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ARTICLE INFO ABSTRACT

Dataset link: https://github.com/LeoBosse/ana
lysis/tree/master/pomerol, https://eogdata.mi
nes.edu/products/vnl/, http://eodg.atm.ox.ac.
uk/RFM/atm/, https://www.eorc.jaxa.jp/ALO
S/en/index_e.htm

We introduce a new polarized radiative transfer model able to compute the polarization measured by a virtual
instrument in a given nocturnal environment recreating real world conditions (1-dimensional atmospheric and
aerosol profiles, 3-dimensional light sources with complex and widespread geometries, terrain obstructions).
Initially developed to address the issue of aurorae and nightglow polarization, the model has potential
applications in the context of light pollution, or aerosols and air pollution measurements in night time
MSC: conditions. We provide the physical assumptions behind the model together with the main points regarding

85A25 its numerical implementation, together with the inherent constraints and liberties it brings. The model, based
86A10 on single scattering equations in the atmosphere, is first tested on a few simple configurations to assess the
Keywords: effect of several key parameters in controlled environments. The model outputs are then compared to field
Polarized radiative transfer measurements obtained in four wavelengths at mid-latitude in a dark valley of the French Alps, 20 km away
Night lights from the closest city. In this context where the nightglow emissions are supposedly stationary and widespread,
Pollution a convincing fit between the model predictions and observations is found in three wavelengths. This

Mesospheric emissions confrontation of ground-based records with our modeling constitutes a proof of concept for the investigation
of our polarized environment in nocturnal conditions, in the presence of localized and/or extended sources.
It calls for further investigations. In particular we discuss the future need for inter-calibrating the sources
and the polarimeter in order to optimally extract the information contained in such measurements, and
how multiple-scattering (not implemented in the present study) could impact our observations and their

interpretation.

1. Introduction only refer to some recent works. Emissions exist at all latitudes (Par-

ihar et al.,, 2018). Their origin is due to chemical reactions (Plane

The main auroral emissions are due to the atomic oxygen and
molecular ion nitrogen Nz+ . The former produces the red (630 nm)
and green (557.7 nm) light at the altitudes of about 220 and 110
km respectively. The latter emits in a large band amongst which the
most prominent emissions are the blue (427.8 nm) and the purple
(391.4 nm) radiation, around an altitude of 85 km. They mainly orig-
inate in the collisions between precipitated electrons and the ambient
atmosphere (see for example Banks and Kockarts, 1973).

These emissions are pronounced at high latitudes, in the auroral
ovals. They also exist at lower latitudes, where they are called night-
glow (Leinert et al.,, 1998). The literature is abundant and here we
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et al., 2012) and collisions, either between neutral molecules or atoms,
or between ambient ionospheric electrons and gases (Tashchilin and
Leonovich, 2016). Even though some of these are always present,
brighter emissions can be linked to the presence of gravity waves (Var-
gas, 2019) or ionospheric currents (Dymond et al., 2019).

For the last decade, a series of experiments have shown that the
red emission is polarized when measured from the ground (Lilensten
et al., 2016, and references herein). The direction of polarization for
this red line was shown theoretically to be parallel to the magnetic
field (Bommier et al., 2011). Correlations between variations in the
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magnetic field and in the angle of linear polarization (AoLP) had
indeed been observed experimentally, but not systematically, with a
first prototype of auroral polarimeter (Lilensten et al., 2008).

Recently, a new nightglow polarimeter has been developed in order
to observe faint emissions (i.e. not limited to bright aurorae). It also
allows to target simultaneously several atmospheric emissions (for a
full description, see Bosse et al., 2020). Recent findings (Bosse et al.,
2020, 2022a,b) lead us to reconsider our first understanding of the
upper atmosphere polarization:

+ All of the four auroral emission lines appear polarized when
measured from the ground.

Although in several circumstances this polarization appears to
be linked to the local magnetic activity and to the state of the
ionosphere, it is far from being systematically aligned to the
apparent direction of the magnetic field, as foreseen theoretically.
Instead an influence of electrical currents in the high atmosphere
is suspected.

Despite a necessary polarization near the emission sources, as
shown experimentally (Bourgeois et al., 2022), light pollution
from nearby cities significantly impacts, via scattering, the polar-
ization measurements.

These series of observations questioned the geophysical origin of the
polarization: how much is it affected by light pollution scattering in
the lower atmosphere? Which part of auroral lights is polarized at the
emission, and during their propagation towards the instrument? To
answer these questions, it appeared necessary to develop a polarized
radiative transfer code able to account for sources potentially spread
all over both the sky and the ground.

In the present study, we describe the first code developed to this
purpose, called ‘POMEROL’ (standing for ‘POlarisation par Mie Et
Rayleigh des Objets Lumineux’, which translates to ‘Luminous Objects
Polarization by Mie and Rayleigh Scattering’). This code has been used
by Bosse et al. (2022a) in another context. In this last study, the authors
did not present the inner working and validation procedure of the
model, but only the addition of complex auroral sources in the sky.
One of the main characteristics of POMEROL is that it is able to take
into account extended sources of faint lights either at ground (pollution
light) or emitted in the sky (mightglow). It is also able to account
for the ground topography. These conditions are very different from
the usual studies of transfer of light in the atmosphere. Developing
a dedicated numerical tool thus appeared to be more straightforward
than considering already existing ones (Emde et al., 2015; Falchi et al.,
2016; Berk and Hawes, 2017; Dudhia, 2017; Wang et al., 2020). Our
model is then applied to ground-based polarimetric data obtained in the
French Alps, in a configuration where the background sky emissions are
simpler, more isotropic and constant, than in auroral conditions (Bosse
et al., 2022a,b).

The code has been developed for assessing the impact of light pol-
lution and radiative transfer onto high altitudes emissions. Its goal is to
reproduce as much as possible the key features of ground-based obser-
vations (in particular the spatial distribution of wide-spread sources),
while keeping the model set-up as simple as possible. The choices
made for this initial version of the POMEROL have their associated
limitations. In particular, it is restricted to the single scattering approx-
imation (SSA). In this first attempt at modeling nocturnal ground-based
polarization data, it appeared useful to assess how close POMEROL
can fit observations within the SSA, before adding an extra layer of
complexity by considering multiple scattering (MS). We show that even
under the SSA, it is possible to explain a significant part of the mea-
surements and to deduce physical parameters behind the polarization.
However, we also discuss the limitations of this first approach, and
what improvements could be brought by considering a polarized MS
radiative transfer model.

Meanwhile, POMEROL in its initial version may already be used
to address various issues. It indeed has potential applications outside
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the community studying the upper atmosphere. For instance it could
help characterize aerosols in a passive experimental way in the absence
of the Moon or the Sun. It may also improve the monitoring of light
pollution, which represents a growing concern over the last decades.
The area covered by light from human origin is spreading, along with
its impacts on life (Grubisic et al., 2018), energy consumption (Kyba
et al.,, 2017) or astronomy. Among the literature displaying a var-
ied list of negative effects, we can cite the insect population decline
and the “Ecological Armageddon” (Grubisic et al., 2018) or health
issues (Garcia-Saenz et al., 2018; Zielinska-Dabkowska, 2018). Most of
the studies concentrate on the brightness and spread of light pollution
and we lack studies on its polarization (Kriska et al., 1998; Horvath
et al., 2009; Kyba et al., 2011). Yet it plays an important role for vast
groups of insects that use it to navigate.

As we will discuss later, POMEROL cannot be used out of the box
for these applications today, as they may require specific features that
our model lacks (such as a calibrated value for the sky radiance, or
an implementation of MS). Such developments will be the focus of
future works, if deemed necessary. In the meantime, we hope that the
open-source version of POMEROL will help understand the night light
polarization and the nocturnal environment.

The manuscript is organized as follows. We first briefly describe the
instrument in Section 2. We then present the principles of the radiative
transfer model in Section 3 (the full details are given in Appendix A).
Next we provide in Section 4 a series of synthetic experiments in order
to assess the influence of the input parameters: effect of a localized
source on the ground and of atmospheric properties (ozone, aerosols).
In Section 5, we compare the measurements from an experimental
campaign at mid-latitude to the model outputs. Finally, we discuss our
findings in Section 6, together with the strengths and limitations of our
model.

