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ABSTRACT

The population of artificial satellites and space debris orbiting the Earth imposes
non-negligible constraints on both space operations and ground-based optical and ra-
dio astronomy. The ongoing deployment of several satellite ‘mega-constellations’ in the
2020s represents an additional threat that raises significant concerns. The expected
severity of its unwanted consequences is still under study, including radio interference
and information loss by satellite streaks appearing in science images. In this Letter,
we report a new skyglow effect produced by space objects: increased night sky bright-
ness caused by sunlight reflected and scattered by that large set of orbiting bodies
whose direct radiance is a diffuse component when observed with the naked eye or
with low angular resolution photometric instruments. According to our preliminary
estimates, the zenith luminance of this additional light pollution source may have al-
ready reached ~20 pcd m™—2, which amounts to an approximately 10 percent increase
over the brightness of the night sky determined by natural sources of light. This is the
critical limit adopted in 1979 by the International Astronomical Union for the light

pollution level not to be exceeded at the sites of astronomical observatories.
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1 INTRODUCTION

Artificial satellites orbiting the Earth have been a concern of
astronomers since the launch of the first such object, Sputnik
1, in 1957. As of 1 January 2021, some 3,372 satellites are
in orbit (UCS 2021) along with many tens of thousands of
pieces of space debris; we refer to both satellites and space
debris here as “space objects.”

The orbital altitudes of space objects range from a few
hundred kilometres in the case of objects in Low-Earth Or-
bit (LEO) to beyond the 35,786-km height defining geosyn-
chronous orbits. At such altitudes, space objects remain di-
rectly illuminated by sunlight as seen from the night side
of the Earth; consequently, they appear in images obtained
with ground-based telescopes as streaks of various lengths
and apparent brightness depending on the orbital parame-
ters of the objects. Because the streaks are often comparable
to or brighter than objects of astrophysical interest, their
presence tends to compromise astronomical data and poses
the threat of irretrievable loss of information.
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The number of space objects orbiting Earth is expected
to increase by more than an order of magnitude in the next
decade due to the launches of fleets of new, large ’constella-
tions’ of communications satellites. While astronomers can
often plan observations around the presence of bright space
objects in their telescopes’ fields of view by predicting their
apparent positions on the night sky using databases of or-
bital elements, the expected increase in the space object
population significantly increases the probability that any
particular observation will be affected by streaks. Hainaut
at al. (2020) and Tyson et al. (2020) recently explored the
expected impacts of large satellite constellations on both
optical and near-infrared astronomical observations, finding
that ultra-wide imaging exposures made with large survey
telescopes will be most affected, with up to 40% of science
exposures affected by streaks assuming the largest expected
numbers of new satellites and an overall loss of ~1% of sci-
ence pixels.

To date there is little information in the literature as
to the contribution of space objects to the diffuse brightness
of the night sky, as opposed to the effect of discrete streaks
that add systematic errors to astronomical data. While the
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Figure 1. A simplified illustrative view of space debris orbiting
the Earth and directly illuminated by sunlight. Planes I and II
are for the Sun and the Earth, respectively, while the parameters
used are described in the main text. The drawing is not to any
particular scale.

night sky luminance signal due to sunlight reflected from
space objects and propagating in the Earth’s atmosphere is
expected to be small, it is otherwise unknown how its con-
tribution to diffuse night sky brightness (NSB) compares to
natural sources of light in the night sky that ultimately de-
termine the sky luminance over ‘pristine’ locations nearly
devoid of anthropogenic skyglow, such as the sites of astro-
nomical research observatories.

We decided to estimate the present-day diffuse NSB
contribution from space objects, before the ongoing deploy-
ment of large communication satellite constellations increase
in order to benchmark future NSB observations in these pris-
tine places. In the current work, we describe the geometry
of the situation and model the diffuse NSB specifically at-
tributable to sunlight reflected from space objects, estab-
lishing lower limits for the space object contribution based
on expectations for coming launches and the potential for
orbital crowding to generate new sources of space debris.

This paper is organised as follows. We develop the requi-
site theory, establish the expected spectral radiance of space
objects in the observer’s zenith, and compute the zenith
night sky luminance contribution from space objects in Sec-
tion 2. We present the results of our calculations and discuss
their implications in Section 3. Finally, we draw conclusions
from this work and speculate on future prospects in Sec-
tion 4.

