapping and Profiler Suite (OMPS) sensor, aboard the Suomi NPP and NOAA-21
satellites. OMPS comprises three instruments primarily tasked with studying the composition of the
stratosphere. Among them, the Limb Profiler (LP) measures the radiance of the middle atmosphere’s
limb (stratosphere and mesosphere, 12 to 90 km altitude) across wavelengths from 290 to 1020 nm.
This new dataset has been leveraged to derive temperature profiles with a vertical resolution of 1 km.
To validate the method, the OMPS-derived temperature profiles were compared with data from four
ground-based lidars, the ERA5 and MSIS models, and MLS at the lidar locations. The results indicate
that OMPS and the lidars agree within a margin of approximately 5 K from 30 to 80 km. Comparisons
with the models also show similar results, except for ERA5 beyond 50 km. Comparisons with MLS
exhibit slightly higher deviations than those with the lidars. We investigated various bias sources,
such as different attenuation sources that can generate errors up to 120 K in the UV range, while
instrumental errors are around 0.8 K, and noise issues can cause errors up to 150 K in the visible range
for OMPS. This study also highlighted the interest in developing a new miniaturized instrument that
could meet real-time observation of atmospheric vertical temperature profiles using a constellation of
CubeSats.

Keywords: limb observations; stratosphere; mesosphere; temperature; OMPS; cubesat; observations

1. Introduction

The Middle Atmosphere (MA) is a region that plays an important role in climate, acting as a
link between the troposphere (0-15 km) and the thermosphere (>100 km). Emissions of particles and
long-lived gases are mainly emitted in the lower atmosphere, whether from natural (volcanoes) or
anthropogenic sources (Tett et al., 2007). The upper atmosphere is mainly influenced by solar activity
(Beig et al., 2002). The MA is characterised by the presence of the ozone layer and dynamic processes
on different spatio-temporal scales that traverse it (Hauchecorne et al., 2009). In the long term, in
addition to ozone chemistry, which is highly dependent on temperature (Salby et al., 2002), the increase
in GHGs (greenhouse gases) also leads to cooling of the entire MA associated with global warming at
the surface (Rind et al., 1988, Beig et al., 2003, Keckhut et al., 2011). While the stratosphere is strongly
governed by planetary waves and associated stratospheric heating (Maury et al., 2016), the mesosphere
is subject to the impact of gravity waves (Mze et al., 2014), which reverse the horizontal temperature
gradient and lead to the generation of mesospheric inversions (Ardalan et al. 2022). On the other hand,
changes in the middle atmosphere have an impact on weather conditions (Baldwin and Dunkerton,
2001; Shaw et al., 2014; Charlton-Perez et al., 2018, Mariaccia et al., 2022 and 2023), but also on the
highest layers in the thermosphere via space weather (Srivastava et al., 2021), which needs to be better
quantified.
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In recent years, numerical weather models have seen their vertical domain extended to higher
altitudes and spatial resolutions improved (Beagley et al., 2000; Baldwin et al., 2003; Osprey et al., 2010).
However, the processes are difficult to model and validate due to the small number of measurements
available, particularly in the mesosphere. Weather balloon soundings (Parker and Cox, 1995) and
Radio Occultation observations using GNSS (Global Navigation Satellite System) signals from space
(Ladstädter et al., 2011) are limited to altitudes of around 30 kilometres. Meteorological sounding
rockets are no longer used because of the high costs involved (Keckhut et al., 1999). Observations at
nadir in the thermal infrared from space, such as the SSU (Stratospheric Sounder Unit) series, or in the
microwave range, such as the AMSU (Advanced Microwave Sounding Unit) series aboard NOAA
operational satellites, provide brightness temperatures below an altitude of 45 km and with extended
vertical resolutions (around 5-10 km). However, these low-resolution satellite observations provide
effective guidance for NWP (Numerical Weather Prediction) numerical weather prediction models
in the stratosphere. Observations from research-type sounders, such as those currently in use; MLS
(Microwave Limb Sounder) on board the AURA satellite or SABER (Sounding of the Atmosphere
using Broadband Emission Radiometry) affiliated to the TIMED mission, cover the mesosphere with
better resolution but sometimes with a strong bias (Wing et al., 2018). The data obtained with these
satellites is not assimilated into the NWP models because it is used for research purposes. The absence
of assimilated observations leads to biases and unrealistic variability in the meteorological analyses of
the European centre (Marlton et al., 2021, Mariaccia et al., 2022).