2. Description of the polarimeter

Here is a brief overview of the experimental set-up. The polarimeter
used in this study has been fully described in Bosse et al. (2020). We
therefore only recall here its basics.

The incoming light along the line of sight is filtered through a
narrow optical filter of 10 nm width. Behind it a polarizing lens rotates
at 2 Hz. The light passing the lens then hits a photomultiplier and
is converted into an electrical current with a 1 kHz sampling rate.
Note that the detector is not calibrated and gives radiant flux values
in arbitrary units. Therefore, the comparisons between models and
data described in this article are all given in arbitrary units. Data are
smoothed over a given time window during which the polarization is
assumed constant (10 s for all data presented here). A lock-in analysis
is performed in real time. This powerful method allows a fast and
accurate computation of the polarization. However, when the degree
of linear polarization (DoL P) becomes too small, typically below 0.5%,
the AoLP can hardly be computed and becomes very noisy. Both the
DoLP and AoLP have been calibrated, but not the radiant flux.

We note F, the incident radiant flux received at a given wavelength
(note that all units given in this paper follow the National Institute
of Standards and Technology (NIST)). The DoLP ranges between 0
and 1 (or, in the figures, 0 to 100%), and we define the AoLP with
respect to the vertical (0° being upward, +90° horizontal as it is z-
periodic). ¢, is the angle of the polarizing filter with the vertical at
time r. We suppose that F,, DoLP and AoLP do not change during
one rotation of the polarizing filter. From basic optics, the radiant flux
passing through the polarizing filter can be decomposed in two parts: a
polarized one that varies as cos? (¢, — AoLP), and an unpolarized part,
assumed to be constant over one rotation. For an incident radiant flux
F,, the polarized and unpolarized fluxes are
{ F" =  DoLPx F,

F(l;npvlu -

(1=DoLP)X F,. )
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Following Malus Law, after the polarizing filter they become

pola __

F, , =
unpola _
Fr =

The 1/2 factor on the unpolarized radiant flux comes from the averag-
ing of Malus law over all AoLP. The radiant flux measured at time ¢
can therefore be written as:

F:a[" cos(¢, — AoLP)

F(;mpola/2 ) (2)

F, = F/ 4 F"' = F, (DoLP x cos>(p, — AoLP) + %) )]

Over one rotation of period 7), this allows computing the Stokes
parameters in spherical coordinates as:

1 [
I == / F.dt
Tr 0

T,
0 = i/ F, cos 2¢,dt (©)]
Tr 0
L
U =—Fr/0 F,sin2¢,dt.

Note that we do not consider circularly polarized light, such that the
last Stokes parameter V' = 0. This is for two reasons: the instruments
we use do not measure circular polarization so that we cannot validate
our model ; furthermore circular polarization is assumed to be small for
Rayleigh and Mie scattering or at the emission in the upper atmosphere.
It could easily be added to the model in the future if needed. The unit
of the Stokes parameters as given here are nW, as it is the unit of the
radiant flux measured by the instrument. To convert to nW/m?/sr, we
can simply divide them by the following coefficient depending on the
instrument captor surface area ¥ and half-opening angle e: 2z X(1 —
cos(e)). Injecting (3) in (4), one deduces the polarization parameters:

Fy =21
DoLP =2 02 +U?
I %)
AoLP = l arctan v .
2 o

The data may be smoothed over time by averaging I, O and U over
the desired number of rotations and then calculating the corresponding
polarization values.

3. The radiative transfer model

In order to interpret the data from the instrument described in
Section 2, we need to solve the polarized radiative transfer equations.
This is the main goal of the POMEROL code which consists of two main
sections: first modeling the radiative transfer equations, then applying
the results to fit the data. We describe its inputs in Section 3.1 while the
polarized radiative transfer equations are summarized in Section 3.2
and fully described in Appendix A. For the purpose of the present
study, our analysis is based on single scattering. We aim at modeling
the polarization observations under different configurations fitting the
instrument observations. We thus consider several sources of light in
four visible wavelengths: direct light (from the nightglow, or the star-
light), and single scattered light (e.g. from cities, or auroral lights at
high latitude).

3.1. Inputs of the model

3.1.1. Instrument related entries

The experimental characteristics are the first inputs, in particular
the surface ~ = 20 cm? of the detector and its half aperture angle & =
1°, as well as its geographical position (latitude, longitude and altitude)
and its pointing direction. This latter is defined by the elevation e
(angle between the horizontal and the line of sight) and the azimuth
a, reckoned with respect to the North, positive Eastward, i.e. clockwise
rotation. One can specify discrete azimuths and elevations, or span over
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an almucantar (i.e. a full rotations in azimuth at a constant elevation)
automatically. Latter on, we can also specify the radiant flux and po-
larization state observed by the instrument in a given direction, so that
the model can adapt its parameters (e.g. aerosol model, background
flux) to fit the data. The radiant flux measure of the instrument is
not calibrated, and given in arbitrary units. This has consequences on
the model implementation of the sources and the background light, as
discussed later.

3.1.2. Cities and pollution map

The model also takes as input a light pollution map. These are 2-
dimensional ground images of Earth at night produced by the NOAA
Earth Observations Group, using satellite data from the Visible Infrared
Imaging Radiometer Suite Day/Night Band. These images sum the
emissions for wavelengths from 500 to 900 nm (Elvidge et al., 2013;
Mills et al., 2013; Miller et al., 2013). The ground emissions are in
units of nW/m?/sr. The maps are processed to remove ephemeral light
and are averaged over one year. They are provided by their authors
in two modes, with the minimum emission set to zero or not. At high
latitudes, auroral light are not always removed with other ephemeral
lights, thus emission maps are overestimated. To better suppress the
auroral contribution to the ground emission map, we use the second
mode. At mid-latitude, the difference is minimal and we use the same
mode for consistency. We use the most recent release from 2016. As the
emission spectra of light pollution varies with location and time, we are
unable to retrieve the radiance at each wavelength of interest. Thus, in
the following, radiance unit is given in nW/m?/sr and a linear inter-
calibration of the model output and the observational data in arbitrary
units is needed. This method assumes that the spectra of all the lamps
on the map are the same and that nearby cities all use the same kinds
of lamps in the same proportions.

We also assume that the city lights are not polarized. Indeed,
each pixel of the map spans thousands of square meters at minima,
mixing a lot of sources, and there is no reason they all have a similar
polarization.

The map is centered on the instrument in polar coordinates as de-
picted in Fig. 1. The maximum distance from the instrument (typically
up to 200 km) and the number of bins (the best resolution being that of
the map, namely 46 m) are adjustable parameters. To reduce artifacts
due to digitization, the size of the bins increases with the square root
of the distance to the instrument.

We can also consider instead synthetic emission maps. For example,
these may consist of a point source of given radiance at a given
distance, azimuth and elevation with respect to the instrument, or a
uniform emission map of given radiance.

3.1.3. Natural background

In the following, the natural background light designates any source
of light from the sky that we approximate as constant and isotropic. It
includes two main contributions: the nightglow (Leinert et al., 1998)
and the integrated starlight (e.g., Staude, 1975). The nightglow is
specific as it is well defined in wavelengths (see Table 3). Its emissions
can change with time and it can be highly structured. All-sky camera
images, which are unfortunately not available for the present study,
could be used to model the nightglow more accurately. The integrated
starlight covers a wide spectrum over all observed wavelengths and is
unpolarized. It varies with the time and place and could be recovered
with astronomical tools in up-coming studies.

For now on, since the absolute values of these contributions are
unknown, and also because the absolute radiant flux measured by
the instrument is not calibrated, we cannot disentangle the several
background contributions from the confrontation of our measurements
with the model outputs. Thus, the background contribution may be
considered to account for the model uncertainties. These are different
for each wavelengths, time and location of observation. It is thus left
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Table 1
Parameters used to define the aerosol model (see text for details).
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Aerosol profile name Complex refractive index

Size distribution

Vertical number density profile

Real Imaginary R (pm) In(c) H (m) ny (cm=3) ny (cm=3)
1-low 1.45 0.0035 0.15 0.29 440 4000 10
2high 1.61 0.03 0.557 0.266 500 1000 1
3-mid 500
Table 2

180°

Fig. 1. Input emission map and contour of the elevation map for altitudes 500 m
(white), 1000 m (yellow) and 2000 m (orange). The instrument is at the center of
the map (red cross). Grenoble is the bright emission west to the instrument. The map
covers 100 km around the instrument.

as a free parameter of the model for now on. It could be constrained
by measurements or models in the future, if needed.