2 SKY BRIGHTNESS DUE TO SPACE OBJECTS

Due to their high altitudes, objects in orbit around the Earth
can be visible after the onset of astronomical night; i.e., for
solar depression angles >18°. For instance, objects at al-
titudes between 1000-2000 kilometres can be directly illu-
minated by sunlight and observed in the zenith even when
the depression angle of the solar disc is 30-40°. The lower
the minimum altitude of light rays, the more such rays di-
verge due to atmospheric refraction; see the quantity ho in
Fig. 1. Depending on beam trajectory, the angle of refrac-

tion is 1’ at an altitude of 30 km, 10" at ho ~ 15 km, and
approaches 1° for rays entering the lower troposphere (Link
1969). Satellites illuminated by such low rays are normally
dark or even invisible because of exceptional atmospheric
extinction of sunlight.

Since the deflection of the light beam is extremely low,
most space objects orbiting the Earth are either directly
illuminated by sunlight or disappear once they cross into the
geometrical shadow of the Earth.! A few objects moving in a
‘transition zone’ between positions unaffected by the Earth’s
atmosphere and those obstructed by the Earth contribute
negligibly to the diffuse brightness of the night sky, and thus
are not considered in the following analysis. The transition
zone is defined by the angle of refraction, which normally
does not exceed 1°. The objects traversing the sky from
the twilight region into the Earth’s shadow are constantly
illuminated by sunlight and seen in the visual field of 90° or
more; thus, the number of objects in the transition zone is
about 1% of all objects we can see in the night sky.

2.1 Spectral radiance
The spectral irradiance (W m™2 nm™!) at a point N located
at an altitude h above the Earth’s surface is

Ex(v) = 2bo,A/
.

VR

B TTE () eo(p) dp . (1)

where bg » is the average radiance of the Sun (W m™ nm™!
sr™1), A is the wavelength of radiation,  is the angular dis-
tance measured from the centre of the Earth between the
position of an illuminated object (in point N) and the cen-
tre of the Earth’s shadow (in point M), Rs is the angular
radius of the solar disc, p is the angular distance ranging
from v — Rs to v+ Rs,and € is the maximum opening an-
gle at an angular distance of p, i.e.,the angle between centre
of solar disc and the limb (consult Fig. 1). The transmission
coefficient T¥*! characterizes attenuation of sunlight in the
atmosphere due to extinction (see, e.g., Kocifaj and Hor-
vath 2005). In the absence of the terrestrial atmosphere, or
for high-altitude beams with ho 2 60 km (Link 1969), Eq. (1)
reduces to

v+Rs 5
Egy = 2b0,/\/ eo(p) dp =boamRs, (2)
¥y—Rs

with mR% being the solid angle subtended by the solar disc
in steradians.

Of all photons entering the point N, a small fraction
is intercepted by space objects and redirected toward the
Earth. The redirection is dominated by scattering in the case
of debris objects smaller than or comparable to the wave-
lengths of visible light. For larger macroscopic objects to
which the principles of geometric optics are applicable, direct
reflection of light dominates the redirection. The amount of
redirection is proportional to Fo, Pi—f)k,\ (h), where Py(0) is
scattering phase function normalized to 47, and 6 is the scat-
tering angle, i.e., the angle between the incident beam and
the scattered beam. Conservation of energy requires that

1 The geometrical shadow of the Earth neglects refraction effects
from the terrestrial atmosphere.
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Figure 2. Spatial density of space objects larger than 1 mm as a
function of altitude. Dots are data published by Bendisch et al.
(2004), while the solid line represents our fitted model.

[ Pz—fpdw = 1, where dw = 27sin(0)df is the elementary
solid angle.

Artificial satellites and pieces of space debris have di-
verse shapes and are oriented randomly in the line of sight,
scattering and reflecting light in a complex manner. How-
ever, the number of orbital objects is large, and statistical
averaging over a large sample size yields results similar to
those for equally sized spherical objects. Since most space
objects are very large compared to the wavelengths of visi-
ble light, they scatter light strictly in the geometrical optics
regime. The resulting optical signal therefore depends much
more strongly on an object’s geometric cross section rather
than on its morphology.

The volume scattering coefficient kx(h) can be com-
puted from Mie theory (see, e.g., Hergert and Wriedt 2012)
by treating a given object as a sphere of radius of 7:

ka(h) = W/Ooo (1, h) Qx,sca(r) dr, (3)

where Q»x scq(7) is the scattering efficiency factor for an ob-
ject of radius r illuminated by monochromatic light of wave-
length A. The function n(r, h)dr is the number of objects
of radius r — r + dr per cubic meter such that n(r, h) is
expressed in units of m~*. For objects larger than the typi-
cal observational wavelengths, geometric optics dictate that
Q)\,sca ~ 2.

