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1. Summary and Recommendations
This report builds upon the previous work of the Satellite Observations Working Group, produced
as part of the SATCON1 Workshop in June 2020 (Walker et al. 2020). However, this report has
been significantly complemented with additional information, particularly in the sections related to
Observation Strategies, with information to illustrate the planning of the observations, describe
the angular speed of the Low Earth Orbit satellites (LEOsats), as well as an analysis of the
accuracy of TLEs has been added. We hope this information can be of help to better plan and
succeed with future observations of satellites, in particular those in relatively low orbital heights.
Similarly, numerous new results from additional observations, done in the time elapsed since the
SATCON1 Workshop, have been added. Importantly, we have added information regarding
observations of OneWeb satellites, as well as of the Starlink-1436/VisorSat (see Figure 18), the
latest strategy of the Starlink team to make their satellites fainter.
Our main findings are:
• When planning LEOsats observations, we encourage observers to schedule their
observing blocks using the most updated TLE data for the satellites to be observed. When
calculating the satellites’ visibility to use the best known coordinates for the telescope to
be used in the observations. General coordinates for the observatory site may not be
adequate, and the accuracy of TLEs decreases as they get older. An analysis of 567
satellite detections done by the POMENIS Telescope [2] Team, shows a mean positional
error, between predicted and actual position of the LEOsats on the images at the time of
observation, of about 5 arcmin. This mean uncertainty, may be adequate for
telescopes/imaging setups with field-of-view of several tens of arcmin in size, but may not
be adequate for imaging systems of reduced field of view.
• Regarding the Visorsat mitigation strategy (as depicted in the rendering view shown in
Figure 18) is that its magnitude when scaled to the 550 km orbital height is similar to the
Darksat solution, within the 1-σ uncertainties in the measurements. Consequently, these
strategies are yet to achieve a visual magnitude of 7.0 or fainter (V>7) at a range of 550
km, as advised in Recommendation #5 of the SATCON1 Workshop Report (Walker et al.
2020)..
• Based on the observations of OneWeb satellites: In most of the imaging attempts done at
the POMENIS telescope, using a Johnson V spectral filter, the observations were too faint
to obtain accurate photometry. The POMENIS team suspects the satellite streaks were
fainter than around V=6 magnitude, which prevented detection by the automated
POMENIS’s software pipeline. For those few observations where it was possible to
conduct a manual photometric analysis, it was found that the OneWeb satellite
magnitudes are within the range of 3.3 to 6.5 V magnitude, for satellites observed at a
range of 588 to 819 km.
• The magnitudes reported in Table 7, shows that the recommendation #5, in the SATCON1
Workshop, of g band 7.0 brightness magnitude or fainter for the LEOsats, at a reference
orbital height of 550 km, is not yet met.
• Regarding multiwavelength observations, from the optical into the near-infrared spectral
bands, our results show that the satellites get brighter at longer wavelengths. For the case
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of Darksat, the efficiency of the darkening treatment decreased towards the longer
wavelength.
Regarding the Starlink team’s approach to reduce the brightness of the satellites during
the deployment phase, by means of adapting a better orientation of the satellites so to be
less reflective, the results are not conclusive, but they seem to suggest an improvement.