We note that no moonlight is considered in this study, as all mea-
surements were done around the new Moon, when both the Moon and
the Sun were at least 18 degrees below the horizon normally referred
to as “astronomical twilight”.

3.1.4. Atmospheric properties

To compute the Rayleigh scattering in the atmosphere, we need
different atmospheric parameters. We use the 2001 MIPAS Model At-
mospheres (Remedios et al., 2007) up to the lower thermosphere, at
120 km of altitude. It is a one dimensional model which provides the
temperature 7'(z) and pressure P(z) vertical profiles (z is the altitude)
as well as an ozone vertical profile. For the present purpose, we use
their standard night-time mid-latitude profiles, displayed in Fig. 2.

To account for the influence of the aerosols, we consider a Lorenz—
Mie scattering model (Lorenz, 1890; Mie, 1908; Born and Wolf, 1999;
van de Hulst, 1981). This implies a wide range of input parameters,
such as the complex refractive index, the aerosol sizes and their vertical
profiles. Three aerosol models are considered in the present study,
named 1-low, 2-high and 3-mid, whose parameters are listed in Table 1
(aerosol model names reflect the atmospheric aerosol content). We use
complex optical indices from Dubovik et al. (2000) assumed to be the
same for all wavelengths considered in this paper. The size distribution
n(ln(r)) of the aerosol is supposed to be log-normal,

dN N In%(r/R)
In(r) = = =2 6
n(In(r)) 21n0) \/ﬂln(g) exp< o) ) 6)

Optical depths of the atmospheric components for all wavelengths of interest. 7,,, is
the optical depth of Rayleigh scattering, 7,; is the optical depth of ozone and 7,,, is
the optical depth of aerosols for the three aerosol models used in this study.

Wavelength (nm) Tray 7o, Tyer 1-lOoW 7, 2-high Ty 3-mid
620.0 0.060 0.034 0.060 0.480 0.257
557.7 0.092 0.031 0.074 0.470 0.252
427.8 0.274 0.001 0.115 0.464 0.248
391.4 0.396 0.0002 0.129 0.461 0.247

with r the aerosol radius (in pm), N the total number of aerosols, R the
mode radius (the radius where the distribution is maximal) and In(c)
controlling the dispersion of the aerosol sizes around R. Below 12 km
altitude, the vertical number density distribution of aerosol n(z) is given
by

n(z) = n [exp<§)+<z—3>] , (@)
0

with n, the number density at the surface (in cm™3), n p the background
number density (in cm~3) and H the scale height (in m). Above 12 km
of altitude, n(z) is set to zero. The values chosen for the above parame-
ters are taken from Jaenicke (1993). In the context of the present paper,
we consider these standard aerosol profiles to be sufficient in order to
illustrate our purpose. However, POMEROL allows for including them
from independent measurements (e.g. LIDAR) or using an inversion
scheme in order to best fit polarization data.

Table 2 shows the top-to-bottom optical depth of the different
components of the atmosphere model. These values are computed
following Eq. (A.17) to (A.19). For Rayleigh scattering, the optical
depth increases with the wavelength as expected. For ozone, the optical
depth is negligible for short wavelengths (blue and shorter), but not for
the green and orange lines. The aerosol optical depths are presented
for the three models described in Table 1. We can observe two behav-
iors depending on the aerosol size distribution. For the model 1-low
with an average size of 0.15 pm, the optical depth increases towards
shorter wavelengths. At 620 nm, the value is equal to that of Rayleigh
scattering by coincidence. However, as the wavelength shortens, the
optical depth of aerosol diverges from Rayleigh scattering as dictated
by the Angstrém law (Angstrém, 1929). For model 2-high and 3-
mid, the aerosol optical depth is almost constant over all considered
wavelengths, in comparison with Rayleigh or the 1-low aerosol case.
This comes from the much larger average size used (0.557 pm).

3.1.5. Topographic map

Our model also incorporates the topography around the instrument.
It is used for the computation of occultation: when a light beam hits the
ground between the emission and the scattering point, its contribution
to the light received by the instrument is set to zero. The topographic al-
titude data are taken from ALOS GLobal Digital Surface Model AW3D30
DSM of the Japan Aerospace Exploration Agency (Tadono et al., 2016).
It has a resolution of 30 m, which can be downgraded to any value
in order to reduce the computation time. We use here the highest
resolution available. Using this altitude map along with the emission
map described above makes the input lights 3-dimensional.
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Fig. 2. Mid-Latitude night time atmospheric profiles from the 2001 MIPAS model (see text for details). From left to right: temperature [K], pressure [Pa], Ozone number density
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Fig. 3. Geometry of the problem for a light source in E of area A, a scattering volume (I') centered at R and the instrument in A of area X and half aperture angle e. The
instrument pointing direction is defined by its azimuth @ and elevation e. 6 is the scattering angle.

3.2. Radiative transfer model

We describe here the general algorithm used in POMEROL to com-
pute the scattering of extended sources along the line of sight of
the virtual instrument. Fig. 4 gives a schematic representation of the
process. The two main steps are as follows: the radiative transfer
computation and the application of the results to the data. First, the
model loads all the necessary input data (see Section 3.1 for details).
It then proceeds to compute the light polarization detected by a virtual
instrument in this environment. To this purpose, POMEROL is able to
compute the polarization of the light coming from any single point
source, scattered at any single point along the line of sight and reaching
the detector (see Appendix A for details). For one orientation of the
instrument, this computation is then repeated N, X N, times, where
N, is the number of pixels in the input emission map and N,
the number of bins along the line of sight. For this computation, the
Stokes parameters are defined with respect to the scattering plane.
They are immediately converted to a global reference frame attached
to the virtual instrument such that in all of the following steps, all
Stokes parameters of every scattering events are defined consistently
(see Appendix A.2 for details). This reference frame is defined by the
plane containing the line of sight of the instrument and the local

vertical. Q is the quantity of vertical and horizontal polarization, while
U represents the polarization oriented at 45°. POMEROL integrates
all these contributions together to retrieve the total light reaching the
detector and its polarization. We call the corresponding Stokes vector
G = (1,0,U). This is computed as the double sum of the Stokes
parameters over all point sources and along the whole line of sight as:

Itotal - Z Z I
sources [.o.s.
total -
ol = X 20 ®
sources [.o.s.

ytoal = Z ZU'

sources [.o.s.

The units are again given in nW (see Eq. (4)). The integration along
the line of sight makes the model pass from its 3D input environment
to a 2D map of the polarization properties as a function of elevation and
azimuth. Note that every point source scattering contribution along the
line of sight used in this sum can be retrieved by the user if needed. One
can then use the formulas of Eq. (5) to retrieve the DoLP and AoLP
as presented in this article. Then, a uniform, isotropic and constant
un-polarized light is added to the result to model the background star
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Fig. 4. General overview of the POMEROL algorithm. Environmental inputs (in blue) are described in detail in Section 3.1. In pink, both light sources taken into account in the
model: sources on the ground which are detected by the virtual instrument via scattering in the atmosphere (G) and the isotropic un-polarized background (K). The final model

is given by a linear combination of both contributions (G and K).

light and the nightglow (K). Both contribution (G and K) are not inter-
calibrated, so the final model M is a linear combination of the two:
M = aG + bK. The parameters of this linear combination (a and b)
are chosen to best fit the measurements of the radiant flux (7). The
parameter search does not depend at any point on the polarization.
Thus, the addition of the background has only two effects. The first
one is to inter-calibrate the model units and the instrument units so
that the radiant flux is comparable. This step completely determines a
and b. The addition of this un-polarized background has a secondary
effect, which is to reduce the modeled DoL P. We emphasize that the
parameter search does not take into account the reduced DoLP and
does not try to fit the modeled DoLP to the measurements. Currently,
the addition of the background and its renormalization are necessary
due to the lack of inter-calibration between our instrument measure-
ments and the input data used for the different emission sources. In the
future, the renormalization may be omitted if the required calibrations
are available.