The spectral radiance due to the reflection of sunlight
in all space objects in Earth orbit along the line of sight z,
detected by an observer at ground level is

—T)/cosz  p (9
Laz) = S“—FEo, —A()kx(h) dh, (4)

s

cos z hy 4T

where 7, is the optical thickness of Earth’s atmosphere, z
is the zenith angle of observation, and h; is the minimum
orbital altitude of space objects. The latter parameter is nor-
mally a few hundred kilometers (see Fig. 2), but the lower
integration limit can also be asymptotically extended to
h1 = 0 km assuming that both the number density of space
objects and kx(h) approach zero near the Earth’s surface.
Space objects with arbitrary shapes reflect sunlight more
or less isotropically, resulting in P\(0)/4m ~ 1/4w (Shen-
deleva 2017). Substituting the approximate expressions into
Eq. (4), we found for the theoretical spectral radiance in the
zenith (z = 0°)

—Tx o oo
In(z) = EO%/}Z h/ v2 n(r, h) dr dh. (5)
=hy; Jr=0
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Figure 3. Logarithmic relationship between cumulative number
and sizes of LEO objects. Dots are data published by National
Research Council (1995) while the solid line is the analytic fit.
The data shown are for objects within 1600 kilometres of the
Earth’s surface.

2.2 Zenith sky luminance: An estimate

It follows from Eq. (5) that the number distribution of space
objects is the only otherwise unknown quantity required to
calculate these objects’ contribution to total diffuse night
sky brightness. We combined a number of works to esti-
mate this function, assuming n(r, h) = R(r)H (h). The func-
tion R(r) models the size distribution (m™!), while H(h) is
the number concentration of space objects (number m™?).
The cumulative number of LEO objects larger than a given
size has been known for decades (National Research Council
1995). The rate at which the cumulative number of objects,
N(r), declines with increasing size is roughly constant on a
log scale, which allows for the simple logarithmic approx-
imation log N(r) = alog(2r) + b (Fig. 3), where 2r is the
characteristic diameter of objects in meters, and a = —1.98
and b = 2.32 are dimensionless scaling constants.

In Fig. 3, N(r) = no [°™ R(r)dr, where ng = 1.64x10"*
is the dimensionless coefficient of proportionality satisfying

the normalization condition |, 55:10,77” R(r)dr = 1. The func-
tion H(h) is scaled to satisfy the following equation
1600km
/ 4nh*H(h) dh = no. (6)
200km

The integral form for N(r) can be easily transformed into
differential form R(r) = —nio%y) = _ﬁloalog(%ﬁ)-&-b.
The vertical stratification of objects in Earth orbit was mod-
eled in accordance with Bendisch et al. (2004). We have de-
veloped an analytical formula that models the experimental
data reasonably well for altitudes h < 40000 km (Fig. 2).

Assuming h is given in metres, we found

H(h) = 3 10408 h=D)/[B+(log h—F)™]-C -

with A=4.02, B=0.60, C=7.3, D=5.35, F=5.3, and m=>5.32.
The coefficient of proportionality, 8=0.10, was derived from
the normalization condition (Eq. 6).

To estimate the contribution of space objects to the
diffuse brightness of the night sky at the zenith we take
Eo xe” ™ to be about Ep ,is ~ 120,000 Im m~? (Al-Obaidi
et al. 2014; Taleb and Antony 2020), a standard value for
ground-level direct solar illuminance that is consistent with
the top-of-the-atmosphere illuminance of 133,600 Im m™2
deduced from the 1985 Wehrli Standard Extraterrestrial So-
lar Irradiance Spectrum (NREL 2010; Wehrli 1985; Neckel
and Labs 1981). The average scattering cross section of a
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Figure 4. Trend of the absolute number of all counted space ob-
jects. Vertical lines with dots represent data provided by ESA
(2020). The solid line is an analytical model.

spherical object is Csca = WTQQSCG(T) ~ 2777“2, so the total
cross section for all objects is

5 m
o = 27r/ > R(r)dr (8)
5x10~7 m

and the contribution from the space objects to the zenith
luminance is

Fo 4x107 m
L = oca—2us H(h)dh
AT J2%109 m
Eo vis 5m 4x107 m
= OT" / r?R(r)dr / H(h)dh
5x10~7 m 2x105 m
~ aT72pcdm 2 9)

where « is the average albedo of space objects.

Due to their different shapes and orientations, the reflec-
tivity of space objects can vary substantially. Many space-
craft are made of composite materials, much of them highly
reflective for the benefit of thermal management, but other
objects can appear dark because of efficient absorption. We
use the average value of a ~ 0.5 in accordance with Krutz
et al. (2011).

