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Abstract

This paper presents optical night sky brightness measurements from the stratosphere using CCD images taken with
the Super-pressure Balloon-borne Imaging Telescope (SuperBIT). The data used for estimating the backgrounds
were obtained during three commissioning flights in 2016, 2018, and 2019 at altitudes ranging from 28 to 34 km
above sea level. For a valid comparison of the brightness measurements from the stratosphere with measurements
from mountain-top ground-based observatories (taken at zenith on the darkest moonless night at high Galactic and
high ecliptic latitudes), the stratospheric brightness levels were zodiacal light and diffuse Galactic light subtracted,
and the airglow brightness was projected to zenith. The stratospheric brightness was measured around 5.5 hr, 3 hr,
and 2 hr before the local sunrise time in 2016 2018, and 2019, respectively. The B, V, R, and I brightness levels in
2016 were 2.7, 1.0, 1.1, and 0.6 mag arcsec > darker than the darkest ground-based measurements. The B, V, and R
brightness levels in 2018 were 1.3, 1.0, and 1.3 mag arcsec 2 darker than the darkest ground-based measurements.
The U and I brightness levels in 2019 were 0.1 mag arcsec ™ > brighter than the darkest ground-based measurements,
whereas the B and V brightness levels were 0.8 and 0.6 magarcsec > darker than the darkest ground-based
measurements. The lower sky brightness levels, stable photometry, and lower atmospheric absorption make
stratospheric observations from a balloon-borne platform a unique tool for astronomy. We plan to continue this
work in a future midlatitude long duration balloon flight with SuperBIT.

Unified Astronomy Thesaurus concepts: CCD photometry (208); Night sky brightness (1112); Sky brightness
(1462); Stratosphere (1640); High altitude balloons (738); Optical observatories (1170); Diffuse radiation (383);
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1. Introduction

The objective when doing photometry is to determine the
true brightness of the individual astronomical source of interest.
However, various sources of sky brightness can contaminate
the flux from astronomical sources. For the case of aperture
photometry, the signal-to-noise ratio (S/N) of a measurement is
given by the equation (Mortara & Fowler 1981)

s N,
\/N* + npix(Ns + Np + Ny)

N ey

where N, is the number of photons collected from the source of
interest (or the signal). The noise terms in the equation are the
square roots of N, plus np (the number of pixels under
consideration for the S/N calculation) times the contributions from

Nj (the total number of photons per pixel from the background or
the sky), Np (the total number of dark current electrons per pixel),
and NZ (the total number of electrons per pixel from read noise).
For observations in the sky background limited case, such that

JMpixNs > 3 npiXNI%, the S/N is approximately
SN
N [npicNs
Understanding the sky background level at the observing site
is therefore important, as it can set the limiting magnitude for
detection of astronomical sources. There are a variety of
sources of different physical origin that can contribute to the
total night sky background. We refer the reader to Roach &
Gordon (1973) and Leinert et al. (1998) for a comprehensive
review.
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Zodiacal light (Iz) in the UV, visual, and near-infrared is
caused by sunlight scattered from the diffuse cloud of
interplanetary dust particles that lies primarily in the plane of
the solar system. In the mid- and far-infrared, I7; is dominated
by the thermal emission from those dust particles. I is a
function of the viewing direction (A — Ao, (), wavelength,
heliocentric distance, and the position of the observer relative
to the symmetry plane of interplanetary dust. Iz is also
polarized, with a maximum polarization of ~20% (Leinert
et al. 1998). I; as a function of ecliptic coordinates in the
optical wavelengths has been measured both from the ground
and from space by a few different studies (see, e.g., Kwon et al.
2004; Buffington et al. 2016; Lasue et al. 2020).

Airglow (I,) due to the chemiluminescence of upper
atmosphere atoms and molecules can also contribute to night
sky brightness and is a function of zenith angle, local time,
geographic latitude, season, solar activity, and altitude.
Airglow includes a quasi-continuum from NO, (500-650 nm)
and a number of discrete emission lines. Airglow emission
lines mainly arise from the thin mesospheric layer at an altitude
of ~85 to 90 km (see, e.g., Meinel 1950a, 1950b; Chamberlain
1961; Roach 1964; Roach & Gordon 1973; Meier 1991;
Kenyon & Storey 2006). The strongest airglow line in the
visible is the 557.7nm forbidden line of [OI]. OH lines
dominate the airglow emission in the near-infrared bands
(Meinel 1950a, 1950b). We refer the reader to Table 13 in
Leinert et al. (1998) for a list of airglow lines along with their
emission wavelength, typical altitude of the atmospheric
emission layer, and typical intensities. In the absence of
atmospheric extinction, a thin homogeneous emitting layer at
height 4 above Earth’s surface shows an increase in airglow
brightness toward the horizon described by the van Rhijn
function (van Rhijn 1921)

1@  _ !
I(zenith) [T — [R/R + WP siz

3)

where R = 6378 km is the radius of Earth and z is the zenith
distance. The increase in airglow brightness toward the horizon
has been observationally verified to be consistent with the van
Rhijn function (see, e.g., Hofmann et al. 1977 for measure-
ments taken with balloon observations at 2.1 ym at an altitude
of 30 km).

Integrated starlight (/;s;) is the combined light from
unresolved stars in the Milky Way that contribute to the sky
brightness from the UV to mid-infrared, with the contribution
dominated by hot stars and white dwarfs at the shortest
wavelengths, main-sequence stars in the visible, and red giants
in the infrared (Mathis et al. 1983). The contribution of i
depends on the ability for the telescope to resolve the
brightness stars, which is set by its limiting magnitude. The
limiting magnitude of a telescope depends on the seeing at the
site, the atmospheric extinction, and the size of the telescope.

Diffuse Galactic light (Ipgp) is due to the diffuse component
of the Galactic background radiation produced by scattering of
starlight by interstellar dust (Elvey & Roach 1937; Roach &
Gordon 1973). The scattering of starlight by interstellar dust is
the primary contributor to the interstellar extinction of starlight.
Therefore, Ipgy, is brightest in directions where both the dust
column density and the integrated stellar emissivity are high,
which is generally the case for the lowest Galactic latitudes.
IpgL typically contributes ~20%-30% of the total integrated
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light from the Milky Way (Leinert et al. 1998). Ipg,. is difficult
to measure from ground-based observations, since the contrib-
ution from Ia, Iz, and Ijg; must all be known to very high
precision if the Ipg, component is to estimated by subtraction
of the other components.