4. Model validation and influence of the parameters

In this section we study:

(i) The influence of a localized source on the ground (such as cities),
at several distances from the instrument, and in the absence of
any source in the sky ;

(ii) The influence of the atmospheric parameters (absorption by Oj,
aerosols) for a localized source on the ground;

(iii) The effect of a uniform source in the sky, polarized or not, in the
absence of any source on the ground.

These reduced configurations have been chosen so as to illustrate the
most important factors that impact ground-based polarization mea-
surements. In the following, we present results by means of clockwise
almucantars of elevation 45°, the starting direction being the North.
The virtual instrument parameters (X and ¢) correspond to that of the
real polarimeter (see Section 3.1.1). In the following series of tests, we
use a polarized Lorenz-Mie scattering model for scattering by aerosols
(see Section 3.1.4). The comparison between the aerosols models and
real data is shown later on in Section 5.1.2. The atmospheric profile
used for the tests is the MIPAS standard night-time mid-latitude profile
(see Section 3.1). We show here results at A = 557.7 nm (auroral green
line, Table 3). For the tests presented in this section, an hypothetical
source of arbitrary radiance is considered, such that the wavelength
only plays a role in computing atmospheric extinction and scattering
coefficients. In the following sections where we present comparison
with observations, the input emission maps are integrated over the
visible spectrum (see Section 3.1.2).

4.1. Influence of a localized source on the ground in absence of any source
in the sky

We consider an isotropic point source on the ground of radiance
100 nW/m?/sr, at different distances d,, away South of the virtual
instrument. The purpose of this arbitrary setup is only to showcase the
influence of a point source on the ground at different distances from the
instrument. Thus, the radiance is arbitrary and does not correspond to
any real world values, but the distances are chosen to be representative
of a real environment (between 1 and 100 km). There is no mountain
obstruction. The ground surface takes the Earth curvature into account.
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Fig. 5. Almucantar for e = 45°, for a point source on ground, on a flat Earth surface, South of the instrument at varying distances d,; (with no aerosols). Upper panel: measured
radiant flux [nW] for a source of radiance 100 nW/m?/sr. Middle panel : DoLP [%]. Lower panel: AoLP [°]. From blue to red: dyp =1,5,10,50,100 km. In the upper panel, the
highest value (in blue) corresponds to the closest source position and the lowest value (in red) to the most distant point source. Similarly, in the middle panel, the most distant
point source has two very marked maxima (in red) while the closest is the flattest (in blue). The black dashed line in the middle panel corresponds to a theoretical case for a

source at infinite distance.

Only Rayleigh scattering and ozone absorption are taken into account,
no aerosols are present in the atmosphere. The ozone is taken into
account through its number density vertical profile (Fig. 2) and its
absorption cross sections as a function of the wavelength (Fig. A.13).
For a source located 100 km away from the observation point, the
ozone decreases the measured radiant flux by less than 3%. There is
no effect on the AoLP since this angle depends only on the scattering
plane (defined by the emission and scattering direction). The effect on
the DoL P is smaller than 0.4%, and the closer the source, the lower the
effects. More complex sources than a point may slightly increase these
values. From now on, we take into account the impact of Os.

In Fig. 5, we show the polarization results for d 4, = 1,5, 10,50 and
100 km. In all such figures, the upper panel shows the radiant flux
measured by the virtual instrument, representing the energy per unit
time on the collector, the middle panel shows the DoL P and the lower
panel the AoLP.

The further the source, the lower the measured radiant flux. How-
ever, the effect is not merely a decrease as d:é, because the source
illuminates points at all altitudes along the line of sight that are
integrated on the virtual instrument. Moreover, the light parameters
change during its crossing into the atmosphere from the source to the
line of sight, and along the line of sight. As seen in Fig. 2, the concen-
tration in ozone peaks at about 20 km. As an example, the decreasing
factor between a source lying at 1 and 10 km is about 25 (and not
102 if only the effects of the distance were considered). It becomes
approximately 5000 (and not 10*) with a source at 100 km compared to
1 km. Because of the exponential decrease of the atmospheric pressure
with the altitude, this effect is less important when the source moves
away from the polarimeter. However, in all cases, the radiant flux is
maximum in the Southern direction, i.e. towards the source.

Geometrically, for a single point source and a given line of sight, the
AoLP of every scattering point is the same. In this particular case, we
do not have to use the I, O and U notation (Eq. (5)). The total DoLP
integrated along the line of sight is an average of the DoL P(6;) of each
scattering points i weighted by the scattered radiant flux F; as
2. FiDoLP(6))

%E
where 6, is the scattering angle at point i, F; follows Egs. (A.12)
and DoLP; Eq. (A.20). In the limit of a source infinitely far away
from the instrument (on a flat surface), all paths from the source to
the instrument are parallel. Thus, the scattering angle is the same
everywhere on a given line of sight. The total DoLP measured by
the virtual instrument should then follow Eq. (A.20) (dashed line in
Fig. 5, middle) since there is no aerosols in this case. When looking
eastwards and westwards, the value of the DoLP reaches 100% as

DoLP = (C)]

expected from the theory. When the source gets closer to the virtual
instrument, each point along the line of sight has a different scattering
angle, which smooths the variations along the almucantar. On a flat
surface, the AoLP is the same whatever the distance from the source
(Fig. 5, bottom).

4.2. Influence of the aerosols for a localized source on the ground

The aerosols are taken into account through their number density
vertical profiles and their cross sections (Table 1). The aerosol cross
section depends on the wavelength as computed using Lorenz-Mie
theory (Lorenz, 1890; Mie, 1908; Born and Wolf, 1999). For the sake
of simplicity, we consider the aerosol refractive index to be the same
for all wavelengths. A variation of the refractive index with wavelength
could be taken into account, but is out of the scope of the present study.

In order to illustrate the effect of the aerosols, we consider again
the three different profiles listed in Table 1: 1-low, 2-high, 3-mid. The
impact of the aerosol profiles is drastic, but not straightforward to
interpret. It is illustrated in Fig. 6, for a point source located 5 km
South from the observation point. With the 1-low model (lowest aerosol
contribution), the radiant flux is increased by 600% (with respect to
the case with no aerosols) when pointing above the source, and by
40% in the opposite direction. Using the 2-high profile (highest aerosols
contribution), the radiant flux is increased by 150% when pointing
above the source, and decreased by 40% in the opposite direction. With
the 2-mid model, the radiant flux above the source increases by 120%,
against 10% in the opposite direction. The ratio of the maximum to
minimum radiant flux along the almucantar is in all cases amplified by
the presence of aerosols.

For an increasing aerosol contribution, the DoLP decreases in the
direction of the source. With the 1-low model, it decreases by about
50%, with the two maxima along the almucantar still present. The
AoLP does not change since the aerosol radius is small compared
to the wavelength, and the polarization direction is the same as for
Rayleigh scattering (AoLP"). However, when the aerosol size is large
compared to the wavelength (2-high and 3-mid), the DoLP behavior
changes drastically, with a maximum at about 25% when pointing
away from the source. The AoL P is shifted by 90° when pointing away
from the source due to larger aerosol size, while it is the same as
AoL P when pointing towards the source. The impact of aerosols on
the virtual instrument observations is complex. They may for instance
either increase or decrease the intensity depending on their size or on
the scattering angle. They do therefore play a major role. Spanning all
possible aerosol models is not the main goal of the present study, and
we limit ourselves to the three models presented here.
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Fig. 7. Polarization parameters for an almucantar at e = 45° in the presence of an isotropic skylight of radiance taken at 100 nW/m?/sr at 557.7 nm. No aerosols are present
in the model. The direct radiant flux is taken into account, with different polarization parameters. No polarization of the skylights (black line), with a 1% polarization along the
East-West (red) and North-South (green) directions, and along the magnetic field direction (blue).