Observations by solar occultation, such as the HALOE experiment aboard UARS (Hervig et al.,
1996, Remsberg et al., 2002), make it possible to obtain temperature profiles with a vertical resolution of
the order of a kilometre. However, the observation geometry does not allow continuous observations.
From molecular scattering, it is possible to deduce temperature profiles in the middle atmosphere
above 30 km in the absence of particles in the atmosphere. This technique has been successfully
applied to Rayleigh lidar observations for over 40 years (Hauchecorne and Chanin, 1980) at the
Haute-Provence observatory in France. From space, by looking at the illuminated limb, it is also
possible to obtain global temperature observations using the onion peel method. This method has been
applied experimentally to several datasets obtained on different platforms such as Solar Mesosphere
Explorer (Clancy et al., 1994), WINDII on UARS (Shepherd et al., 2001), OSIRIS on Odin (Sheese et al.,
2012), and more recently to GOMOS observations on ENVISAT (Hauchecorne et al., 2019). These space
experiments were not designed to provide temperature profiles and were in fact derived research
products. These instruments were complex and enabled sophisticated observations of atmospheric
composition (Kyrola et al., 2004). GOMOS, for example, obtained precise altitude registration by
pointing to stars. Observations of molecular diffusion could probably be made using much simpler
on-board systems that could be flown aboard Cubesats (Keckhut et al., 2022). These systems could then
be deployed in constellations to provide operational, continuous observations that are unbiased by
atmospheric tides. The OMPS (Ozone Mapping and Profiler Suite) instrument recently put into orbit
was not intended to provide temperature measurements by molecular diffusion, as it was previously
also dedicated to atmospheric composition. However, it has a simpler instrumental design than
GOMOS, using a single image of the limb on a 2D sensor with no moving optics. It is therefore
interesting to evaluate the performance of this device, which is suitable for use on a future small
platform such as those dedicated to the radiation budget (Mustapha et al., 2023). OMPS data has
already been inverted to produce preliminary temperature profiles (Chen et al., 2023). The analysis has
been repeated here in order to gain a better understanding of the sources of bias and provide better
temporal continuity of the series, and to improve the design of other future systems in space.

The objective of this study is therefore to validate the method of inversion of limb observation
data obtained from a CCD imager by comparing them with the long lidar series obtained within the
framework of the NDACC (Keckhut et al., 2011) and already validated on several occasions (Singh
et al., 1996, Keckhut et al., 2004, Wing et al., 2018) and with MSIS climatological models (Piconne
et al., 2002) or with ERA5 meteorological analyses (Bell et al., 2021) widely used by the scientific
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community. These comparisons will make it possible to highlight the advantages and weaknesses of
the OMPS instrument design in order to consolidate the design of smaller instruments for deployment
in constellations. Section 2 of this publication will present the OMPS observations, lidars from the
NDACC network and the models used as a reference. Section 3 will deal with the inversion method.
Section 4 will present comparisons of the inverted OMPS data with the lidar data in conjunction
with a variability estimation method described in year 2. Part 5 will discuss the performance and
improvements required for a reduced instrument with optimum performance. Finally, the conclusions
of this study will be presented in Section 6.

2. Description of the OMPS Instrument and Validation Data

2.1. OMPS Description

The Ozone Mapping and Profiler Suite (OMPS) consists of nadir-viewing and limb-viewing
instruments aboard the Suomi NPP, NOAA-20, and NOAA-21 satellites, whose main objective is to
study the composition of the stratosphere (Jaross et al., 2014). These satellites are in sun-synchronous
orbit at an altitude of around 830 km, and their position enables them to cover the entire globe (-90 to
90 degrees latitude) 14.5 times a day (14.5 orbits). As the instruments need to receive scattered sunlight
to obtain quality observations, the data are selected when the satellite passes through the daytime part
of the orbit. The Limb Profiler (LP) instruments, flown ont the Suomi NPP and NOAA-21 satellites,
measures the Earth’s radiance in the 290 - 1020 nm spectral range, with sunlight as the main source
scattered by atmospheric molecules (Rayleigh scattering) in our field of study (30 - 85 km). We have
used the SNPP data.

The operation of the LB is simple. The Earth’s limb is observed via 3 slits with a fixed field of
view of 1.85 degrees, covering an altitude range from 0.5 to 100.5 km. The first slit is centred on the
satellite ground track and the other two are oriented 4.25 degrees to the right and left of the first (250
km separation at the tangent point). Once the light has been scattered by the Earth’s atmosphere, it
enters through one of the 3 slits. Then, in the optical path, it encounters a prism that disperses the light.
The spectral range studied is broad, and the ultra-violet range is obtained with better resolution than in
the visible and infra-red. This data is then processed and corrected by the OMPS team to provide users
with level 1 data for which noise, linearity and calibration problems are eliminated. OMPS differs from
the GOMOS instrument, which scanned the limb, in that it uses a CDD detector to simultaneously
image the full vertical dimension of the atmosphere.