Extragalactic background light (/gg;) due to redshifted
starlight from unresolved galaxies, stars or gas in intergalactic
space, or redshifted emission from dust particles heated by
starlight in galaxies can also contribute to the total sky
background. Although no generally acceptable measurements
exist in the UV, optical, or infrared wave bands, the
contribution of Igg; is expected to be very small at all sites.

Small imaging photopolarimeters on the Pioneer 10 and 11
deep space probes were used during the cruise phases (between
and beyond the planets) to periodically measure and map the
sky brightness and polarization in the blue (395-495 nm) and
red (590-690nm) bands from beyond the asteroid belt
(R > 3au), where the contribution of zodiacal light is
negligible (Hanner et al. 1974; Weinberg et al. 1974). Toller
(1981) derived Ipgp intensities in the blue band from the
Pioneer 10 data by subtracting the ;5 measured by Roach &
Megill (1961) and Sharov & Lipaeva (1973) at the positions of
194 selected areas (Blaauw & Schmidt 1965). The residuals are
interpreted to be largely due to the contribution of Ipg;.. Figure
76 in Leinert et al. (1998) presents the mean Galactic latitude
dependence of Ipgp from Toller (1981), averaged over all
Galactic longitudes.

Moonlight (Iy100,) can also contribute to sky brightness and
is a function of lunar phase and the moon-target angular
separation. Krisciunas & Schaefer (1991) provide a model for
the sky brightness due to moonlight as a function of the moon’s
phase, the zenith distance of the moon, the zenith distance of
the sky position, the angular separation of the moon and sky
position, and the local extinction coefficient. Jones et al. (2013)
developed an advanced scattered moonlight model for Cerro
Paranal, which can be modified for any location with known
atmospheric properties. Walker (1988) also found a correlation
between solar activity and the V- and B-band zenith sky
brightness using photometric measurements at the San Benito
Mountain (1.6 km above sea level) during 1976-1987.

The combined radiation from the different components of
sky brightness is attenuated by atmospheric extinction, while
tropospheric scattering (Is.,) of the incoming radiation also
adds a nonnegligible brightness component. /., also contains a
contribution from light pollution. The total sky background can
be expressed as

Ly = (a + IzL + hs. + IngL + IeBL + Ivoon) - €77 + Lcas
(€]

where 7 is the extinction coefficient (which depends on the
wavelength )\, zenith distance z, height of the observer, and the
change of the atmospheric conditions with time). For
observations from the stratosphere, the atmospheric extinction
is negligible and tropospheric scattering is irrelevant, such that
the total sky background from stratospheric altitudes can be
approximated as

Ly >~ In + Iz + Lt + IpeL + IeL + IMoon- 5

There have been a number of studies that have estimated the
optical sky background from ground-based observatories. Benn
& Ellison (1998) estimated the brightness on the island of La
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Palma in the Canary Islands using 427 CCD images taken with
the Isaac Newton and Jacobus Kapteyn Telescopes on 63
nights from 1987 to 1996. These telescopes are located at
longitude 18° W, latitude 20° N, and an altitude of 2.3 km
above sea level. Their zenith sky brightness measurements on
moonless nights at high ecliptic and Galactic latitudes, low
airmass, and at solar minimum are 22.0, 22.7, 21.9, 21.0, and
20.0 mag arcsec 2 in U, B, V, R, and I respectively. Optical sky
brightness has been measured from the Gemini North
Observatory'> (located near the summit of Maunakea at
4.2km above sea level). Krisciunas (1997) measured the
average zenith sky brightness levels during moonless nights at
the 2.8 km level at Maunakea between 1985 and 1996 to be
22.5 and 21.6 mag arcsec > in B and V, respectively.

Leinert et al. (1995) present sky brightness measurements
taken from the Calar Alto Observatory at an altitude of 2.17 km
during 18 moonless nights in the years 1989, 1990, 1991, and
1993. Their average values are 22.2, 22.6, 21.5, 20.6, and
18.7 mag arcsec > in UBVRI. They also found that long-term
variations in sky brightness are correlated with the solar
activity. Mattila et al. (1996) measured the sky brightness at the
La Silla Observatory located at an altitude of 2.4 km during 40
moonless nights between 1978 and 1988. They found their
results to be 22.8, 21.7, 20.8, and 19.5 mag arcsec 2 in B,V R,
and 1 respectively.

Patat (2003) measured the optical sky brightness at the
Paranal Observatory (2.64km above sea level) using 3900
images obtained on 174 different nights from 2000 April and
2001 September. Their zenith-corrected values averaged
over the whole period are 22.3, 22.6, 21.6, 20.9, and
19.7 mag arcsec 2 in U, B, V, R, and [ respectively. Yang
et al. (2017) measured the optical sky brightness at the summit
of the Antarctic plateau, Dome A (located 4.1 km above sea
level), using the wide-field camera called Gattini on the
PLATO instrument. They found the median value of sky
brightness, when the Sun elevation is less than —18° and the
Moon is below the horizon, to be 22.45, 21.40, and
20.56 mag arcsec > in B, V, and R respectively.

This paper presents optical night sky background levels
measured from the stratosphere from the Super-pressure
Balloon-borne Imaging Telescope (SuperBIT). SuperBIT is a
diffraction-limited, wide-field, 0.5m telescope capable of
taking science observations with 50 mas pointing stability
from stratospheric altitudes on a balloon-borne platform. The
paper is organized as follows. In Section 2, we present details
of the three SuperBIT commissioning flights from which we
used the data for the sky background measurements. In
Section 3, we present the data analysis procedure, specifically
the photometric calibration (Section 3.1), the sky brightness
estimation procedure in units of ADU st (Section 3.2), and
the sky brightness estimation procedure in physical units
(Section 3.3). In Section 4, we present the results.