4.3. Influence of the skylight with different polarization parameters

We document here the effect of a simple skylight (nightglow and/or
integrated star light). It is modeled as an infinitely thin uniform sky
emission of arbitrary intensity at 110 km of altitude. The model com-
putes the sum of the non scattered light and the single Rayleigh
scattered light measured by the instrument. In order to prepare for
further auroral studies (out of the scope of this article), we allow this
emission to be polarized (Bommier et al., 2011). Fig. 7 shows the
model outputs over an almucantar (with no aerosols), for a nightglow
either unpolarized, or polarized with a DoLP = p,,,,., = 1% (arbitrary
choice) along several directions: East-West (EW), North-South (NS)
or along the magnetic field (B). For this last case, the instrument is
positioned at latitude 45.2123°N and longitude 5.9369°E and we use the
CHAOS-6 internal magnetic field model (Finlay et al., 2016) evaluated
in 2019. The atmospheric profile described in Section 3.1 is used. As
the background skylight is isotropic, the measured radiant flux does not
change over an almucantar.

In cases where the nightglow is polarized at the origin, the DoLP
depends on the angle a between the line of sight and the polarization
direction, as DoLP = p, + p;sina. For the EW and NS cases, p,
0.85p,0urce and p; = 0.1py,,.... When the nightglow is polarized along
the magnetic field lines, the behavior is much different as the lines are
close to vertical, with py & 0.6p,,,.c. and p; & 0.3p,,,.c.- For a uniform
sky emission and in the absence of other sources, Fig. 7 shows that the
polarization from Rayleigh scattering in the atmosphere is relatively
small compared to the polarization of the non scattered light. Thus, in
this simple configuration, any polarized source in the sky with a DoLP
higher than the instrument noise level should be detectable.

~
~

The AoLP (lower panel) for the unpolarized nightglow emission
(continuous black line) is undefined (it is set to zero by default, with
no physical meaning). The EW and NS cases show an AoL P regularly
rotating over all 360° with the same behavior, but shifted in azimuth
by 90°. As expected from the DoLP definition, the maximum DoL P
corresponds to a 90° AoL P. When the nightglow polarization direction
is aligned along the magnetic field, the magnitude of the AoLP varia-
tions along an almucantar is significantly weaker, within +40°, which
led (Bosse et al., 2020) to reject this single source as the origin of the
measured polarization of auroral lights.

5. Comparison with geophysical measurements at mid-latitude

In order to validate our model, we performed a series of obser-
vations in the French Alps. In the following, we focus on the night
from the 19th to 20th of January, 2021 when the Moon was down
(below —10° elevation during the whole observation). The latitude is
45.2123° and longitude 5.9369°. The altitude is 770 m. The nearest
city is Grenoble 15 km away with downtown at an azimuth of 260°.
However, the valleys around this bright city produce also some light
pollution. Fig. 1 shows the geographical configuration with lines of
constant elevation at 500 m, 1000 m and 2000 m.

The light pollution was clearly visible with the naked eyes. At the
time of the observations, the snow was covering the ground above
about 500 m elevation. The altitudes below 4 ~ 1500 m are mostly
covered with forests in the mountains which lowers the albedo sig-
nificantly, even though some snow remains on the trees. The air
temperature was below 0 °C all over the surrounding area, and reached
about -5 °C at the point of observation. The modeling below takes
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Table 3
List of emission lines observed during the January, 2021 campaign (see text). All emissions are present in the light pollution spectrum.
Name Wavelength (nm) Instrumental Atmospheric Layer
width (nm) source
Orange 620 2 OH High Mesosphere
(< 80 km)
Green 557.7 10 [0} Thermosphere
(110 km)
Blue 427.8 10 Ny Ionosphere (90 km)
Purple 391.4 10 Ny Ionosphere (85 km)

the relief into account (see Section 3.1). We could observe simul-
taneously four wavelengths, summarized in Table 3: three of them
concern emissions bands emitted in the upper atmosphere, either in
the thermosphere (green, due to the O'S excitation state) or in the
thermosphere (blue and purple, due to the 1% N2+ negative band). The
“orange” band around 620 nm is not present in the thermosphere, but
is emitted in the mesosphere by OH(5-0) and OH(9-3), though with a
relatively lower radiant flux (Broadfoot and Kendall, 1968; Bellisario
et al., 2014, 2020).

We show below the results of an almucantar at a constant elevation
e = 45° from 1:18 UT to 3:35 UT taken with the real instruments and
compared to the virtual one (i.e. the modeling). We rotate clockwise
from North to the East and back to North with 10° increments in
azimuth. At each step in azimuth, we record the radiant flux, DoL P and
AoL P during about one minute and 30 s. We recall that our instrument
provides the relative (uncalibrated) measurements of the radiant flux,
and the calibrated DoLP and AoLP. The orientation angles e and «
are set using stars as references, together with a compass (to help on
the increments in azimuth) and an inclinometer (for the elevation). We
consider the accuracy to be of the order of +2°.

We focus first on a single wavelength (the green line, see Sec-
tion 5.1) for which we detail our analysis of the observations. We next
discuss the full picture in Section 5.2.

5.1. Model predictions versus observations in the green line

Fig. 8 shows an almucantar in the green line. The radiant flux
maximizes above downtown Grenoble (¢ = 260°, this is clearer in
Fig. 10). In the theoretical case of a point source, the DoL P maximizes
at +90° of the direction of this point (see Section 4 and Fig. 5). Here,
the DoL P shows a single maximum near 240° in azimuth, illustrating
the influence of an extended pollution source. The value of its measured
maximum is around 12%. The AoL P rotates regularly with a behavior
very similar to that of a point source on the ground westward with
respect to the instrument.

5.1.1. Modeling without accounting for aerosols and background skylight

We first run our POMEROL model with the light pollution as single
input (i.e. with neither aerosol nor natural background skylight). We
use a ground emission map composed of 1000 pixels mapping an
area of 100 km radius around the instrument. The elevation map
covering the same area is used to model the mountain obstructions,
with a 30 m resolution. We recall that the emission maps are not
intercalibrated with our instrument, so that the units for the radiant
fluxes are arbitrary. The ozone is taken into account, although its effect
remains small. The results are shown in Fig. 8 (black stars). Both the
modeled and measured radiant fluxes peak around the same azimuth
(260°). However, the radiant flux variations along one almucantar are
significantly larger for the model: the maximum radiant flux is 110%
higher than the minimum for the model, with respect to only 43% for
the measurement.

The modeled DoLP reaches 47% at its maximum around 200°
azimuth, about 4 times higher than the highest measured DoL P, and
is offset by 40° in azimuth. A second local maximum at 300° azimuth
is also present in the model, and absent from the measurements. Two

maxima in the DoL P are indeed expected for a point source (see Fig. 5)
and are due to the scattering in the first few kilometers of atmosphere.
Here it is smoothed out because of the multiple light sources and the
occultation from the mountains. This feature is not present in the data
and may hint that the model overestimates the scattering below 10 km.

The modeled AoLP is very similar to the measurement, showing
the same rotation pattern at almost the same angles, except around
90° in azimuth (i.e. pointing away from Grenoble). This difference can
be explained by the poor quality of the data in this direction where
the radiant flux is minimal and the DoLP close to zero, inducing large
uncertainties on the AoL P measurements (see Bosse et al., 2020).

This first simple approach does not take into account one or more
additional sources. We will now show the effects of introducing either
a natural background light or the aerosols.

5.1.2. Impacts of background skylight and aerosols

The fact that the model overestimates the radiant flux variations and
the DoL P in the case above is an indication that non-polarized (or little-
polarized) additional sources must be taken into account. Such sources
exist naturally: they are the nightglow and the integrated star light.
This behavior can also be due to the lack of multiple scattering in the
model (Hovenier, 1971; Pust and Shaw, 2011). The exact contributions
of those sources is delicate to evaluate at this point, so we fit them
together as the background skylight in such a way that the variation’s
amplitude of the modeled radiant flux match the measured one. This
method constitutes therefore an indirect estimate of this background
skylight (see red + in Fig. 8). Here, it is considered constant, isotropic
and unpolarized (these approximations could be reconsidered in the
future by estimating each contribution from independent measure-
ments or more accurate models, see Section 3.1.3). Averaged over an
almucantar, this results in approximately doubling the total radiant flux
received by the instrument. This is not visible in Fig. 8 because of the
Arbitrary Unit radiant flux scale. As expected, the DoL P is decreased in
any direction by about 50%, peaking at 25% around 220° in azimuth.
The two maxima in the modeled DoLP over one almucantar are still
present, although the secondary maximum appears attenuated. The
AoLP is unchanged in comparison with the previous case with no
background sky, which is expected since the natural background is not
polarized.