2.2. Description of Lidar Data

The Network for the Detection of Atmospheric Composition Change (NDACC) is an international
network of ground-based remote sensing stations around the world with a number of objectives
(Kurylo and Solomon, 1990). The main objective is to monitor changes in stratospheric ozone and the
parameters and components that affect its chemical balance at a number of strategic points, and to
deduce changes and trends in atmospheric composition. It also aims to create a long-term database
to validate the sensors in space. In the mesosphere, these reference data are sorely lacking, making it
difficult to estimate trends (Beig et al., 2002). Lidar using molecular scattering is a well-suited technique
for deducing a vertical temperature profile in the middle atmosphere (Hauchecorne and Chanin, 1980).
The instrument located at the Haute-Provence Observatory has been used to validate a large number of
instruments between 30 and 80 km altitude with 40 years of continuous measurements. These include
missions such as UARS (Fishbein et al., 1996; Gille et al., 1996; Hervig et al., 1996; Singh et al., 1996;
Remsberg et al., 2002, Wu et al., 2003; Keckhut et al., 2004, Ridolfi et al., 2007), ACE (Sica et al., 2008),
MLS-Aura and SABER-TIMED (Sivakumar et al., 2011, Wing et al., 2018b). These observations can also
be used to ensure continuity and connection between similar sensors successively in space, such as the
SSU/NOAA series (Keckhut et al., 2011) or AMSU/NOAA (Funatsu et al., 2008, 2016). The quality of
the NDACC lidar is insured by continuous on-site intercomparisons with a mobile instrument (Sing et
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al., 1996; Keckhut et al. 2004, Wing et al., 2018, 2020) and also software intercomparison (Leblanc et al.,
1998) or using satellite observation as geographical transfers (Wild et al., 1995).

2.3. Description of the MSIS and ERA5 Reference Climatologies

MSIS is a climate model developed by the Naval Research Laboratory (NRL) which has recently
been updated to version 2.0 (Emmert et al., 2021). It describes the mean behaviour of temperature, the
density of numerous chemical species and mass density using an analytical formulation. In particular,
it incorporates seasonal variations and fluctuations as a function of altitude, latitude and longitude.
The main input data are the date in the year, the geographical coordinates and the altitude range used
to obtain a vertical profile.

ERA5 is a hybrid analysis produced by the ECMWF (European Center Medium for Weather
Forecast). It is based on meteorological fields provided by a single meteorological model and constantly
guided by various global observations covering the last 7 decades. This analysis provides estimates of
numerous atmospheric climate variables for each day. The data used is resolved over 137 levels, from
the surface to around 80 km (Hersbach et al., 2020).

MSIS and ERA5 operate differently. MSIS covers a wider vertical range from 0 to 1000 km, while
ERA5, with its 137 levels, is limited to the mesopause with a so-called ‘sponge’ region in its upper part
in the mesosphere. ERA5 provides a wealth of information about the atmosphere, but here we are only
interested in temperature, pressure and density profiles. Comparisons already carried out show very
good agreement between lidars and meteorological analyses in the stratosphere, but major differences
in the mesosphere (Marlton et al., 2021, Mariaccia et al., 2022).

3. Description of the Temperature Inversion Method

The inversion method based on molecular diffusion has been described in many previous
works (Hauchecorne and Chanin, 1980; Clancy et al., 1994; Shepherd et al., 2001; Sheese et al.,
2012; Hauchecorne et al., 2019; Chen et al., 2023) and is based on the law of perfect gases linking
temperature, atmospheric density and pressure and the law of hydrostatic equilibrium linking density
and pressure. This method has been widely used for the lidar temperature measurement technique
(Hauchecorne and Chanin, 1981). The quality of these observations is mainly due to the quantity of
light collected. It should be remembered that the scattering signal observed at the limb from space
decreases with the altitude of observation due to the decrease in molecular density. At a certain altitude,
this signal becomes small compared to instrumental artifacts. One of the sources of uncertainty lies
in the initialisation at the top of the profile, the estimation of noise and therefore the quantity of
photons collected, which determines the accuracy of the measurements (Keckhut et al., 1993). The
part below 30 km is not used during processing because it is potentially polluted by ambient aerosols
and particles (Khaykin et al., 2017). In addition to inversion, measurements from space need to take
account of the fact that scattering occurs over the entire light path and that the line of sight passes
through different atmospheric layers in different proportions. In order to assess the best spectral range,
it is necessary to evaluate the impact of the different components on the inversion according to the
different wavelengths available through OMPS and to assess the quality of these correction.

3.1. Initialization Altitude and Stray Light Correction Calculation

The NASA teams involved in processing the raw OMPS signals estimate only electronic noise,
not including other sources of noice or instrument error. Lidar analyses have shown us that these
operation are extremely sensitive if even a weak signal remains in the altitude range where noise is
estimated (Keckhut et al., 1993). This is made even more critical in the case of the OMPS instrument by
the fact that the altitude range is limited to 83.5 km where molecular scattering may be still present
in the signal at the highest altitudes. The first step in the process is therefore to establish the altitude
range for the inversion, and in particular the initialization altitude (known as the init altitude). This is
set at the moment when the radiance measured at the upper layer becomes greater than the radiance
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measured at the lower layer. We consider that we are in the noise domain when this happens, and
the init altitude is set at the lower altitude. In order to estimate the stray light correction we compare
the signal from the MSIS model with the observations. We simulate a radiance profile from the MSIS
density profile. We calculate a constant signal to remove or add to the signal to obtain the same slope
in the simulated MSIS and OMPS radiance profiles in the last 5 kilometres.

The stray light level is therefore estimated using the formula given below:

Bruit =
profilinit−5 × RadMSISinit − profilinit × RadMSISinit−5

RadMSISinit−5 − RadMSISinit

This new stray light correction is more or less effective depending on the wavelength range. In
the visible range in particular, residual scattering must be estimated, otherwise significant differences
of up to around 150 K can be observed above 70 km (Figure 1).