Our findings as discussed in detail throughout this report, leading to the following
recommendations:
1.- Keep the coordinated effort to observe satellite constellations with the purpose of satellite
characterization and better understanding of the impact of the satellite constellations on science.
Specially, of OneWeb satellites and satellites from other operators that may be deployed in the
near future.
2.- We emphasize to the broader community of observers, than when conducting observations of
LEOsats, to make every effort to document their observations and calibrate their observations
following best practices. In particular, when reporting the magnitudes of the satellites, information
on date, time, coordinates of the observing site and satellite, and spectral band used for the
observations should be clearly stated in their reports. This information is vital to standardize the
observations done by the broader community for future comparative statistical studies.
3.- We adhere to the Recommendation #2 included in the SATCON1 Workshop Observations
WG report: A comprehensive satellite constellation observing network be formed and sustained,
to connect observers with telescopes, provide coordinated observing protocols and data analysis
standards. Coordinate ongoing observations of satellite constellations and prepare for the next
generation of LEOsats. The design and capabilities of this network should be forward-looking and
be prepared for future satellite constellations.
4.- When conducting observations of the LEOsats, our advice is to perform observations at
multiple spectral bands of interest for astronomy from the optical/visible into the infrared.
Conducting observations of the same object at various spectral bands simultaneously will provide
important information to understand the efficiency of technical mitigations strategies (built into the
design of the satellites) across a broader wavelength range.
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2. Introduction
There are generally two reasons to observe satellites now and in the future: 1) to characterize the
satellites and their behavior, and 2) to assess and understand their impacts on current and future
science. While there is a growing awareness in astronomy of the need for these observations, to
date they have been few and relatively uncoordinated. The primary finding of this report is that an
organized, coordinated effort going forward is needed. Satellite brightness is dynamic and highly
dependent on numerous parameters. A single observation and photometric measurement is not
sufficient to fully characterize the satellite’s brightness. The same satellite may appear
significantly brighter or dimmer at a different time or even to a different observer at the same time
but different geographic locations.
To first order, a satellite can be considered as a simple uniform sphere with purely diffuse
reflection. As the satellite’s relative position to the observer changes the satellite’s apparent
brightness changes, for instance increased range decreases brightness while, reducing the phase
angle increases brightness. However, the reality is much more complicated. Satellites are not
uniform spheres and have many surfaces with various levels of specularity. In addition to the
relatively simple orbital geometry, we must consider satellite structure and attitude. In some
cases, minute changes in satellite orientation yield dramatic changes in apparent brightness.
Thus, in order to characterize satellite brightness, we must measure the photometric brightness
in a variety of geometries and orientations.

3. Observation Strategies & Telescopes Used for
Observations
3.1 Technical Challenges
Making accurate photometric measurements of LEO satellites includes a number of challenges:
● The satellites are particularly observable around the twilights, i.e. after sunset and before
sunrise while they are best illuminated. This best time opportunity window for observing
the satellites last about 1 to 3 hours. However, depending on the season, those satellites
at relatively high orbital height (800 km or higher) can reflect the sunlight even in the middle
of the night as reported by the SATCON1 Modelling WG.
● The satellites are fast moving; ~1º per second (variable as a function of the azimuth and
elevation of the satellites from the observer’s point of view)
● Need precise telescope control including pointing and timing
● Accuracy of the Two-Lines Ephemeris (TLE) data that describes the motion of the
satellites along their respective orbits.
These challenges are explained in a bit more detail in the subsequent paragraphs describing the
observation strategies.
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3.2 Planning and predicting the pass of satellites above the horizon
Tracking satellites and predicting their positions is a mature science led by the US Space
Command which maintains a catalog of objects in orbit and actively tracks over 17,000 objects.
Satellite trajectories are published in a format called a Two Line Element set (TLE) which is a
standardized set of two 69 character strings which includes the orbital elements and time epoch
needed to calculate the position of a satellite at any point in time. Due to uncertainty in the orbital
propagation, the predictions from a given TLE become less accurate with increasing time from
the original epoch.
Table 3.1. TLE data for the Starlink-1260 and OneWeb-0033 on 2020-09-20

STARLINK-1260
1 45404C 20019AW
2 45404 52.9987

20264.29700302 -.00018979 00000-0 -13000-2 0
98.7688 0001660 88.4598 38.3140 15.05595957

2643
11

ONEWEB-0033
1 45142C 20008M
2 45142 87.7934

20264.56388889 -.01446998 00000-0 -13590+1 0
93.5018 0017007 211.6239 131.1901 13.83012493

2641
12

Table 3.1 shows an example of TLE for the Starlink-1260 and OneWeb-0033 satellites,
respectively. The data in the TLE record is shown in Table 3.2.
Table 3.2. Information content in the TLE data