Note that the estimate in Eq. (9) is specifically appli-
cable to conditions during the middle to late 1990s. Based
on the trend published by ESA (2020) (Fig. 4) we found
that the number of known space objects has increased by
a factor of 4.5 since the late 1990s. Therefore, we expect
that today’s contribution from space objects to zenith lumi-
nance is at least (7.2a) x 4.5 = 16.2 ucd m™2. Assuming
the above increase rate remains conserved in next few years,
the luminance may quickly approach 25 pgcd m™2 in 2030.

3 DISCUSSION

Any piece of matter in Earth orbit illuminated by the Sun
reflects or scatters light, and can in principle be detected
and tracked as an individual moving object if it can be dis-
tinguished from neighboring ones and its radiance is above
the sensitivity threshold of one’s detector. If its angular size
is smaller than the instrument point-spread function (PSF),
what is recorded in the image is essentially the PSF with an
average irradiance directly proportional to the object radi-
ance and inversely proportional to the PSF area. The irradi-
ance detection threshold can be reached either by increasing
the telescope numerical aperture, yielding larger irradiances,

and/or by increasing the responsivity of the detector. Most
present-day instruments used for narrow-field imaging or for
large astronomical surveys have enough performance as to
record the individual streaks produced by many of the ob-
jects orbiting Earth, excepting those of very small sizes.

The situation is different when observing the night sky
with the unaided eye. The human eye has a PSF with per-
ceptual angular resolution of order 1’, but it has a rela-
tively small light sensitivity in comparison with long expo-
sure images, even under scotopic adaptation. Except for the
brighter ones, most Earth-orbiting objects cannot be visu-
ally detected and tracked individually, since their individual
irradiances fall below the visual detection threshold. How-
ever, if several such objects are present within the receptive
field of a retinal ganglion cell, their combined irradiance may
well reach the threshold, and may be perceived as a diffuse
skyglow component.

A similar diffuse skyglow effect arises when measur-
ing the night sky brightness with highly sensitive but very
low angular resolution detectors. Examples of these devices
are the widely used Sky Quality Meter (SQM; Cinzano
2007) and Telescope Encoder and Sky Sensor-WiFi (TESS-
W; Zamorano 2017), whose PSFs have full widths at half-
maximum of ~20°. In that case the radiance of even very
dim space objects may be enough to be individually de-
tected, but the low angular resolution of the instrument
unavoidably integrates the light of the many such objects
present within its field of view without resolving each in-
dividual source. This results in an increased value of the
diffuse night sky brightness, similar to the one that would
be produced by light pollution from atmospheric scattering
of the radiance emitted by anthropogenic light sources on
the ground.

The estimated strength of this effect, as per direct ap-
plication of Eq. (9), is currently of order 16.2 gcd m™2. Note
that this value was obtained from Eq. (9) by integrating the
contributions of the objects located toward the observer’s
local zenith with a lower integration limit of 200 km, con-
sistent with the object altitude distribution in Fig. 2 and
assuming that only one half of the cross-section of the ob-
ject is illuminated by sunlight as seen from the observer’s
position. This corresponds to the objects’ phase angle at
sunset or sunrise.

At the beginning or the end of the astronomical night,
when the Sun is at —18° with respect to the horizon, the
Earth shadow reaches 328 km above the observer. Up to this
orbital altitude the space objects are entirely in darkness at
these moments. However, since such low-altitude orbits are
relatively little populated (Fig. 2) the total radiance of the
space object column is still 99.98 per cent of the maximum.
Furthermore, at that time of the night the phase angle of
the objects located above the observer is £72°, so that the
fraction of their illuminated surface is 0.65, instead of 0.5.
The skyglow contribution of the space object cloud at the
beginning and end of the astronomical night is then propor-
tionally increased, reaching an estimated value of 21.1 pcd
m~ 2.

These luminances amount to ~10 per cent of the natural
night sky brightness, a critical level mentioned in the 1979
resolution of the International Astronomical Union (IAU) as
the limiting acceptable value of light pollution at astronom-
ical observatory sites. According to this criterion, “...the
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increase in sky brightness at 45° elevation due to artificial
light scattered from clear sky should not exceed 10 per cent
of the lowest natural level in any part of the spectrum be-
tween wavelengths 300 and 1000 nm except for the spectral
line emission from low pressure sodium lamps...” (Cayrel
1979). Although the original criterion refers to the bright-
ness at 45° elevation, it is reasonable to apply it also to
zenith observations.