Figure 1. Example of the effect of noise correction on a daily profile in relation to the position of the
site on La Réunion where the lidar is located. Temperature inversions are performed using several
wavelength bands available on the OMPS instrument. On the left are the profiles with noise estimated
from the latest channels, on the right the profiles with noise estimated using the MSIS model as
described in Section 2.

3.2. Onion Peel Method

As mentioned above, the OMPS team provides an integrated radiance profile with 1-km vertical
resolution, i.e. the radiance measured on the line of sight is affected by the upper layers. In order to
correct for the contribution of the other layers, we apply the so-called ‘onion peel’ technique, which
allows us to obtain the radiance value of each layer by ‘removing’ the layers above it:

newprofili = profili − profilj ×
(√

j − i + 1 −
√

j − i
)

with j = i + 1(√
j − i + 1 −

√
j − i

)
representing the weight of layers j in layer i, proportional to the length

of the line of sight i in the j layer.
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This method assumes that the atmospheric layers are homogeneous over the viewing distance. It
gives excellent vertical resolution (of the order of a km) but does not provide information on horizontal
variability better than a few 100 km as a function of altitude (Figure 10).

Figure 2. As indicated in Section 2.1, the green part of the profile is unused, the red part is the profile
measured by OMPS and the violet part is simulated using an inverse exponential thanks to the red
part. The initialisation altitude marks the ‘boundary’ between these 2 parts.

3.3. Observation Geometry for OMPS Layers

Sunlight entering the instrument is attenuated by the absorption of constituents. In the UV/Visible
spectral range, it is mainly O3 and NO2 that cause a reduction in the radiance of the layers observed,
particularly around areas where the constituent is in high concentration, in our case the stratosphere.
Similarly, molecular scattering (known as Rayleigh scattering) diffuses photons via the molecules
encountered, thus reducing the signal received, particularly towards the lowest layers where the
density of the air increases. It is therefore necessary to evaluate the distance of each path in
order to apply a reduction corresponding to the concentration of the component in the layer under
consideration.

Dc−Sati =
√

Rcouche2
i − Rcouche2

i−1

Dc−Sati corresponding to the distance covered in layer i by the radiance to reach the satellite

Rcouchei corresponding to the terrestrial radius at layer i

By performing the calculation for the highest layer, it is possible to estimate the signal reduction
for the layer below, and thus to obtain the calculation for the entire vertical profile. This method
assumes that the layers are homogeneous in their composition.
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Figure 3. This diagram illustrates the path taken by the radiance in each layer observed by OMPS.
At each layer, the radiance is scattered by air molecules and absorbed by ozone and nitrogen dioxide
molecules. RCouchei

represents the radius from the Earth to the given layer, and Dc-Sati represents
the distance that the radiance in layer i crosses to reach the satellite. Similarly, Dsol-ci

represents the
distance traveled by the radiance arriving from the sun to the layer.

Once the distance matrix has been obtained and using modelled density profiles, modelled NO2
profiles and O3 profile measurements, we can measure all the radiance loss that applies to each
observation path. The first thing we notice is that between km 45 and km 30 the total correction that
must be applied to the profile to correct it is almost multiplied by 10, whatever the wavelength (Figure
4).

Next comes the wavelength correction difference. From around 330 nm to 420 nm, the total
attenuation of the signal decreases to a minimum as we leave the Huggins absorption band for O3 and
Rayleigh scattering also decreases. From 420 nm onwards, despite the fact that Rayleigh scattering
continues to fall, we see an increase in the total attenuation of the signal. This is due to the fact that we
are entering the Chappuis absorption band for O3. The NO2 correction remains more or less constant
throughout the spectrum of the study, with a slight increase up to around 400 nm and then a slight
constant decrease. Once again, depending on the wavelengths chosen, the total correction of the profile
required is almost multiplied by 10 when taken at the same layer (Figure 4).
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Figure 4. Total signal attenuation applied to radiance profiles for different wavelengths.

3.4. Diffusion and Absorption of the Various Constituents of the Middle Atmosphere

3.4.1. Rayleigh Scattering

Since our initial hypothesis assumes Rayleigh scattering of the atmosphere above 30 km, we can
use the molar mass of the air to find the number of ‘Rayleigh’ (Ni-Rayleigh) molecules in each layer of
the atmosphere:

Ni−Rayleigh =
ρi × NA

Mair

with :

ρi the density of the layer in cm−3

NA = 6.022 × 10−23 mol−1 Avogadro’s number

Mair = 28.965 g/mol the molar mass of air

The Rayleigh scattering per molecule is given by the formula below (Bucholtz, 1995):

σλ−Rayleigh =
24 × π3 × (n2

s − 1)2

λ4 × N2
s × (n2

s + 2)2 × 6 + 3 × ρn

6 − 7 × ρn

σλ−Rayleigh the wavelength in cm λ

nsthe refractive index of the air at λ(unitless)

Ns the numerical molecular density of air

ρn the depolarising factor at λ (unitless)

σλ-Rayleight and Ni-Rayleight allow us to find the total Rayleigh scattering of a layer :

βλi-Rayleight = σλ-Rayleight × Ni-Rayleight
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From around 330 to 380 nm, the Rayleight correction’s contribution to total signal attenuation
increases to almost 100%, and at these wavelengths it is the greatest source of error. After 380 nm its
share gradually decreases, giving way to O3 and NO2 absorption (Figure 5).