2. Data

The sky backgrounds were estimated using CCD images in
different bands from three different commissioning flights of
SuperBIT in 2016, 2018, and 2019. The 2016 flight was
launched from the Columbia Scientific Balloon Facility (CSBF-
NASA) located in Palestine, Texas for a single night on 2016
June 30, and the average altitude at science observations of

15 https: //www.gemini.edu/observing /telescopes-and-sites /sites#OptSky
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~34 km. The 2016 telescope was an engineering telescope with
a modified-Dall-Kirkham f/10 design with a 500 mm aperture.
The CCD consisted of 6576 (H) x 4384 (V) pixels with a
5.5 um x 5.5 um pixel size, and a 07226 pixel ' plate scale.
The 2018 flight launched on 2018 June 6 for a single night
from CSBF-NASA in Palestine, Texas (Romualdez et al.
2018). The average altitude during science observations was
~29 km. The 2018 telescope and the CCD were the same as the
2016 flight. The 2019 flight launched on 2019 September 18
for a single night from the Timmins Stratospheric Balloon Base
in Ontario, Canada, with launch support provided by the Centre
National d’Etudes Spatiales (CNES) and the Canadian Space
Agency (CSA). The average altitude at which science
observations were taken was ~34 km. Compared to the 2016
and 2018 flights, both the telescope and the CCD were
upgraded in 2019. The 2019 telescope was a science-quality
telescope with a modified-Dall-Kirkham f/11 design also with
a 500 mm aperture. The CCD was upgraded to one with
improved quantum efficiency, 6576 (Horizonal) x 4384 (Ver-
tical) pixels with a 5.5 um x 5.5 um pixel size, and a
07206 pixel ' plate scale. We refer the reader to Romualdez
et al. (2020) for further details on the SuperBIT 2019
commissioning flight.

3. Sky Background Analysis
3.1. Photometry

To estimate the night sky brightness level in physical units, it
is necessary to consider the bandpass of the instrument. The
SuperBIT bandpass is derived from the combination of the
throughput of the telescope, the quantum efficiency of the CCD
sensor, the reflectance of the tip-tilt mirror (which is coated
with protected aluminum), and the transmission of the filters.
The bandpass for the 2019 flight is shown in Figure 1.

To estimate the band center, we used the source-independent
pivot wavelength defined as (Koornneef et al. 1986)

R(N) A dA
)\p: L, 6)
SR dA/A

where R()) is the bandpass response function. The bandwidth
was estimated using the Kraus formula

MR AT
A:[ffA()R()d]’ -
JTA) ROVP dA

where f(\) is the flux density of the source for which we
assumed a flat spectrum. The pivot wavelengths and band-
widths for the SuperBIT 2016, 2018, and 2019 flights are given
in Table 1. The values for the standard Johnson—Cousins
UBVRI system are also shown for comparison (Bessell &
Murphy 2012). The bandwidth for the UBVRI system in
Table 1 is the FWHM.

Figure 2 shows the overlap of the SuperBIT filters and the
Johnson—Cousins filters on the Gemini North Acquisition
Camera taken from the Spanish Virtual Observatory Filter
Profile Service.'® There is reasonable overlap between U and
UV, B and blue, V and green, red and R, and / and IR between
the Johnson—Cousins and SuperBIT filters, respectively.

16 http://svo2.cab.inta-csic.es/theory /fps/
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Figure 1. The overall SuperBIT bandpass (lower panel) was constructed by taking the dot product of the telescope throughput, the reflectance of the tip-tilt mirror
(which is coated with protected aluminum), the transmission of the filters (dashed lines), the quantum efficiency of the science camera CCD sensor (upper panel). This

figure shows the bandpass, pivot wavelengths, and bandwidths for the 2019 flight.
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Figure 2. Comparison of the SuperBIT filters and the Johnson—Cousins filters
on the Gemini North Acquisition Camera. The solid lines are the SuperBIT
filters and dashed lines are the Gemini North filters. There is reasonable overlap
between U and UV, B and blue, V and green, R and red, and / and IR between
the Johnson—Cousins filters and the SuperBIT filters, respectively.

3.2. Sky Background Estimation in ADU s~

The raw CCD images were bias, dark current, and cosmic-
ray corrected. To estimate the background level in units of
ADU s, pixel values +30 away from the mean of the reduced
image were discarded until convergence, where the final
iteration clips no pixels. The remaining (30 clipped) pixels
were fit with a Gaussian distribution. The estimate of the sky
background level was taken to be the mean of the Gaussian fit.
The error in the sky background level in ADUs ™' was taken to
be the error in the mean, which was calculated using the
bootstrap method. For a given N number of pixels that remain
after £30 clipping, the bootstrap method for estimating the
error in the mean consisted of the following steps:

1. Take a random sample of N pixels with replacement.
2. Take the mean of the random sample.

3. Repeat steps (1) and (2) for M = 5000 iterations.
4. Take the standard deviation of the sample of M means to
estimate the error in the mean.

To test whether additional masking of any residual diffuse
emission from galaxies after the +3c¢ clipping would be
necessary, we compared the mean and the error in the mean in
the background level using the 2018 Lum image between two
cases: (i) the =30 clipped image; (ii) the 30 clipped image
with additional masking of residual diffuse emission from
galaxies. We found that the means of the Gaussian distributions
between the two cases were identical, and the difference
between the errors in the means was <2%. Therefore, we
concluded that 3¢ clipping of the reduced image is sufficient
for the purpose of sky background estimation. The mean sky
background level and its error in ADUs ' for the three
different years and different bands are shown in Figure 3. The
exposure times for the images taken were 20 s, 120 s, and 300 s
for 2016, 2018, and 2019, respectively.

3.3. Sky Background Estimation in Physical Units

To convert the background estimate from ADU to physical
units, the dot product between the spectral energy distribution
(SED) of an unsaturated calibrator star and the bandpass was
first taken. The spectral type of the calibrator stars was
estimated by extracting observed optical flux as a function of
wavelength data points measured by other instruments for the
calibrator star within a circle of radius 2” using the VizieR
photometry tool.'” The observed data points were taken
from Pan-STARRS DR1 (Chambers et al. 2016), Gaia DR2
(Gaia Collaboration et al. 2018), AAVSO Photometric All-Sky
Survey (APASS; Henden et al. 2015), 2MASS All-Sky Catalog

17 http://vizier.unistra.fr/vizier/sed/
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Figure 3. The mean sky background level and the error in the mean in ADU s~ . The error in the mean in the background level was estimated using the bootstrap
method. The results are shown for three commissioning flights of SuperBIT in 2016, 2018, and 2019. The exposure times for the images used were 20 s, 120 s, and

300 s for 2016, 2018, and 2019, respectively.