We now turn to a case with no background skylight, but with the
aerosol polarized models included (see Section 3.1.4). The amplitude
of the modeled radiant flux variation along the almucantar become
larger, whatever the aerosol model, as seen with the synthetic case in
Fig. 6. The higher the aerosol contribution, the higher the radiant flux
variations. The modeled DoL P decreases when the aerosol contribution
increases, so that it is possible to find a model (2-high: magenta v) that
matches the measured DoL P. However, this makes the modeled AoL P
depart from the measurements, so that it is not possible to find a set of
aerosol parameters that allows fitting the measured radiant flux, AoLP
and DoLP at once.
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Fig. 9. Almucantar in the orange line (620 nm). Measured data are shown in orange, the width of the lines indicating the errorbars. Errors on the azimuth due to the pointing
direction are of the order of a few degrees (not shown). Model predictions (black stars) are obtained with the 1-low aerosol profile plus an unpolarized, isotropic background

skylight adjusted so as to fit the radiant flux (see text).

5.2. Comparison of the observations and the modeling in four wavelengths

From the results presented above, we deduce that even though both
additional sources (background and aerosols) significantly affect the
polarization parameters, none of them reproduce the measurements
alone. We consider below the model predictions for a combination of
those two contributions. We first have to choose an aerosol profile.
We use the 1-low aerosol model, as it fits best the measurements
when combining with background skylight. It could already be intuited
from Fig. 8 as the 1-low profile affects less the AoLP than the other
ones. This choice is also coherent as we observe in the Alps at an
altitude where the air is very clean. We show hereafter model outputs
with this aerosol profile together with a natural background skylight.
At all wavelengths, the modeled radiant flux is the highest in the
direction of the city of Grenoble, and the model predictions for the
AoL P convincingly fit the observed values (see Figs. 10 to 12).

Examination of Fig. 8 shows that, without any contribution from
the background or aerosols, significantly larger values of the DoLP
are modeled in the green line (557.7 nm). The blue (427 nm) and the
orange lines (620 nm) behave similarly. For these three wavelengths,
the measured radiant fluxes are fitted when adding the 1-low aerosol
model and respectively 114% (Fig. 10), 213% (Fig. 11) and 43% (Fig. 9)
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of natural background radiant flux (integrated star light and/or night-
glow). The percentages are calculated with respect to the maximum
radiant flux measured by the instrument around azimuth a = 260°.
Absolute values are irrelevant here, since we do not know the spectral
emissions of the input maps and the instrument is not calibrated.
Interestingly, for these three colors we now reproduce also the minima
and maxima of the observed DoLP along one almucantar, without
adding any further complexity to the model. If slight discrepancies
remain for the shape of DoL P(a) between the model and measurements
for the blue line, this characteristic is very convincingly reproduced by
the model in the green and orange lines.

It is striking that we manage to replicate these observations with
our model in three different wavelengths simultaneously, as they are
affected differently by light pollution, the natural background from the
sky, and multiple scattering. Indeed, there exist some orange emissions
in the star light and in the mesospheric nightglow (Bellisario et al.,
2014, 2020). The green and the blue lines exist both in the stellar light
and the natural nightglow originating in thermospheric and/or iono-
spheric emissions. The orange is the tiniest of the three (Broadfoot and
Kendall, 1968). The blue in the urban light spectrum is much dimmer
than the green or the orange. These considerations are compatible with
our results.
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Fig. 10. Same as Fig. 9 for the green line.

Finally, the misfit in the DoL P observed for the purple line can have
several sources. First, it might require an adjusted aerosol profile (see
e.g. Figure 3 in Bergstrom et al., 2003). For example a different
size distribution which would influence differently the shorter and the
longer wavelengths. This would demand a thorough study of aerosol
contribution, which is out of the scope of this paper. Furthermore,
this difference in DoLP is likely related to the stronger impact of MS
towards short wavelengths. The effect of multiple scattering has several
consequences on the behavior of the radiant flux measured along
the almucantar, and on the DoL P. Multiple scattering increases the
scattered radiant flux, and decreases the DoL P. At shorter wavelengths
(blue and purple in our case), this effect can decrease the DoLP as
much as 20% to 30%. At longer wavelengths (orange, green), the
discrepancy is lower (Staude, 1975; Ugolnikov et al., 2004). The effect
of multiple scattering on the radiant flux cannot be modeled easily
using a linear coefficient (Hansen, 1971). A proper implementation of
MS is out of scope of this paper, but is in development phase. We
note that the two main effects of MS are very similar to the effects
of our background light, which also increases the radiant flux and
decreases the DoLP. Of course, such a simple isotropic source cannot
reproduce the complexity of MS. But it is possible that in its current
state, the model tends to overestimate the background radiation of
skylight and airglow to compensate for the lack of MS. A third possible
cause of the discrepancies observed at short wavelength is the input
emission map used by the model. Indeed, the magnitude of the signal
from the ground is likely very small in the purple (391.4 nm), because
in this wavelength the radiant flux of city lights is on average very
weak (see for instance the spectral analysis of Fig. 6 in Bosse et al.
(2020) and references herein). Therefore, the emission map of the
model which integrates all the visible spectrum might not represent
the actual emission geometry at short wavelengths. For example, if a
city has switched to LED street lamps (shorter wavelength), or still uses
more reddish lighting, it relative contribution to the emission geometry
will change depending on the wavelength. The very low radiant flux
measured by the instrument in the purple line means that the DoLP
has large error bars. This in turn also affects the uncertainty level for
the AoL P. The changes of the DoL Ps with the azimuth appear rather
flat, but is also less tightly constrained. All these sources of errors (no
MS, aerosol size distribution, spectral variation of the emission map and
large uncertainties on the data) can easily explain why the model fails
at predicting the low values of the DoL P observed in the direction of
Grenoble at short wavelengths.

6. Discussion

We have presented in this study a polarized radiative transfer
model in the single scattering approximation, which can account for
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a spread light pollution from the ground (including the surrounding
topography), natural skylights (from stars or the nightglow) and the
effect of aerosols. To our knowledge, it is the first time that such a
radiative transfer code is derived in order to answer the question of
the nightlight polarization, even though radiance models already ex-
ist (Falchi et al., 2016; Hanel et al., 2018; Wang et al., 2020). We have
confronted this model to measurements performed at mid-latitudes in
the French Alps in four different wavelengths, either within or outside
the lines of emissions for the natural nightglow. We obtain a convincing
comparison between the model outputs and the observations of the
relative radiant flux, degree and angle of the linear polarization in the
three wavelengths with the highest signal-to-noise ratio (green, orange
and blue lines).

The results presented in this paper show the feasibility of nocturnal
polarization measurements and modelization. Our model, although
currently limited to a single scattering scheme, is doomed to evolve,
and constitutes a proof of concept that paves the way to further
investigations of the night-sky light polarization.

Our results show that several contributions must be considered in
order to explain observations: extended sources on the ground (light
pollution from the nearby cities) and an isotropic source in the sky (the
background via starlight and nightglow, plus a possible correction for
multiple scattering). Of course, the atmospheric model must include
Rayleigh scattering and Lorenz-Mie scattering by aerosols. We discuss
below several potential applications of this model.