Figure 5. Share of Rayleigh scattering in total signal attenuation in % at different wavelengths

3.4.2. Ozone Absorption

O3 absorption is measured in the laboratory for a given wavelength and temperature (σλT−O3
)

(Serdyuchenko et al., 2014). The number of O3 molecules is measured by the same instrument that
measures OMPS radiance profiles (Kramarova et al., 2018). With these 2 values, we obtain the ozone
absorption for each layer measured by OMPS:

βλT−O3
= σλT−O3

× Ni-O3

Figure 6. Example of an O3 profile measured by OMPS in the middle atmosphere
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For O3, the effects of the Huggins-Chappuis absorption bands can be seen in the total attenuation
of the signal. In the Huggins absorption band, the O3 absorption accounts for a large part of the
correction (up to 40%) but as Rayleigh scattering is also very strong at these wavelengths, it is not
the most important part of the correction. The proportion then decreases to almost 0% between the 2
absorption bands. Once the start of the Chappuis band is reached, it increases again until it reaches 80%,
becoming the largest source of error. It should be noted that the Huggins and Chappuis absorption
bands are extremely similar in absorption values, the difference being that Rayleigh scattering is much
weaker in the Chappuis band (Figure 7).

Figure 7. Share of O3 absorption in total signal attenuation in % at different wavelengths

3.4.3. Nitrogen Dioxide Absorption

NO2 absorption is also measured in the laboratory for a given wavelength and temperature
(σλ−NO2) (Bogumil et al., 2003). Variations in NO2 concentration are given by the WACCM model
(Whole Atmosphere Community Climate Model (Kyrölä et al., 2018)) which is a climate modelling
software package developed to study and simulate the complex large-scale interactions between
different components of the Earth’s atmosphere, The profiles given are monthly profiles. With these 2
values, we obtain the absorption of Nitrogen Dioxide for each layer modelled by WACCM :

βλTi−NO2
= σλT−NO2

× Ni-NO2

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 21 August 2024                   doi:10.20944/preprints202408.1538.v1

https://doi.org/10.20944/preprints202408.1538.v1


11 of 29

Figure 8. Example of a NO2 profile in the middle atmosphere

NO2 absorption varies little compared with O3 absorption and Rayleigh scattering in our study
area, so the main cause of variation in its share of total signal attenuation comes from the variation in
O3 absorption and Rayleigh scattering (Figure 9).

Figure 9. Share of NO2 absorption in total signal attenuation in % at different wavelengths

3.5. Correcting the Attenuation of Radiance Profiles

The total attenuation of the sign as seen in part 3.4, coupled with the light paths calculated in part
3.3, enables the radiance profile to be corrected:

newprofil2i = newprofili × e
Dc-si×(βλi−Rayleigh

+βλT−O3
+βλT−NO2

)

Now that we have corrected for the loss of radiance caused by Rayleigh scattering, O3 and NO2
absorption during the layer-to-satellite ‘path’, we need to correct for the same loss caused during
the sun-to-layer ‘path’. First we calculate the Rayleigh phase function (Chandrasekhar , 1950) at our
scattering angle :
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Prayθ =
3

4(1 + 2γ)

[
(1 + 3γ) + (1 − γ) cos2 θ

]
with :

γ =
ρn

2 − ρn

θ = ẑ + 90◦

ẑ measured zenith angle

We then calculate the angular volume diffusion coefficient :

βθλi =
βλi−Rayleigh

4π
× Prayθ

New radiance profile :

newprofil3i =
newprofil22i

βθλi

(Note that variations in the zenith angle are negligible, so we will keep the z measured throughout
the profile).

As with the layer-satellite ‘path’, the sun-layer ‘path’ also generates radiance losses caused by the
combination of the observation geometry and Rayleigh scattering, O3 and NO2 absorption. According
to al-Kashi’s theorem, we can write :

D2
c-soli − 2 × Rcouchei × cos α × Dc-soli + R2

couchei − R2
couchei+1 = 0

with :

α = 180◦ − z

As with the layer-satellite path, this matrix continues until the last layer where the treatment is
applied, allowing the profile to be corrected.

newprofil4i = newprofil3i × e
Dc-si·(βλi−Rayleigh+βλT−O3

+βλT−NO2
)

The newprofil4 and newprofil3 are the radiance profiles received by each layer, but we want
the radiance profile that should have been measured by the satellite, so we need to make this last
calculation:

newprofil5i = (newprofil4i − newprofil3i)× βθλi

Calculating these 2 paths gives us the horizontal resolution of the instrument. This resolution
changes with altitude, but always reaches a maximum at around 110 km, as shown in the figure below:
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Figure 10. Representation of the horizontal resolution for three tangent heights, each point represents a
layer measured by OMPS
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(a)

(b)
Figure 11. (a) Temperature profile obtained without correction of the radiance profile, (b) the same
temperature profile after correction of the radiance profile.