Line 1
Field

Column

Information

1

01 – 01

Line number

2

03 – 07

Satellite catalog number

3

08 – 08

Classification (U=Unclassified; C=Classified; S=Secret)

4

10 – 11

International designator (last two digits of the year was launched)

5

12 – 14

International designator (launch number in the given year)

6

15 – 17

International designator (piece of the launch)

7

19 – 20

Epoch year (last two digits of year)

8

21 – 32

Epoch day (day of the year, and fractional portion of the day)

9

34 – 43

First derivative of mean motion

10

45 – 52

Second derivative of mean motion (decimal point)

11

54 – 61

Drag term (Radiation pressure coefficient)- (decimal point)
7

12

63 – 63

Ephemeris type

13

65 – 68

Element set number. Incremented when a new TLE is generated

14

69 – 69

Checksum

Field

Column

Information

1

01 – 01

Line number

2

03 – 07

Satellite catalog number

3

09 – 16

Inclination, degrees

4

08 – 25

Right Ascension of the Ascending Node (degrees)

5

27 – 33

Eccentricity (decimal point)

6

35 – 42

Argument of Perigee (degrees)

7

44 – 51

Mean anomaly (degrees)

8

53 – 63

Mean Motion (revolutions per day)

9

64 – 68

Revolution number at epoch (revolutions)

10

69 – 69

Checksum

Line 2

TLEs generated by the US Space Command are publicly available on SpaceTrack.org. Other
third party publishers distribute the same TLEs and some from other sources. One source of note
is Celestrak.com, a site run by Dr. T.S. Kelso. Celestrack coordinates with satellite operators,
such as SpaceX, to utilize first-party telemetry data to compute Supplemental TLEs that differ
from those published on SpaceTrack, which are based on observational data.
There are numerous software tools and code libraries available to calculate a satellite ephemeris
from a TLE. Some tools make approximations during the orbital propagation calculations and are
not as accurate as others. For many satellites these differences are minor and inconsequential,
however for fast moving LEO satellites these errors are more prominent. The best software tools
utilize the same SGP4 orbital models which are used to originally create the TLE. One such tool
is a Python library called Skyfield (Rhodes 2019).
The Starlink satellites move with an apparent angular velocity of up to 2 degrees per second. The
exact angular velocity depends on the satellite’s orbit and range. Successfully capturing an image
of a Starlink satellite requires accurate ephemeris calculation and precise timing. A timing or clock
error of just one second can result in a missed observation.
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Figure 3.1. Path of Starlink-1260 across the globe. Data shown is for the date 2020-09-20 between 6 and
12 GMT. The dot, in each figure, shows the location of the Ckoirama Observatory in northern Chile.

9

Figure 3.2. Path of OneWeb-0033 across the globe. Data shown is for the date 2020-09-20 between 6
and 12 GMT. The dot, in each figure, shows the location of the Ckoirama Observatory in northern Chile.

As an illustration of some of the concepts alluded in the previous paragraphs, Figure 3.1 and
Figure 3.2 show the projected paths of satellites Starlink-1260 (SatId 45404) and Oneweb-0033
(SatId 45142) nearby the Ckoirama Observatory, in northern Chile, owned and operated by the
Universidad de Antofagasta. The paths for the Starlink and OneWeb satellites were computed
using as a reference the TLE data shown in Table 3.1. Like this, several other satellites already
in orbit around our planet are visible from a given location on the planet at a given time. For
observation of any of those satellites, the user will use the TLEs to predict the satellite positions
above the horizon and will set to observe them at specific positions along their track. For the
satellites used in this example, Figure 3.3 shows the rate at which the satellites change azimuth
and elevation angles, in degrees/second, as well as their corresponding azimuth and elevation
as a function of elapsed time, in seconds, since the satellites become visible above the horizon.
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Figure 3.3. Azimuth, elevation angular motion (top plots) and azimuth and elevation position above the
horizon (bottom plots) for satellites Starlink-1260 (550 km orbital height at the time of the observation)
and OneWb-0033 (960 km orbital height at the time of the observation), as seen from the location of the
Ckoirama Observatory in northern Chile.