First, it can be used to interpret properties of the polarized lights
measured at high latitudes under auroral conditions. This was the main
purpose for its development. The first attempt at confronting model
predictions and auroral observations tends to validate a polarization
near the source of emissions in the ionosphere (Bosse et al., 2022a).
The preferred mechanism favors an orientation of the polarization
influenced by electrical currents, instead of magnetic field lines as
initially proposed by Lilensten et al. (2016). The present study shows
that the use of wavelengths outside the ionospheric emissions lines is
crucial to determine a correct profile of aerosols, as this latter is of
prime importance to understand the measured radiant flux and DoLP.
Furthermore, in auroral conditions, ionospheric lights will strongly
dominate over the integrated starlight. As a consequence, the complex
picture of these emissions (2D maps) is needed as an entry of the model.
Moreover, in countries where wide areas are covered with snow, the
reflection of auroras on the ground might be of importance. This added
complexity is fully described in Bosse et al. (2022a) as it is specific
to auroral studies. We have also shown that our code can handle a
polarized background source such as polarized airglow. Its signature
(if any) should be detectable despite the Rayleigh and Lorenz-Mie
scattering. We have shown that a horizontally polarized uniform sky
source produces AoLP changes along an almucantar that resemble to
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Fig. 12. Same as Fig. 9 for the purple line.

the ones produced by scattering within the atmosphere. It resonates
with the possible polarization by horizontal ionospheric currents (Bosse
et al., 2022a,b). These can be partially reconstructed from ground-
based magnetometers (e.g. Amm and Viljanen, 1999; Pulkkinen et al.,
2003). This possibility is motivated by the observation of coherent
fluctuations in time series for both the polarization parameters of
auroral lights, and the electron density content in the ionosphere (Bosse
et al.,, 2020) as well as by the study of polarized blue and purple
emissions in a laboratory experiment (Bourgeois et al., 2022). This
may have further consequences for the study of the equatorial airglow,
below the electrojet.

We have shown that the relative contribution of background lights
to scattering strongly varies with the wavelength: from +43% for the
longest one (orange), to +114% in the green and +219% in the shortest
one (blue). Measuring how much this means in absolute units would
require the knowledge of the city light spectrum (that is not provided
with the input maps) as well as the instrument transfer function (such a
calibration would require a dedicated study, as it depends on the photo-
sensors and on the opacity of the filters used in the instrument). This
higher background contribution at shorter wavelengths can be a sign
that the background partly corrects the effect of multiple scattering,
since its contribution is expected to be higher at short wavelengths.
This result is also compatible with the expected relative contributions
from the city lamps, the nightglow and the starlight. On the one hand,
the city contribution is likely higher in the green and orange than in the
blue, as LED lights are in minority in the region. This means that the
same sky emission for all three lines should lead to a relatively higher
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contribution of the background for the blue. On the other hand, if we
were to detect a contribution from the nightglow, we would expect
relatively higher radiant fluxes in the blue and green than in the orange
(which is not emitted in the ionosphere), for a constant contribution of
the cities at the observation point. Thus our results are fully compatible
with the nightglow emissions, showing that the method may be used
for such studies. Moreover, adjusting the modeling to the observations
requires a contribution from the integrated starlight (at least that for
the orange). The combined contributions of the nightglow and the
starlights can therefore be detected with this method even in the
presence of light pollution, although we cannot distinguish yet between
the two sources.

Another major result is the influence of the aerosols. Several tech-
niques are already used for aerosols studies using scattering of the
Sun or night-time lights (Tomasko et al., 2009; Hasekamp, 2010; Snik
et al.,, 2014; Wang et al., 2016; Zhou et al., 2021). Our model could
extend such applications to night times, improving upon the study
by Wang et al. (2020) of unpolarized night lights. The good fit be-
tween the model and the measurements at several wavelengths comes
with a determination of the size distribution, profile distribution and
refractive index of the aerosols. Any attempt to change drastically
these parameters degrades the fit. The precise determination of the
aerosol parameters is out of scope of this preliminary study. It would
require for example using independent measurements (such as LIDAR)
or dedicated inversion schemes in order to optimize the input model
parameters. Nevertheless, we have shown that the measurement of
the light polarization constitutes an original way for aerosol studies
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at night. This potential application could be used in the future after
careful calibration of the model for this goal and the addition of
multiple scattering. As of today, this article only presents the inner
working of the model in view of future use by other interested teams.

We can think of other uses for study and monitoring of light
pollution impact on the environment which require less precision than
aerosol retrieval. In this context, POMEROL could be used to approxi-
mate the night sky polarization in urban and rural areas, under different
conditions, in the presence or not of the Moon light, in the middle of the
city or in the suburbs, etc. We believe that our model could be helpful
for future studies, even with its current limitations, the first of which
being the omission of multiple scattering. This should be implemented
in future versions for a better concordance with observations. Different
methods could be used to incorporate multiple scattering in POMEROL,
such as forward or backward Monte Carlo approaches (Ramella-Roman
et al., 2005; Yong et al., 2016), doubling adding method (Hovenier,
1971) or path integrals (Petrzala, 2021). Even though this work is
out of the scope of this paper, we anticipate that a reversed Monte-
Carlo approach is particularly adapted to our model since the light
sources are spread and the detector is small. This could save significant
computation time but introduces difficulties for polarization tracing.
We have shown that the impact of multiple scattering can be partly
counter balanced via the unpolarized isotropic background for the blue
and longer wavelengths, without ruling out our model. Furthermore,
pollution maps are not provided for all wavelengths (but these might
be calibrated with in situ measurements). Finally, although we found
that an isotropic sky was enough to fit our observations in the green
and orange lines, a more complex model of starlight and nightglow that
takes into account variations in time and space could further improve
the model. Our study paves the way to future investigations of the
night-light polarization, and calls for dedicated evolution of the model.

Nevertheless, our results suggest that our single-scattering polarized
radiative transfer model together with our polarimeter may be used
during night-time to detect light pollution even in remote areas, and
to diagnose the aerosol content with for instance potential applications
concerning air quality. The experimental technique is passive, contrary
to lidars, low power consumption (less than 5 W), easily transportable
in a suitcase, and can use any kind of visible source (artificial or natural
such as the Moon, the skylight, the airglow). These polarimeters may
be deployed over a large area, thus allowing in the future a global
coverage.
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Appendix A. Computation of the radiant flux measured by our
virtual instrument

A.1. Computation of the radiant flux measured by the virtual instrument

In this appendix, we compute the radiant flux measured by a virtual
instrument in A when the light is emitted by a single point source E,
and scattered at a single point R along the line of sight (see Fig. 3). We
describe each intermediate step in order for the reader to understand
and reproduce our results.

We use here the units used by POMEROL, with the scale factor im-
plemented in the code. The scale factor has no effect on the dimensional
analysis, but are kept here for more transparency on the code.

First, the source is fully described by its radiance Ly in nW/m?2/sr
as given by the input map (see Section 3.1), and its surface area Ay in
m?. It is considered small enough to be approximated as a point source
of radiant intensity Iy = LyAg in nW/sr. Its emission is considered
isotropic. From this, the irradiance Ej reaching the scattering volume
in R is (in nW/m?)

A
Ep = LgQpexp(—tgg) = LEdZ_E exp(—7gg), (A1)

ER
where Q; = Ap /d% r s the solid angle of the emission surface as seen
from the scattering point at a distance dpy (in m), and 7y is the
effective optical depth of the atmosphere between the emission in E
and the scattering volume I" in R (see Eq. (A.16) to (A.19)).

The radiant intensity I (in nW/sr) scattered by the volume of
atmosphere I' around R is

(A.2)
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where o (in m?) is the total scattering cross-section of the molecules or
particles, 6 is the scattering angle and @(6) is the scattering phase func-
tion (see Eq. (A.4) and following text). By definition the phase function
@ is dimensionless and normalized across a sphere (e.g. Mishchenko
et al. (2002), Chandrasekhar (1960)), such that:

(A.3)

=1 / " @(6) sin(0)d6
2 Jo=o

It ensues that ®(#)/(4x) has units of sr!. The phase function & and
total scattering cross-section o to consider is different whether we
consider Rayleigh scattering on air molecules or Lorenz-Mie scattering
on aerosols.