This resolution, combined with the effects of Rayleigh dispersion and O3 and NO2 absorption,
results in a variation in the radiance profile obtained, which must be corrected. Below is an example of
O3 and NO2 profiles and a curve showing the percentage correction for each of these effects :
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Figure 12. Kelvin correction at different wavelengths (raw profile - corrected profile)

3.6. Calculating the Temperature Profile

Now that we have the corrected radiance profile, and given that Rayleigh scattering is proportional
to atmospheric density in our study space, we can calculate the temperature profile of the radiance
profile by applying the law of perfect gases, hydrostatism and an initialization temperature :

hscale =
0.287 × tempinit

Gzinit

Initialization pressure :

Pinit = newprofil5init × hscale × Gzinit

Calculating the pressure and temperature profile :

Pi = Pi+1 +
newprofil5i + newprofil5(i+1)

2
× Gzi

Ti =
Pi × 0.287

newprofil5i

With :

tempinit MSIS 2.0 model temperature at initialisation altitude

Gzinit gravity at the initialization point

4. Comparisons of Temperature Profiles Obtained with the OMPS Instrument with Lidars from the
NDACC Network

4.1. Collocation Information

The lidars chosen for the comparisons are sites with different characteristics and high-performance
instruments that have already been extensively involved in numerous instrumental comparisons :

• Observatoire de Haute-Provence (OHP) located in the south of France at 43.94° N, 5.71° E,
• Mauna Loa Observatory (MLO) located in Hawaii at 19.54° N, 155.58° W,
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• Observatoire de Physique Atmosphérique de La Réunion (RUN) located in the Indian Ocean on
the island of Réunion at the geographical position 21.1° S, 55.4° E.

• Hohenpeißenberg Meteorological Observatory (HOH) located in Germany at 47.80° N, 11.02° E.

To ensure coincidence between the lidar sites and the OMPS satellite data, we chose a 10°*10°
geographical area centred on the lidar positions. The geographical area chosen is a compromise
that allows us to retrieve one satellite data item per day, enabling us to base the comparison on a
larger number of cases. It should be noted that in order to obtain quality temperature profiles, the
observations must be carried out at night and in cloud-free weather conditions. Similarly, for reasons
of cost and operator availability at night, the lidars do not operate continuously and we do not have
a reference temperature profile every day. To complete the comparisons between OMPS and Lidar
observations, we carried out a systematic comparison with the MSIS 2.0 and ERA5 models. The
temperature profiles of the models were extrapolated to the position of the lidars and to the time of
passage of OMPS.

4.2. Wavelength Analysis

We analysed the different temperature profile inversions obtained for the different wavelengths
available with the OMPS spectrometer with a step of 1 nm over the spectral range from 330 to 562 nm.
The signal received is a combination of the scattering efficiency of solar radiation and attenuation. The
solar spectrum follows Planck’s law (Meftah et al., 2023) with a maximum around 550 nm. In our study
range, which is between 230-1020 nm, the power per square metre received by the atmosphere can vary
by up to a factor of 4 depending on the wavelength chosen. Molecular scattering efficiency depends
on Rayleigh’s law (Bucholtz, 1995) and gives a maximum scattering efficiency for short wavelengths;
in our study range, scattering varies by up to a factor of 100. As described in the previous chapters,
total attenuation due to atmospheric composition modulates the signal by a factor of 10 and must also
be taken into account. The combination of all these factors is illustrated in Figure 13. It appears that
the wavelength range around 450 nm is ideal, but for wavelengths shorter than 330 nm the conditions
for obtaining good temperature profiles are no longer met due to attenuation.
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Figure 13. Example of Earth limb radiances measured by OMPS on 13 August 2012 at 45°N latitude
(Jaross et al., 2014).)

Since scattering is optimal at short wavelengths, we stopped this sensitivity study at 562 nm.
On the other hand, due to instrumental problems, the spectral range between 360 and 380 nm is
not available. For reference purposes, we carried out this analysis over 4 lidar sites for 2015. In
particular, we observed similar behaviour for the comparison with all 4 sites. The differences are
radically different for wavelengths between 399.15 and 450.63 in the mesosphere between 50 and 70
km, as can be seen for example for the Réunion site (Figure 14).
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Figure 14. Temperature difference between OMPS and the lidar on Réunion Island at different
wavelengths

The comparisons show 2 groups of wavelengths, one that will give positive temperature variations
(1-3 K) for wavelengths between 380 and 439 nm and another of negative differences for short (<359
nm) and long wavelengths (> 450 nm).
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Figure 15. The effect of aerosols on temperature profiles can be seen between 20 and 30 km. As the
wavelength increases, aerosol scattering takes precedence over molecular scattering. Lidars do not
provide temperature data below 30 km, so we show this phenomenon using MSIS differences.