Table 1
The Pivot Wavelengths and Bandwidths for the SuperBIT 2016, 2018, and 2019 Flights as well as the Standard Johnson—Cousins UBVRI System (Bessell &
Murphy 2012) Are Shown for Comparison

Year Filter Lum uv Blue Green Red IR
2016, 2018 Ap (nm) 519.3 365.5 442.1 536.6 640.0 809.7
2016, 2018 A (nm) 312.2 67.6 140.7 92.2 107.7 211.9
2019 Ap (nm) 530.6 363.7 441.7 537.9 642.0 811.9
2019 A (nm) 320.9 68.9 141.3 92.7 108.7 216.5
Filter U B \%4 R 1
Ap (nm) 359.7 437.7 548.8 651.5 798.1
A (nm) 62.5 89.0 83.0 144.3 149.9
(Cutri et al. 2003), Guide Star Catalog 2.3.2 (Lasker et al. 3.631 x 107*ergs ' cm > Hz ' has mag = 0.
2008), and the UCACS catalog (Zacharias et al. 2017). The _ 55 43.60 9
measured data were least-squares fit to stellar SED templates map = —2.5logof, — 48.60. ®)

from a standard stellar spectra flux library by Pickles (1998) to
estimate the spectral type of the calibrator star. The SED and
the best-fit to observed data for the calibration stars used for the
2016, 2018, and 2019 data are shown in Figure 4.

The Gaia DR2 catalog was used for external flux calibration
of the SuperBIT data. Gaia DR2 magnitudes are defined by

G = —2.5log I + Gy, (8)

where I is the internally calibrated flux in units of
photoelectrons s ', and Gy is the zero-point, which is provided
by Gaia DR2 in both the Vega and AB magnitude systems.
Throughout this paper, we use the AB magnitude system,
defined such that a source with a flux density f, of

The theoretical flux of the calibrator star is calculated on the
Gaia scale. The proper normalization of the SED, S()\), was
then determined given the observed Gaia BP band flux. S()\)
data from Pickles (1998) is in units of erg s 'em 2 A ! and is
arbitrarily normalized at A = 555.6 nm. S(\) was renormalized
by comparing the theoretical and observed flux. To do so, the
theoretical integrated flux was first converted to units of
photoelectrons s~ ! (Evans et al. 2018; Riello et al. 2018).

I = IopsGaiax = B T, Gaia, % (10)
N

B hncane = [ BSO) - Rep(N - AdA (D)
he Ja=0
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Figure 4. Spectral type estimates for the calibration stars with template fitting for 2016, 2018, and 2019 data. The spectral templates were taken from the stellar

spectral flux library by Pickles (1998).

Table 2
List of Parameters Sampled in the Monte Carlo Simulations

Parameter Example (2019 Lum Calibration) Description

Lobs Gaia.x 56170.18 + 45.91 [e” s~ '] Observed BP flux for the calibrator star provided by Gaia DR2.

Rgp (V)* 0.65 + 7.99E—4 [dimensionless] BP bandpass provided by Gaia DR2.

S(\° 1.055 + 0.007 [erg s~ ' em ™2 A™1] Calibrator star SED provided by Pickles (1998) stellar spectral flux library.
(ADU s’l)SBﬁk 13574.09 + 2.78 [ADU s ] Taken from the automatic aperture photometry routine by SExtractor.

(ADU 8 Mg aresec? 0.32 £ 2.64E—4 [ADU s 1]

Taken as the the mean of the Gaussian distribution in Figure 3.

Notes. An example of the relative uncertainty of the sampled parameters for the 2019 Lum calibration are shown in Column 2.
? The bandpass value provided in Column 2 is at the Gaia BP pivot wavelength of 505.15 nm.
® The SED value provided in Column 2 is at the pivot wavelength (530.6 nm) of the SuperBIT 2019 Lum band. Note that the SED data from Pickles (1998) is

arbitrarily normalized at A = 555.6 nm.

where P, = 0.7278 m? is the Gaia telescope pupil area, Rgp(\)
is the Gaia BP bandpass, and (3 is the renormalization factor for
S(N). Once g is calculated, the observed flux density of the
calibrator star on the SuperBIT flux scale is then

[BS(N) - Rsp(N) dA [erg 11 ]
= —= |, 12
ﬁ/,SB,* fRSB(A)%dA ( )

s cm? Hz

where the numerator is the observed integrated flux and after
normalization for the bandpass, f, sg « 1S the observed flux
density of the calibrator star.

With the observed flux density, an ADUs ™' to flux density
conversion factor was calculated. This scale factor provides an
indication of the sensitivity of the instrument. The ADU s~ for
the calibrator star were taken using the automatic aperture
photometry routine of SExtractor, which is derived from
Kron’s first moment algorithm (Kron 1980; Bertin &
Arnouts 1996). This was done after the reduced (bias, dark,
and cosmic-ray corrected) image was also background
subtracted. Once calculated, the flux density conversion factor,
«, is assumed to be valid over the entire image and was used to
convert the sky background level from ADUs ' to physical

units
ADU s7!
Qs = o = M_ (13)
JosB.%
We first converted the sky background level in

ADUs ' pixel ' to ADUs 'arcsec ? given the CCD pixel
scale. The background level in ADUs 'arcsec > was then
converted to a flux density per arcsec’ and subsequently to
MAB bkg/ arcsec? by

ADU s~!
ﬁ/,bkg/ aresec? — T (14)
«
MAB bkg/ arcsec? = —2.5 loglof,‘,’bkg/ arcsec2 — 48.60. (15)

To estimate the error in the background level in physical
units, we ran 2000 Monte Carlo (MC) simulations, for which
random samples were drawn assuming a Gaussian distribution
for parameters that go into the calculation of the sky
background. Table 2 lists the parameters that were sampled
in the MC simulations and how the errors in the parameters
were obtained. The sky background level and its error in
physical units were then taken to be the mean and the standard
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Figure 5. The raw measured sky background level in AB mag per arcsec® taken from the stratosphere for different bands of SuperBIT from three commissioning
flights in 2016, 2018, and 2019. The histograms are the result of 2000 Monte Carlo simulations.

deviation of the Gaussian fit to the results from the MC
simulations (see Figure 5).

4. Results

Table 3 shows the calibration parameters for different bands
and years. Figure 5 shows the raw observed sky background
level from the MC simulations for different bands and years.
Table 4 shows the sky background level along with the gondola
altitude, telescope elevation, moon—target angular separation,
Galactic and ecliptic coordinates of the target, geographic
coordinates of the gondola, and the number of nights away
from new moon the observation was taken, and the solar
altitude angle.