®,,,(0) = % (1+cos®0) A9

is the Rayleigh phase function (Bucholtz, 1995). It does not take into
account molecular anisotropy effects. This approximation does not
affect our results significantly, but could be improved in the future
if necessary using a formula from Chandrasekhar (1960). The aerosol
phase function @,,.(6) is computed using Lorenz-Mie scattering the-
ory (Lorenz, 1890; Mie, 1908; Born and Wolf, 1999) and depends on
the aerosol model parameters listed in Table 1. For the air molecules,
the scattering cross-section is

Oray =BT, (A.5)
while for aerosols it is
Oger = @Coiy I, (A.6)

with g the Rayleigh scattering coefficient in m~! as described in Bu-
choltz (1995) (see Eq. (A.13) to (A.15)), @ the single scattering albedo
of the aerosol, C,,, the extinction coefficient of the aerosol in m~! and
T the scattering volume centered around R in m>. I, the scattering
volume (see Fig. 3), is a truncated cone defined by ¢ the half aperture
angle of the virtual instrument (similar to that of the real polarimeter),

d,r and [ the height of the cone. It is given by
r= %tanz(e) 1 (3d2, +12/4) . (A7)

Finally, the radiant flux in nW measured by the virtual instrument
in A is

1'%
Fa=Tr€24exp(=7pp) = —5— &XP(=74p). (A.8)

AR
where Q, is the solid angle (in sr) of the detector as seen from the
scattering volume in R, X is the surface area of the detector (in m?), d
is the distance from the scattering point to the detector (in m) and 7,
is the effective optical depth along the path from R to A. Developing
I into the initial parameters gives us:

P
Fy =1y 5 exp(—T4R)
dir
[0l
= EE"'L —— exp(—74Rr)
4 d/2§R
Ap D0 = (4.9)
=Lg exXp(—TgRr — TAR)O —— ——
d2 4 d2
ER AR
L, A >
=ZEZE 2 oxp(—tpg — TAR)0P0).
4z g2 42
ER YAR

At this point, we replace the scattering coefficient by the correspond-
ing expression, whether we consider the Rayleigh scattering on air
molecules, or the Mie scattering on aerosols. This gives

prov_ Le Ap =

=L L = exp(—tpg — tAr) TP, (0 A.10
A in di*R dlzm exp(=TgRr = TARL PPyqy(0) ( )
and
Ly Ap X _
4 = =2 =L - exp(=tpp — TAR) [ DC,y P, (0) - (A.11)
4 dER dAR
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Table A.4

Parameters used in Eq. (A.15) (Bucholtz, 1995).
Coefficient 0.2 <1 (pm) < 0.5 0.5 < A (pm)
Aay 7.68246 x 1074 10.21675 x 10~*
A,y 6.49997 x 1073 8.64145 x 1073
B 3.55212 3.99668
C 1.35579 0.00110298
D 0.11563 0.0271393

The total radiant flux measured by our virtual instrument is then the
sum of both contributions as

SLEAE T i ar) [y (0) + BCy @ 0)] . (A1)
A Ax d%R dﬁR ER AR ray ext = aer . .

We describe below in more detail the computations of all the phys-
ical quantities used to compute F,. Classically, the Rayleigh scattering
cross section per molecule is (Rayleigh, 1871; Mie, 1908; Bucholtz,

1995)
2
24 (M =1 6+3p,
MN2\m2+2 ) 6-7p,°
with 1 the wavelength, N, the molecular number density for standard
air, m, the refractive index of standard air at A and p,, the depolarization
factor. In our model, this is accounted for via the Rayleigh scattering co-

efficient (4, z) (in m™1). Following Bucholtz (1995), it is approximated
as

B(4, 2) = Po(d)

crY = (A.13)

P(z) Ty
Py T(z)’
with P(z) and T'(z) the atmospheric pressure and temperature profiles.

Py = 101325 Pa and T;, = 288.15 K are the pressure and temperature at
sea level, and

(A.14)

ﬂ()(i) — Arayﬁf(B+C/1+D/ﬂ) , (A.15)

with A the wavelength (in pm). This approximation takes into account
the depolarization (or King) factor. Values for coefficients Ay B, C
and D are given in Table A.4, and S(4, 2)|.=0 18 shown in Fig. A.13.

The effective optical depth r of the atmosphere between E and R
(and similarly between R and A), is the sum of three contributions from
Rayleigh scattering, ozone absorption and aerosol extinction:

T =1 (A.16)

+ 70, + Taer -

The optical depth from Rayleigh scattering between E and R at respec-
tive altitudes z; and zy is (Bucholtz, 1995)
|P(zg) — P(zp)|
( 4)% ,
0
where 7,(4) follows Eq. (A.15) with A,,, replaced by A,, (value given
in Table A.4). The optical depth for ozone absorption is

Ty (22 Zgs A) = T (A.17)

ZR
70,(2g, 2p, A = 0'03(1)/ No,(zhdZ', (A.18)
ZE

where No,(2) is the ozone number density at altitude z (provided with
the atmospheric profile, see Fig. 2) and o, (4) (shown in Fig. A.13) is
the ozone absorption cross section at wavelength A and a fixed temper-
ature of 273K (Burrows et al., 1999). This is an approximation which
could be refined in future versions with a dependence on temperature.
The optical depth for aerosols is

zR
Toor(ZEs 2R, A) = / C;’;’(Z’, ANdz' . (A.19)

ZE

A.2. Computation of the polarization parameters of the light reaching the
virtual instrument

To compute the DoLP and AoLP of the light reaching the virtual
instrument, one must use the Stokes parameters I, Q and U. In the case
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Fig. A.13. Rayleigh scattering coefficient at sea level (1) = f(4,z) ., (full line, left, see Eq. (A.14)), and ozone absorption cross section 60,(4) (dashed line, right), as a function

of wavelength.

of light coming from a single point source and scattered at a single
point along the line of sight, the polarization is defined with respect
to the scattering plane containing the incoming and scattered rays. In
this case, the polarization induced by Rayleigh and Mie scattering can
only be either perpendicular or parallel to the scattering plane. So we
assume U = 0. For example, the DoLP of a light beam scattered at an
angle 6 via Rayleigh scattering is (McFarlane, 1974)

)
DoLP™™(9) = |Q"(9)| = 1 sin” 6 (A.20)

+cos26
and is always perpendicular to the scattering plane (which means that
AoLP = 0°, QO > 0 and U = 0). We use the Lorentz-Mie scattering
theory to compute the polarization induced by aerosol scattering. Here,
we have the three Stokes parameters coding for linear polarization
defined with respect to the scattering plane: I; (computed in the previ-
ous section), Q, computed from Rayleigh and Lorenz-Mie scattering
theory and U, = 0. These translate to a radiant flux (see previous
section), a DoLP; = |Q,| and an AoLP, = 0 or 90° depending on
the sign of Q,. However, note that the orientation of the scattering
plane is different for each point source in the input emission map.
Therefore, it is not possible to add the Stokes parameters of each single
contribution directly. Before, we must harmonize the definition of the
polarization so that each single contribution is defined with respect to
the same orientation. For this, we use a reference frame attached to
the instrument defined as R, = (x,,y.,z,) such that x, points along
the line of sight and y, is horizontal in the plane of the detector. With
this, we can express the normal vector of the instrument’s plane of
reference as n = (0,0, 1). This orientation is chosen so that, when the
instrument points horizontally, AoLP = 0° for a vertical polarization
and AoLP = 90° for a horizontal polarization. The scattering plane
normal vector can be expressed as (0, y,, z,) in this reference frame.
All necessary derivations of y; and z; from the instrument pointing
direction and the light source relative position are detailed by Bosse
et al. (2020) in their appendix C. We define the AoLP measured
by the instrument as 0.5arctan(y,/z,) in the case where Q, > 0 (or
0.5 arctan(z,/y,) for Q; < 0). The AoLP is positive in the trigonometric
direction (anti-clockwise) when looking towards the source. The AoLP
is z periodic, such that we define it in the interval [-90°,90°]. The
transformation of the Stokes parameters from one reference plane to
the other corresponds to a rotation of the scattering plane to align to
the instrument plane of reference. The 2D rotation matrix for an angle
«a is expressed as

sina
cos a > ’

R(a) = <

cosa (A21)

—sina
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So the Stokes parameters in the reference plane of the instrument can
be computed as:

o\ _ o,
< U >_R(2A0LP)< v >

Only when the Stokes parameters for each single contribution have
been rotated to match the global reference frame, one can sum the
Stokes parameters to obtain the total polarization measured by the
virtual instrument, such as described in Eq. (8). We finally can use (5)
to convert the Stokes parameters to the DoL P and AoL P notation.

(A.22)
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