Analysis at lower altitudes towards the middle stratosphere shows discrepancies that are probably
due to the presence of aerosols. The comparison with lidars, which are also sensitive to the presence of
aerosols, is not relevant for validating the OMPS inversions in this altitude range. On the other hand,
comparison with the MSIS climatological model shows that the differences increase logically with the
wavelength, confirming the reason for these differences. As this contribution is difficult to correct,
it seems more appropriate to select short wavelengths, thereby minimising this effect. On the other
hand, it is also the shortest wavelengths that are least affected by noise in the upper mesosphere, as we
showed in part 3.1 Figure 1. For all these reasons, we have chosen to select wavelengths from 335 to
345 nm for this study and to add them together in order to reduce the measurement noise due to the
entire acquisition chain, from the optics to the detector.

The standard deviation between these different profiles calculated for each wavelength makes it
possible to estimate the intrinsic error linked to our inversion method applied to the observations of
the OMPS instrument. In a perfect case, all the wavelengths are supposed to give the same results,
since they are all looking at the same scene. The temperature variations between the signals from
the different wavelengths are therefore due to the uncertainty in the radiance measurement. The
corresponding error is less than 1 K.
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Figure 16. Point cloud and its mean standard deviation of temperature inversions obtained with each
wavelength as a function of altitude.

4.3. Results of Temperature Analyses for Each Site

As mentioned in Section 4.1, we compared the results obtained via OMPS with 4 lidars from the
NDACC network, the 2 MSIS and ERA5 models and the MLS satellite instrument. Here is the list of
the number of comparisons for each position:

• OHP : 1685 comparisons for MLS, MSIS and ERA5 and 777 comparisons against lidar between
2015 and 2020.

• MLO : 990 comparisons for MLS, MSIS and ERA5 and 493 comparisons with lidar between 2015
and July 2018.

• RUN : 1207 comparisons for MLS, MSIS and ERA5 and 257 comparisons against lidar between
2015 and 2020, there are no comparisons for the year 2016.

• HOH : 597 comparisons for MLS, MSIS and ERA5 and 263 comparisons against lidar for the 2
years 2015 and 2016.
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Figure 17. Comparisons of OMPS temperature profiles with MLS, ERA5, MSIS 2.0 and HOH. On the
left are the differences between OMPS and the various sources compared, in the centre the standard
deviation and on the right the uncertainty on the standard deviation. In order from first to last line, the
study sites are : OHP, RUN, MLO and HOH.

The temperature differences between OMPS, MSIS and the lidars show very similar results, never
exceeding 5 K except for the HOH lidar at high altitude and the MLO lidar below 35 km. For the HOH
lidar, this is probably due to the fact that the statistical error associated with this lidar is smaller than
that of other lidars and that its range rarely exceeds 75 km. At this altitude, the lidar’s temperature
error exceeds 20 K, so the results for this high-altitude site should be treated with caution. For the
MLO lidar, we believe that it is the effect of aerosols, the effects of which we have not taken into
account, that is responsible for this variation. In fact, we observe a slight increase in the standard
variation compared with all the lidars below 35 km and it is known that stratospheric aerosols begin
to be observable at these altitudes (Khaykin et al., 2017). This altitude zone is therefore subject to
uncertainties, although in view of the proportions and results available to us, this uncertainty remains
more or less low depending on the sites.

The differences with MLS are a little greater, sometimes reaching 10 K as in the case of the OHP
site, and finally we have the case of ERA5 where the differences are very small below 50 km but
increase sharply after that, sometimes reaching more than 10 K.

At higher altitudes, the standard deviation increases gradually in the mesosphere, due to gravity
waves and instrumental errors in the Lidar and OMPS signals. The systematic deviations observed
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in the mesosphere may be induced by atmospheric tides, as the measurements are not obtained at
the same time. We note that for HOH and OHP the standard deviation drops suddenly at very high
altitudes. This is only due to the fact that the temperature profiles of these lidars generally stop earlier
than MLO and RUN, so there are very few values to compare at very high altitudes and the standard
deviation is therefore not significant. As can be seen, the uncertainty on these standard deviations is
very low except for the last kilometre, where there is a sharp increase. The reason for this is that at
this altitude there are far fewer comparisons due to the variable initialisation altitude. It is important
to understand that these variations are not ‘errors’ but rather expected results, as illustrated in the
diagram below :

Figure 18. The red zone represents the calculated expected differences. The blue and yellow curves
represent the temperature differences between OMPS and OHP at 2 and 3 std.

Using an internal procedure, we can calculate the variations due to gravity waves, atmospheric
tides and errors in the measurements of the expected lidar caused by the temporal spatial differences
between OMPS and the OHP lidar. We then compare the average of the variations calculated
throughout the study with the variation in the measurements obtained, and we can see that the
calculated variations are between 2 and 3 std of the measured variations.

4.4. Discussion and Conclusion of Comparisons

ERA5 is a meteorological analysis combining a sophisticated atmospheric model and global
observations. These temperature fields show excellent results in the stratosphere (Mariaccia et al.,
2022). They are also in very good agreement with the OMPS data, down to 50 km (~3 K ). In the
mesosphere, on the other hand, the differences increase very quickly at all the lidar sites, confirming
the previous results (Mariaccia et al., 2021) confirmed with observations from the other lidar sites.
The differences between the OMPS data and the MSIS climatological model show a high degree of
consistency between the sites and are very similar to the differences with the lidars, MSIS being a
climatological model showing excellent results on average.