To ensure that the comparison between the stratospheric
brightness measurements and the ground-based measurements
(taken at zenith on moonless nights and at high Galactic and
high ecliptic latitudes) is valid, Table 4 presents

1. Raw observed sky background.

2. Zodiacal light subtracted sky background.

3. Zodiacal light, diffuse Galactic light subtracted sky
background.

4. Zodiacal light, diffuse Galactic light subtracted sky
background with the airglow projected to zenith.

The zodiacal light brightness subtraction was done using
observed optical zodiacal light brightness measurements from
Table 3 in Kwon et al. (2004) at the ecliptic longitude (A — Ay)
and ecliptic latitude () of the target. The zodiacal brightness
values in Table 3 in Kwon et al. (2004) are provided in units of
S10V)gav. The S1o(V)gav unit represents the brightness
equivalent to the flux of a solar type (G2V) star of tenth
magnitude per square degree at the mean solar distance

(Sparrow & Weinberg 1976), and V refers to the visual color in
the UBV system defined by Johnson & Morgan (1953). To
convert the S;o(V)gov units from Table 3 in Kwon et al. (2004)
to units of Wm Zsr ' um (and subsequently to units of
uly arcsec ), we used the S;o(V)gy conversion factors
provided as a function of wavelength in Table 2 in Leinert
et al. (1998).

The diffuse Galactic light subtraction was done using
estimates of Ipgr, as a function of Galactic latitude given in
Figure 76 in Leinert et al. (1998), which is based on Pioneer 10
measurements (see Section 1 for further details). The Ipgr
intensities in Figure 76 in Leinert et al. (1998) are also given in
S10(V)gav units, and the conversion to Wm Zsr! pm was
also done using Table 2 in Leinert et al. (1998). Finally, the
projection of airglow to zenith was done using the van Rhijn
function (see Equation (3)). We found +30 clipping to be
effective at removing the brightness contribution from resolved
stars, but we did not correct for I;g; because separating the
contribution of unresolved stars is difficult. Table 5 lists the sky
brightness measurements from mountain-top ground (on the
darkest moonless nights taken at zenith and high Galactic and
high ecliptic latitudes) as well as the stratospheric brightness
levels (with the subtraction of I; and Ipgy, and I projected to
zenith). Figure 6 compares the sky background levels measured
from mountain-top ground-based observatories and the
stratosphere.

The stratospheric brightness was measured around 5.5 hr,
3 hr, and 2 hr before the local sunrise time in 2016, 2018, and
2019 respectively. The average solar altitude angle during
observations was —34°, —30°, and —19° in 2016, 2018, and
2019, respectively. The B, V, R, and I brightness levels in 2016
were 2.7, 1.0, 1.1, and 0.6 mag arcsec 2 darker than the darkest
ground-based measurements. The B, V, and R brightness levels



Table 3

Photometric Calibration Parameters (For Different Bands and Years)
Obs. Time Band A ADUy,," af Gaia Source ID° sp.f Gaia® SuperBIT"
(Local) (nm) per s (ADU s ! erg’1 cm?) (Dimensionless) Type BP mag mag
2019-09-18, 04:02:48 Lum 530.6 0.32 + 2.64E—4 9.07E28 =+ 5.34E25 1.79E—14 + 3.24E—17 1636230124273559424 o2v 13.507 + 0.001 13.462 + 0.001
2019-09-18, 05:14:39 uv 363.7 0.01 + 9.21E-5 1.76E27 4+ 1.71E25 2.65E—14 + 5.14E—17 1636254657126740608 2g0v 13.059 + 0.001 14.243 + 0.004
2019-09-18, 05:07:59 Blue 441.7 0.08 + 1.37E—4 4.22E28 + 8.39E25 2.65E—14 + 5.14E—17 1636254657126740608 g0v 13.059 + 0.001 13.313 + 0.002
2019-09-18, 05:29:42 Green 537.9 0.13 + 1.51E—4 2.89E28 + 2.22E25 2.65E—14 + 5.14E—17 1636254657126740608 20v 13.059 + 0.001 12.864 + 0.001
Red
2019-09-18, 05:22:46 IR 811.9 045 + 1.38E—4 1.05E28 + 1.03E25 2.65E—14 + 5.14E—17 1636254657126740608 g0v 13.059 + 0.001 12.563 + 0.001
2018-06-06, 02:59:37 Lum 519.3 0.18 + 4.48E—4 5.48E28 + 3.64E25 7.20E—14 + 1.65E—16 1903175982536789632 kliii 12.087 + 0.001 12.097 £ 0.001
2018-06-06, 03:28:52 Blue 442.1 0.06 + 2.28E—4 4.03E28 + 5.89E25 7.20E—14 + 1.65E—16 1903175982536789632 kliii 12.087 + 0.001 12.677 £ 0.002
2018-06-06, 03:20:28 Green 536.6 0.07 + 2.36E—4 2.08E28 + 2.04E25 7.20E—14 £+ 1.65E—16 1903175982536789632 kliii 12.087 + 0.001 11.843 + 0.001
2018-06-06, 03:06:23 Red 640.0 0.06 + 2.11E—4 1.24E28 + 8.98E24 7.20E—14 £+ 1.65E—16 1903175982536789632 kliii 12.087 £ 0.001 11.406 + 0.001
2016-07-01, 01:04:10 Lum 519.3 0.32 + 2.49E—3 5.32E28 + 8.18E25 3.93E—13 + 1.26E—15 4104125616945945856 b9v 9.884 + 0.003 9.811 £ 0.002
2016-07-01, 12:51:00 Blue 442.1 0.08 + 1.80E—3 3.41E28 + 8.12E25 3.93E—13 £+ 1.26E—15 4104125616945945856 b9v 9.884 + 0.003 9.763 £+ 0.003
2016-07-01, 12:49:41 Green 536.6 0.12 + 1.63E—3 2.44E28 + 4.07E25 3.93E—13 £+ 1.26E—15 4104125616945945856 b9v 9.884 + 0.003 9.839 + 0.002
2016-07-01, 12:47:30 Red 640.0 0.11 + 1.42E-3 1.58E28 + 2.97E25 3.93E—13 £+ 1.26E—15 4104125616945945856 b9v 9.884 + 0.003 10.027 + 0.002
2016-07-01, 12:44:20 IR 809.7 0.14 + 1.18E—3 7.29E27 + 1.77E25 3.93E—13 £+ 1.26E—15 4104125616945945856 b9v 9.884 + 0.003 10.290 £ 0.001

Notes. The exposure times for the images were 20's, 120 s, and 300 s for 2016, 2018, and 2019, respectively.