The concept of a ‘natural level’ of brightness is in it-
self debatable, since the natural night sky brightness in any
observation band, including the visual one, is widely vari-
able depending on the region of the sky, the location of the
observer, the state of the atmosphere and the highly fluctu-
ating strength of the airglow, as described in, e.g., Masana
et al. (2021) and references therein. According to the Gaia-
Hipparcos map, zenith luminance values of 200 pcd m ™2
could be taken as a reasonable ‘dark sky’ luminance bench-
mark. A reference level of 22.0 mag arcsec™?2 in the Johnson
V band is often quoted in the literature, subject to the same
variability factors as the luminance value.

Note that the true visual luminance of a Johnson V =
22.0 mag arcsec ™2 sky is contingent on the arbitrarily chosen
definition of the V' magnitude scale (AB or Vega zero-points,
Vega magnitude, etc.), and also on the spectrum of the in-
coming light. The same Johnson V magnitude may corre-
spond to very different sky luminances depending on the
correlated colour temperature (CCT) of the sky spectrum,
as reported in Bard et al. (2020). Notwithstanding that, 22.0
Johnson V' mag arcsec™? corresponds to ~200 pucd m~? for
typical sky CCTs recorded in observatories across the world
(Bard et al. 2020), so both quantities can be taken as sen-
sible and practical reference values for the brightness of the
natural sky.

These results imply that diffuse night sky brightness
produced by artificial space objects directly illuminated by
the Sun may well have reached nowadays, and perhaps ex-
ceeded, what is considered a sustainability ‘red line’ for
ground based astronomical observatory sites. Note that the
data used in Figs. (3-4) are for detected objects only. This
means the real number of objects should be even higher
because, in principle, not all objects have been identified.
Therefore, the above estimate is a lower limit. This effect
will certainly be aggravated by the planned deployment of
huge satellite ‘mega-constellations’ that will add a substan-
tial number of reflecting objects in large-inclination orbits at
altitudes above ~ 500 km. The effect of these space objects
on the diffuse brightness of the night sky is to be considered
in addition to the streaks of individual objects that tend
to compromise the quality of astronomical images. This is
in our opinion an issue that should be taken into account
by the astrophysical community in its efforts to preserve
science-grade quality night skies.

The approach in this work is a first approximation to
the problem, made with some simplifying assumptions. How-
ever, the results in Section 2 were derived from robust first
principles and we believe they capture the basic physics of
this effect. Our estimates refer only to the human visual
band; estimates in other bands of the optical region, includ-
ing the near-infrared, would be also informative but were
not addressed in this work.

Observational campaigns to evaluate the strength of
this effect should be planned and carried out. They pose
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an interesting methodological problem, since this new sky-
glow component corresponds to a diffuse contribution slowly
varying across the night sky, so no sharp borders between an
affected and an unaffected area of the sky are to be expected.
If these borders between adjacent patches of the sky were
present, visual inspection could have been enough to detect
this phenomenon: the luminance contrast of a 20 pcd m™?2
brighter patch over a 200 ucd m~2 background is 0.1, well
above the human detection contrast threshold for a 6° zone
surrounded by a 200 pcd m~2 adaptation luminance field,
which is 0.07 (Blackwell 1946). The lack of such sharp bor-
ders should prompt the community to make absolute mea-
surements and compare them with models of the natural
night sky and/or to monitor changes in night sky bright-
ness on timescales of order of a few years. Comprehensive
datasets of the present levels of skyglow in dark sites could
provide an instrumental baseline to assess the additional
contribution of the new satellite mega-constellations, and
also to monitor its evolution in forthcoming years.

4 PROSPECTS AND CONCLUSIONS

The cloud of artificial objects orbiting the Earth, composed
of both operational and decommissioned satellites, parts of
launch vehicles, fragments, and small particles, with char-
acteristic sizes ranging from micrometers to tens of meters,
reflect and scatter sunlight toward ground-based observers.
When imaged with high angular resolution and high sensi-
tivity detectors, many of these objects appear as individual
streaks in science images. However, when observed with rel-
atively low-sensitivity detectors like the unaided human eye,
or with low-angular-resolution photometers, their combined
effect is that of a diffuse night sky brightness component,
much like the unresolved integrated starlight background of
the Milky Way.

According to our preliminary estimations, this newly
recognised skyglow component could have reached already a
zenith visual luminance of about 20 pcd m™2, which corre-
sponds to 10 per cent of the luminance of a typical natural
night sky, exceeding in that way the TAU’s limiting light
pollution ‘red line’ for astronomical observatory sites. Fu-
ture satellite mega-constellations are expected to increase
significantly this light pollution source.
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