MLS, which is one of the only sources of temperature measurements in the AM, generally has
the largest deviations from OMPS, except in the case of ERA5 in the upper mesosphere. Note that the
vertical resolution of MLS is between 3 and 6 km, while that of OMPS, ERA5 and MSIS is 1 km. In
addition, the orbit of the AURA satellite on which MLS is located is in a 13:30 sun-synchronous orbit,
same as SNPP. There are good coincidences beetween OMPS and MLS approximately every 32 days,
so it is difficult to determine how MLS is affected by atmospheric tides and gravity waves.
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5. Application to a Miniaturised Instrument

5.1. Application to a Miniaturised Instrument

One of the aims of this study was also to test whether this method would be reliable enough for
application on a smaller instrument such as a cubesat. The lack of temperature data in the mesosphere,
the biases and drifts observed with the European centre model and the interference with atmospheric
tides are driving the development of a nanosat constellation looking at molecular diffusion (Keckhut et
al., 2021). Tests carried out using GOMOS limb observations on ENVISAT had already demonstrated
the benefits (Hauchecrone et al., 2019). But the complexity of measuring the GOMOS limbus with a
tracker that scans the limbus seemed difficult to miniaturise. The method used in the OMPS instrument
(Jaross et al., 2014), by projecting the image of the entire limbus onto a single CCD seems more suitable
and the use of a dispersive element, is not necessary and would further simplify a small instrument.
This study, carried out using the OMPS instrument, showed that it was possible to obtain excellent
results from molecular scattering using an OMPS-type instrument, and in a more simplified way than
GOMOS. The OMPS instrument can nevertheless be used to test the value of different wavelengths.

5.2. Signal Strength

Section 4.2 showed that attenuation on profiles below 330 nm no longer allows temperature
profiles to be obtained up to 30 km, so these wavelengths should be avoided.

We can obtain temperature profiles via radiance profiles over the entire range of solar radiance
in the visible and even in the near UV at a minimum starting altitude of 35 km. Below this altitude,
molecular scattering is supplemented by a contribution from aerosols suspended at these altitudes. As
these effects are more significant at longer wavelengths, it seems preferable to use shorter wavelengths.

5.3. Noise Assessment

The 83 km limit in this study is not due to the method but to the limit of the measurement zone
over which the OMPS electronics look at the limb. As shown in Section 3.1, this configuration does not
allow the noise level to be estimated correctly. The method used here shows that it is possible with the
model to eliminate bias, but ideally it is important to have a larger field of view. This will correct all
the measurement problems associated with noise. It should be noted, however, that the profiles least
affected by this correction are the UV profiles, which shows that once again it seems preferable to use
these wavelengths.

5.4. NO2 and O3 Corrections

The source of error linked to Rayleigh scattering is easily corrected using ERA5 profiles, which
are very good when this starts to have an impact on the results. Ozone absorption can easily be
avoided by measuring the radiance between the Huggins and Chappuis absorption bands. The NO2
correction remains stable throughout the usable spectral range and is therefore difficult to avoid. To
avoid correcting the profiles as much as possible, it is therefore preferable to use the wavelengths
where the total attenuation of the signal is lowest, between the Huggins and Chappuis absorption
bands.

6. Conclusions

Comparisons between OMPS, the lidars of the NDACC network, MLS and the MSIS and ERA5
models show that it is possible to obtain temperature profiles from images of the limb between 30 and
83 km. We have seen that the median difference oscillates around 0 K with maximum peaks of 5 K. The
variations in the measured deviations correspond to between 2 and 3 e-c of the calculated deviations,
showing that the gravity wave and atmospheric tide phenomena that occur between OMPS and the
lidars are well observed.
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The study also made it possible to establish all the difficulties involved in a project to monitor
temperature in the middle atmosphere using CCD measurements of radiance at the limb. Stray light
that can to errors of up to 150 K in the upper mesosphere needs to be corrected either by extending
the field of view beyond molecular diffusion, like 130 km, or by estimating it using a simulated
profile. Aerosol pollution starts between 30 and 35 km altitude and intensifies as altitude decreases or
wavelength increases. Finally, simple scattering and absorption by O3 and NO2 are factors to be taken
into account when designing such a mission because we’ve seen that they can generate errors of up to
120 K, and to avoid all these effects as much as possible it is preferable to observe the limb between
Huggins and Chappuis band of absorption.

In addition to creating a completely new database using OMPS data, which covers the whole
planet in an area (the Middle Atmosphere) that is very difficult to study, this method of calculating
temperature is very easy to use and can be applied to any instrument that measures the radiance of the
Earth’s limb between between 30 and 130 km in all the visible and near-UV wavelengths with better
results nearby 340 nm to limit aerosols effect or 385 to limit correction, as has already been proved
by the GOMOS instrument, This opens the door to the creation of a limb temperature database using
existing instruments and future instruments embedded, for example, in cubesats, thus drastically
reducing the number of times we have to observe our beautiful planet.
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