12quRde 0z0Z ‘(ddy1) 992:091 “TVNINO[ TYOINONOULSY TH]J,

4 Pivot wavelength of the band (nm).

b Sky background level in raw units of ADU s ™.

¢ Raw count rate (ADU s ) to flux density (erg s~' cm ™2 Hz ') conversion factor. This factor provides an estimate for the sensitivity of the instrument per band.
9 Dimensionless renormalization factor for stellar spectral energy distribution template from Pickles (1998).

¢ Gaia DR2 source ID of calibrator star.

f Spectral type of calibrator star.

€ Gaia DR2 magnitude in the BP band of the calibrator star.

h SuperBIT magnitude of the calibrator star.

JLEERI19)



Table 4
Sky Background Estimates from the Stratosphere from Balloon-borne Observations with the SuperBIT Telescope
Obs. Time Type Band P MAB bkg” MAB ke Frroke® fon® fopoLses’ Alt.2 a" Moon' 14 b~ A=A " A" ?0° No? a?
(Local) (nm) (per arcsec?) (per pixel) (uJy arcsec™2) (uJy arcsec™?) (uly arcsec™?) (km) ©) ©) ©) ©) ©) ©) ©) ©) ©)

2019-09-18, 04:02:48 Tokgraw Lum 530.6 21.594 + 0.001 25.025 £ 0.001 8.364 £ 0.008 1.679 £ 0.168 0.273 + 0.068 34.25 26.16 100.63 97.72 38.10 61.75 81.64 —81.90 47.14 10 —29.62
Iy’ 21.837 £+ 0.027 25.268 £+ 0.027 6.684 + 0.168
Ipa! 21.883 4+ 0.031 25.313 4+ 0.031 6.411 £ 0.181
IA to zenith" 22.748 £+ 0.031 26.179 £+ 0.031 2.888 + 0.082

2018-06-06, 02:59:37 Tokg raw Lum 519.3 21.852 4+ 0.001 25.081 + 0.001 6.595 + 0.006 2.089 + 0.209 0.546 + 0.109 28.93 38.60 4547 93.79 —20.72 96.72 39.41 —97.30 31.61 7 —31.45
Iz, 22.266 + 0.050 25.495 £ 0.050 4.506 + 0.209
IpcL 22.406 + 0.065 25.635 £ 0.065 3.959 + 0.236
I to zenith 22911 £ 0.065 26.140 £ 0.065 2.488 £+ 0.148

2016-07-01, 01:04:13 Thkg raw Lum 519.3 21.201 £ 0.002 24.430 £+ 0.002 12.012 + 0.022 3.468 + 0.347 0.956 + 0.191 34.14 43.54 139.55 17.56 —-1.92 144.32 8.71 —100.37 31.40 3 —34.65
Iz, 21.571 £+ 0.044 24.800 £ 0.044 8.543 £+ 0.348
InGL 21.700 + 0.057 24.929 + 0.057 7.588 £+ 0.397
I, to zenith 22.098 £ 0.057 25.328 £+ 0.057 5.257 £ 0.275

2019-09-18, 05:14:39 Tokg raw uv 363.7 21.177 £ 0.011 24.608 £+ 0.011 12.280 £ 0.124 0.419 £ 0.042 0.068 + 0.017 33.42 23.75 100.54 97.68 38.12 61.96 81.64 —82.30 46.97 10 —19.81
Iz, 21.215 £ 0.012 24.645 + 0.012 11.861 £ 0.131
IngL 21.221 £ 0.012 24.652 £ 0.012 11.793 + 0.132
I to zenith 22.174 £+ 0.012 25.604 + 0.012 4.903 + 0.055

2019-09-18, 05:07:59 Tokg.raw Blue 441.7 22.279 £ 0.002 25.710 £ 0.002 4.450 + 0.008 1.111 £ 0.111 0.181 + 0.045 33.54 23.90 100.55 97.68 38.12 61.98 81.64 —82.26 46.98 10 —20.80
Iz 22.591 £+ 0.036 26.021 £ 0.036 3.340 £ 0.111
IngL 22.651 £+ 0.041 26.082 + 0.041 3.159 £+ 0.120
I, to zenith 23.604 £ 0.041 27.035 £ 0.041 1.313 + 0.050

2018-06-06, 03:28:52 Tokg.raw Blue 442.1 22.725 4+ 0.002 25.954 4+ 0.002 2.951 £ 0.005 1.382 £+ 0.138 0.361 + 0.072 28.44 44.38 45.43 93.79 —20.72 96.71 39.41 —97.40 31.61 7 —28.53
Iz 23.411 £ 0.096 26.640 £ 0.096 1.569 + 0.138
IngL 23.695 £+ 0.140 26.924 £+ 0.140 1.208 £ 0.156
I to zenith 24.078 £+ 0.140 27.307 £+ 0.140 0.849 £+ 0.110

2016-07-01, 12:51:05 kg raw Blue 442.1 22.621 + 0.003 25.850 £ 0.003 3.248 £+ 0.009 2.294 + 0.229 0.632 + 0.126 34.29 43.01 139.38 17.56 —1.92 144.32 8.71 —100.14 31.39 3 —34.06
Iz 23.951 4+ 0.261 27.181 4+ 0.261 0.954 + 0.230
InGL 25.131 £+ 0.884 28.361 £ 0.884 0.322 £ 0.262
I to zenith 25.540 £+ 0.884 28.770 £+ 0.884 0.221 £+ 0.180

2019-09-18, 05:29:42 Tokg raw Green 537.9 21.305 £ 0.001 24.736 + 0.001 10.914 £ 0.010 1.679 £ 0.168 0.273 + 0.068 33.19 23.45 100.51 97.68 38.12 61.98 81.62 —82.35 46.94 10 —17.53
Iz 21.486 + 0.020 24917 £+ 0.020 9.235 + 0.168
InGL 21.519 £ 0.022 24.950 £ 0.022 8.962 £ 0.182
I to zenith 22.490 £ 0.022 25.921 £+ 0.022 3.663 £+ 0.074