Figure 3.3 helps to illustrate a couple of things: first the relatively faster angular motion, and
shorter visibility time, of the Starlink satellite with respect to the OneWeb satellite. This difference,
in a good part, is due to the difference in orbital height of the satellites, 550 km and 1200 km,
respectively. Satellites at higher orbital height change azimuth and elevation at a somewhat lower
rate, which also makes them easier for tracking. In this example the Starlink satellite was above
the observer’s horizon for about 13 minutes, while the OneWeb satellite was available for about
16 minutes. The effective maximum angular motion rates, azimuth and elevation, as well as visible
time above the horizon depends on the relative position of their respective orbital path to the
observer, at that date and time of the observation.

3.3 TLE Accuracy
To what accuracy does the observer need to know the orbital ephemeris (TLE) of the satellites,
to be able to detect them in the field of view of an imaging device? The answer to this question
depends on how large the field of view of the detector is. The TLE of the satellites get updated a
few times per day.
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The web site (Kelso n.d.), makes two sets of TLE data available, that we can refer as the Standard
and Supplemental TLE sets. The Standard TLE are produced from radar observational data and
are the same as those issued by Space Track. On the other hand, the Supplemental are derived
from first-party telemetry data provided by cooperating satellite operators. Celestrak publishes
Supplemental TLEs for both OneWeb and Starlink satellites.
An analysis of TLE accuracy has been done based on the large amount of LEOsats observations
conducted by the POMENIS Telescope team. During the automated processing of images from
the POMENIS Observatory the satellite’s astrometric position is accurately measured on the
images. To determine the TLE accuracy post-observation, the satellite expected on-sky position
of the imaged satellite, based on its TLE is compared with the actual position of the satellite in the
image. The actual position is obtained based on an astrometry analysis. The TLE information
used to estimate the expected on-sky position can be as old as 48 hours. The angular positional
error is then estimated, as the difference between the expected and the actual position of the
satellite in the image. With this post-observation analysis, we can compare the accuracy of TLEs
from different sources. The quoted error measurements encompass all possible errors including
errors in the astrometry, observing geographic location, and orbit propagation, not just errors in
the TLEs themselves.

3.3.1 Estimated overall accuracy in the determination of the satellite
positions using Standard TLE including other possible sources of
errors
For a total of 565 satellite observations done with the POMENIS Telescope, the mean satellite
positional error is found to be 0.61 degrees with a standard deviation of 2.4 degrees. This is a
large average error with an even larger distribution however does not accurately describe the
typical errors. As shown in Figure 3.4, the typical error is less than 0.2 degrees. The tail of the
distribution extends out to 10 degrees with a few outliers of even larger errors resulting in the
large mean and standard deviation. Excluding the tail of the distribution (errors greater than 0.2
degrees) yields a mean error of 0.07 degrees with a standard deviation of 0.04 degrees. The
predicted position of the satellites decreases with TLE age, the time difference from when a TLE
is published and the time of observation. There is not a large difference in typical error though but
there is an increase in the number of outliers.
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Figure 3.4. The majority of TLE predictions are less than 0.2 degrees off from the actual satellite position.
Large errors are present and extend all the way to 10 degrees with a few outliers even larger.

3.3.2 Estimated overall accuracy in the determination of the satellite
positions using Supplemental TLE including other possible sources of
errors
For a total of 567 satellite observations done with the POMENIS Telescope, the mean satellite
positional error is found to be 0.29 degrees with a standard deviation of 0.44 degrees (see Figure
3.5) . This is better than the standard issue TLEs, but similarly the typical error is less than 0.2
degrees. Excluding the tail of the distribution (errors greater than 0.2 degrees) yields a mean error
of 0.08 degrees with a standard deviation of 0.05 degrees.
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Figure 3.5. The majority of TLE predictions are less than 0.2 degrees off from the actual satellite position.
Large errors are present and extend all the way to >2.5 degrees, the limit of the telescope’s FOV and thus
ability to measure.