2018-06-06, 03:20:28 Tokg raw Green 536.6 21.872 £+ 0.002 25.101 £ 0.002 6.474 + 0.012 2.089 + 0.209 0.546 + 0.109 28.59 42.71 45.44 93.79 —20.72 96.71 39.41 —97.37 31.59 7 —29.45
Iz, 22295 £+ 0.052 25.524 £+ 0.052 4.385 + 0.209
InGL 22.439 + 0.067 25.669 + 0.067 3.839 + 0.236
I, to zenith 22.855 4 0.067 26.085 £ 0.067 2.618 £+ 0.161

2016-07-01, 12:49:41 Tokg raw Green 536.6 21.650 £ 0.002 24.879 £ 0.002 7.943 £ 0.015 3.468 £+ 0.347 0.956 + 0.191 34.34 42.95 139.36 17.56 —-1.92 144.32 8.71 —100.12 31.40 3 —33.99
Iz, 22273 £+ 0.084 25.502 £+ 0.084 4.475 £ 0.347
Inar, 22534 £0.122 25763 + 0.122 3.519 + 0.396
I to zenith 22944 £+ 0.122 26.173 £+ 0.122 2413 £ 0.272

2018-06-06, 03:06:23 Tokg.raw Red 640.0 21.385 4+ 0.001 24.614 £+ 0.001 10.139 + 0.009 2.580 + 0.258 0.674 + 0.135 28.72 39.92 45.46 93.79 —-20.72 96.71 39.41 —-97.33 31.61 7 —30.84
Iz 21.704 £+ 0.037 24.933 £+ 0.037 7.560 £+ 0.258
IngL 21.805 £ 0.046 25.035 £ 0.046 6.885 £+ 0.291
IA to zenith 22.280 + 0.046 25.509 £ 0.046 4.446 + 0.188

2016-07-01, 12:47:37 Tokg.raw Red 640.0 21.084 £ 0.002 24.313 £ 0.002 13.378 + 0.025 4.282 + 0.428 1.180 £ 0.236 34.40 42.84 139.33 17.56 —-1.92 144.32 8.71 —100.08 31.40 3 —33.87
Iz, 21.503 £ 0.051 24.732 4+ 0.051 9.096 + 0.429
IngL 21.654 £+ 0.067 24.883 £+ 0.067 7.916 £ 0.490
I to zenith 22.066 £ 0.067 25.295 £+ 0.067 5.416 + 0.335
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Table 4
(Continued)
Obs. Time Type Band A MAB kg MABbkg Frroke font fupoLsesl’ Al a Moon' 2 b~ A=A g A" ooy Ny az?
(Local) (nm) (per arcsec”) (per pixel) (uJy arcsec™?) (uy arcsec™)  (uly arcsec™?) (km) © ©) © © ©) © © © ©)
2019-09-18, 05:22:46  (— IR 811.9 18.895 £ 0.001 22.326 + 0.001 100.462 + 0.093 2.347 £ 0.235 0.382 + 0.095 33.29 23.58 100.52 97.68 38.12 61.98 81.62 —82.33 46.95 10 —18.59
Iz, 18.921 =+ 0.003 22.351 £ 0.003 98.114 + 0.252
InGL 18.925 £ 0.003 22.356 4 0.003 97.733 + 0.270
I to zenith 19.891 £ 0.003 23.322 £+ 0.003 40.145 + 0.111
2016-07-01, 12:44:20 Tokg raw IR 809.7 20.018 £ 0.003 23.247 £+ 0.003 35.711 £ 0.099 4.847 + 0.485 1.336 £ 0.267 34.48 42.66 139.29 17.56 -1.92 144.32 8.71 —100.02 3141 3 —33.68
Iz, 20.176 £+ 0.017 23.406 + 0.017 30.864 + 0.495
IooL 20224 + 0021 23454 +0.021  29.528 + 0.562
I to zenith 20.640 £ 0.021 23.870 £+ 0.021 20.135 £ 0.382

Notes.

 Pivot wavelength of the band (nm).

b Sky background in AB magnitude per arcsec’.

¢ Sky background in AB magnitude per pixel.

d Sky background flux density in zJy per arcsec’.

¢ Zodiacal light (ZL) flux density in uJy per arcsec’.

T The diffuse Galactic light (DGL) in pJy per arcsec’.

€ Gondola altitude above sea level at observation time.

%1 Telescope elevation.

f Target-moon angular separation.

J Galactic longitude of target.

X Galactic latitude of target.

! Difference between the ecliptic longitude of the target and the ecliptic longitude of the Sun.

™ Ecliptic latitude of target (not to be confused with the dimensionless SED renormalization factor 3).

" Gondola longitude.

© Gondola latitude.

P Number of nights away from new moon.

9 Sun altitude.

" Raw measured sky background.

* Sky background level with the I; subtracted at the ecliptic coordinates of the target. The zodiacal light subtraction was done using data from Kwon et al. (2004).
t Sky background level with the I and Ipgy, subtracted at the ecliptic and Galactic coordinates of the target. The subtraction of Ipgy, was done using data from Toller (1981).
Y Sky background level with the I; and Ipg, subtracted as well as the airglow emission projected to zenith using the van Rhijn function (see Equation (3)).
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Figure 6. Optical sky brightness levels measured from mountain-top ground-based observatories and from the stratosphere using observations from the SuperBIT
balloon-borne telescope. The ground-based brightness levels are based on measurements taken on the darkest, moonless nights at zenith and at high Galactic and
ecliptic latitudes. To ensure that the comparison between the stratospheric brightness measurements and the ground-based measurements is valid, the stratospheric
brightness levels presented here were zodiacal light and diffuse Galactic light subtracted, and the airglow was projected to zenith using the van Rhijn function. Nyeen 1S
the number of nights away from new moon on the night the SuperBIT observations were taken. The stratospheric brightness was measured around 5.5 hr, 3 hr, and
2 hr before the local sunrise time in 2016, 2018, and 2019 respectively. The average solar altitude angle during observations was —34°, —30°, and —19° above the
horizon in 2016, 2018, and 2019 respectively. The brightness flux density presented is in units of ergs~' cm™ 2 Hz™' arcsec 2, which can be converted to AB
magnitude per arcsec? using Equation (15).