3.3.3 On the positional errors and TLE accuracy, conclusion
Consequently, including all sources of errors that may affect the accurate determination on the
pass of a satellite across the field of view of an imaging telescope/camera setup, the mean
positional error is in the order of 5 arcmin. Therefore, for imaging setups with a field-of-view of a
few tens of arcminutes in size, this uncertainty can be managed and the likelihood of capturing
the satellites at a given time and position in the sky increases. For imaging devices of field of view
smaller than 10 arcmin, the advice is to use the best coordinates known for the telescope to be
used for the imaging of the satellites, as well as the newest TLE information data when estimating
the pass of a satellite of interest to be observed. In general, this advice applies to anyone
interested in tracking and imaging satellites. The experience of the Ckoirama Telescope LEOsats
observations team, is to use TLE a few days in advance as to plan the best observing window for
the satellites of interest. Then, a few hours prior to actual observation, the celestial coordinates
of the satellite are recalculated using the latest Celestrak Supplemental TLE data.
It is also important to keep in mind, There is likely to be a larger error in TLE propagation for
Starlink/OneWeb satellites in the deployment phase. More reliable, and accurate TLE data is likely
found for satellites already at their nominal orbital height and nominal attitude.
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Another important consideration is that the satellites angular motion needs to be also taken into
account. So far, we have been imaging satellites whose angular motion across the field of view
of the imaging device, at the time of the observation, is around 1000 to 2000 arcsecs/sec.
Consequently, for a telescope/camera setup with a 15 arcmin field of view (900 arcsecs), the
satellite will take less than 1 second of time to cross the imaging field. The advice is to schedule
the observing blocks, and plan the exposure times, such that the telescope as already slewed to
the right celestial coordinates, is tracking sideral (so stars are round and easier to handle for
photometry calibration), and the camera is already taken an exposure at the moment the satellite
is expected to cross the field of view. We have learned that accomplishing this process is not easy
when using telescopes with automatic schedulers of the observations. For planning the observing
block, the time for the telescope to slew into position, and uncertainties in the overhead time taken
for cameras to accomplish the readout and store of a previous image, confabulate as to be able
to schedule the observing sequence such that the camera will be in exposure mode when the
satellite of interest is at the expected position on the sky.

4. Observing Techniques
There are two techniques for imaging satellites. One technique is to drive the telescope to track
the satellite. If well-tracked this method results in higher sensitivity for detecting the satellite and
produces more data as the satellite can be imaged many times during the course of its flyover
pass. If a high-speed camera is used it is possible to produce high-resolution time-domain data
and record events like flares and glints.
Unfortunately tracking on a fast-moving LEO satellite is difficult and requires a high-performance
telescope mount. Additionally, since the telescope is tracking the satellite, the background stars
become streaked, as illustrated in Figure 4.1, making photometry and astrometry difficult to do
accurately.
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Figure 4.1. Starlink-1130 being tracked by the POMENIS Observatory on 16 May 2020. The background
stars are severely streaked and often overlap making photometry and astrometry difficult to do accurately.

The second option is called ‘Wait and Catch’. The telescope is pointed to where a satellite will be
and tracks sidereal. Then the camera is triggered to catch the satellite as it flies through the FOV.
This results in a streaked satellite and static background stars, as shown in Figure 4.2. Ideally the
entire satellite streak will be visible within the image frame. This simplifies the photometric analysis
and provides unambiguous timing information as we can definitively determine the satellite’s
position at the beginning and end of the timed exposure, as well as the effective exposure time.
This approach was used to estimate the accuracy of TLE data shown in Figure 3.4 and Figure
3.5.
If the entire streak is not in the image, then the summed flux cannot be directly compared to the
background stars. It is possible to compute the satellite’s angular velocity from the orbital
elements and determine the effective exposure time (e.g. Tregloan-Reed et al. 2020a) though
this method introduces a source of error which could be significant, for long exposure times.
Fortuitously, a streaked satellite image contains very high-resolution time domain data albeit over
a short duration of time. Though this short time is enough to capture some transient events like
16

glints and flares (see Figure 4.3), and possibly glean information about the satellite’s orientation
and reflectivity.