Table 5
Optical Sky Brightness Measurements from Mountain-top Ground-based Observatories (Taken at Zenith on Moonless Nights at High Galactic and High Ecliptic
Latitudes) and from the Stratosphere Measured by the SuperBIT Balloon-borne Telescope

Observatory Alt. Nuoon™ U B Vv R 1 References
(km) (359.7 nm) (437.7 nm) (548.8 nm) (651.5 nm) (798.1 nm)
Calar Alto 2.2 0 22.2 22.6 21.5 20.6 18.7 Leinert et al. (1995)
La Palma 2.3 0 22.0 22.7 21.9 21.0 20.0 Benn & Ellison (1998)
La Silla 24 0 22.8 21.7 20.8 19.5 Mattila et al. (1996)
Paranal 2.6 0 22.3 22.6 21.6 20.9 19.7 Patat (2003)
Maunakea 2.8 0 22.5 21.6 Krisciunas (1997)
Dome A 4.1 0 22.5 214 20.1 Yang et al. (2017)
SuperBIT (2018)°  28.67 7 . 24.078 £ 0.140  22.855 4+ 0.067  22.280 + 0.046 .
SuperBIT (2019) 33.53 10 22.174 £ 0.012  23.604 4+ 0.041  22.490 + 0.022 19.891 + 0.003
SuperBIT (2016) 34.33 3 25.540 + 0.884 22944 4+ 0.122  22.066 + 0.067  20.640 + 0.021

Notes. The magnitudes are in units of mag arcsec 2. The stratospheric backgrounds have been zodiacal light subtracted at the ecliptic coordinates and the diffuse
Galactic light subtracted at the Galactic coordinates, and the airglow has been projected to zenith using the van Rhijn function. The stratospheric brightness was
measured around 5.5 hr, 3 hr, and 2 hr before the local sunrise time in 2016, 2018, and 2019 respectively. The average solar altitude angle during observations was
—34°, —30°, and —19° in 2016, 2018, and 2019 respectively.

# The number of nights away from new moon the observations were taken for the sky brightness estimates.

° Note that the SuperBIT pivot wavelengths are slightly different than the Johnson—Cousins UBVRI pivot wavelengths. See Table 1 for details. Here, we present
SuperBIT’s UV, blue, green, red, and IR results under UBVRI for simplicity.

in 2018 were 1.3, 1.0, and 1.3 magarcsec > darker than the such as oxygen and sodium lines, further increasing the sky
darkest ground-based measurements. The U and [ brightness brightness. Figure 7 shows the global total electron content
levels in 2019 were 0.1 mag arcsec > brighter than the darkest (TEC) in the ionosphere at approximately the 1 hour window
ground-based measurements, whereas the B and V brightness during which the observations to estimate the sky brightness
levels were 0.8 and 0.6 magarcsec > darker than the darkest were taken during the 2016, 2018, and 2019 flights. The TEC
ground-based measurements. The stratospheric results are data was taken from the International Global Navigation
consistent with the near-IR sky being generally brighter than Satellite Systems (GNSS) service (IGS) using the rapid high-
the other optical bands because it is dominated by emission lines rate solution at a cadence of one map per hour provided the

induced by OH and O, molecules (Meinel 1950a, 1950b; European Space Agency data analysis center (Noll 2010).
Moreels et al. 2008; Sullivan & Simcoe 2012; Oliva et al. 2015). During the SuperBIT observations taken during the night for

To investigate the affect of airglow on the sky brightness, we the three years, Figure 7 shows that the TEC was roughly
considered the total electron density in the ionosphere during the comparable and relatively low compared to the equatorial
observations. Higher ionospheric electron densities could lead to regions in Asia where at the time the Sun would have been
an increased probability of radiative recombination-driven lines above the horizon.
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Figure 7. The global total electron content (TEC) in the ionosphere at approximately the 1 hour window during which the observations to estimate the sky brightness
were taken during the 2016, 2018, and 2019 flights. The TEC data is taken from the International Global Navigation Satellite Systems (GNSS) service (IGS) using the
rapid high-rate solution at a cadence of one map per hour provided the European Space Agency data analysis center. The geographical location of the SuperBIT
gondola is shown as the white dot. During the night time observations for the three years, the TEC was roughly the same over the three years and was low compared to
equatorial regions in Asia, where the Sun was above the horizon.
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5. Summary

This paper presents the optical night sky background
measurements from stratospheric altitudes with CCD images
taken with the SuperBIT balloon-borne telescope. The back-
grounds were estimated using data from three different
commissioning flights in 2016, 2018, and 2019 at altitudes
ranging from 28 to 34 km above sea level. The ground-based
brightness levels are based on measurements taken on the
darkest, moonless nights at zenith and at high Galactic and
ecliptic latitudes. To ensure that the comparison between the
stratospheric brightness measurements and the ground-based
measurements is valid, the stratospheric brightness levels were
zodiacal light and diffuse Galactic light subtracted, and the
airglow was projected to zenith using the van Rhijn function.
The stratospheric brightness was measured around 5.5 hr, 3 hr,
and 2 hr before the local sunrise time in 2016, 2018, and 2019
respectively. The average solar altitude angle during observa-
tions was —34°, —30°, and —19° in 2016, 2018, and 2019
respectively.

The B, V, R, and [ brightness levels in 2016 were 2.7, 1.0,
1.1, and 0.6 mag arcsec > darker than the darkest ground-based
measurements. The B, V, and R brightness levels in 2018 were
1.3, 1.0, and 1.3 mag arcsec” > darker than the darkest ground-
based measurements. The U and [ brightness levels in 2019
were 0.1 mag arcsec ™2 brighter than the darkest ground-based
measurements, whereas the B and V brightness levels were 0.8
and 0.6 mag arcsec > darker than the darkest ground-based
measurements.

The lower sky brightness backgrounds, stable photometry,
and lower atmospheric absorption make stratospheric observa-
tions from a balloon-borne platform a unique tool for
astronomy. This work will be continued in a future midlatitude
long duration balloon flight with SuperBIT. We plan to survey
a sample of nearly 100 clusters using weak- and strong-lensing
to determine their masses. This uniform catalog will enable a
qualitatively new understanding of a variety of cluster mass—
observable relationships, which play a crucial role in cluster
cosmology. SuperBIT observations of galaxy clusters also have
the potential of improving our understanding of the nature of
dark matter.

Support for the development of SuperBIT is provided by
NASA through APRA grant NNX16AF65G. Launch and
operational support for the sequence of test flights from
Palestine, Texas, are provided by the Columbia Scientific
Balloon Facility (CSBF) under contract from NASA’s Balloon
Program Office (BPO). Launch and operational support for test
flights from Timmins, Ontario, are provided by the Centre
National d’Etudes Spatiales (CNES) and the Canadian Space
Agency (CSA).
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the David Dunlap family and the University of Toronto. UK
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