Figure 4.2. Starlink-1212 as imaged by the POMENIS Observatory on 23 May 2020.
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Figure 4.3. Starlink-1408 exhibiting a flare event on 28 August 2020. This flare exceeded 0th magnitude
in brightness, enough to saturate the detector pixels with only a 2 ms effective exposure time per pixel.
Image by the POMENIS Observatory.

4.1 Summary of the techniques used for calibration of the images
The observed reflective brightness of a LEOsat is dependent on the satellite range to the observer
(r), the solar incidence angle (θ) and observer angle (Φ) of the satellite, due to the diffused
reflected flux. The solar phase angle (α) is the angle between the observer and the Sun measured
from the satellite vertex point. Therefore, to allow a direct comparison of the reflective brightness
between LEOsats requires a correction for θ and Φ, whilst normalized to a standard range. When
observed at local zenith (airmass = 1) r is equal to the orbital height (Horb). Therefore, to normalize
the magnitude of the satellites to the nominal Horb, 550 km requires scaling the magnitudes by −5
log(r/550).
The observer phase angle is the angle between the observer and the unit normal of the Earth
facing surface of the satellite (see Figure 4.4). Tregloan-Reed et al, 2020a, gives an equation to
18

approximate Φ using the straight line distance between the observer and the satellite footprint,
nadir (η), LEOsat elevation (ε) and Horb:

𝜂𝜂
𝛷𝛷 = 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 �
𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠�
𝐻𝐻𝑜𝑜𝑜𝑜𝑜𝑜

Figure 4.4. Diagram depicting the Earth facing side of the Starlink chassis. The unit normal points toward
Earth at the nadir. The vectors towards the Sun and observer are shown along with θ and φ.

The solar incidence angle (see Figure 4.5) can be calculated by evaluating the solar elevation
angle (αs) at the satellite nadir. As shown in Figure 4.5 the body of the satellite is parallel to the
tangent to the Earth’s surface at the nadir. With the Sun at infinity, the two vectors from the Sun
to the satellite chassis and from the Sun to the satellite nadir can be approximated as parallel.
Therefore, θ + αs = 90 degrees when αs is evaluated at the satellite nadir.
Most of the observed reflective light from a complex body like a Starlink satellite is diffused. This
effect can be approximated by using a Bidirectional Reflectance Distribution Function (BRDF). As
the majority of LEOsat observations are from a single point along the satellite trajectory path, the
BRDF can be estimated using a parameterized BRDF model from Minnaert 1941:

𝑅𝑅 = (

𝑐𝑐𝑐𝑐𝑐𝑐𝜃𝜃𝑠𝑠𝑠𝑠𝑠𝑠 𝑐𝑐𝑐𝑐𝑐𝑐𝜑𝜑𝑠𝑠𝑠𝑠𝑠𝑠 (𝑘𝑘−1)
)
𝑐𝑐𝑐𝑐𝑐𝑐𝜃𝜃𝑟𝑟𝑟𝑟𝑟𝑟 𝑐𝑐𝑐𝑐𝑐𝑐𝜑𝜑𝑟𝑟𝑟𝑟𝑟𝑟

where θsat and Φsat are the solar incidence and observer angles for the LEOsat, respectively. While
θref and Φref are the solar incidence and observer angles for the reference orientation. R is the
ratio of the solar phase attenuation and k is the Minnaert exponent and ranges from 0 to 1 with k
= 1 representing a perfect lambertian surface. To approximate a dark surface, we set k = 0.5
following Stamnes et al. 1999.
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Figure 4.5. Diagram depicting the Starlink chassis parallel to the tangent at the nadir. The vectors from
the Sun to both the satellite chassis and nadir are approximated as being parallel and form the angle αs
with the Starlink chassis and the tangent at the nadir, allowing θ + αs = 90°.

The brightness magnitudes in this report list the magnitude as observed, i.e. at the satellites’
zenith angle and range from the observer at the moment of the observations, as well as their
corresponding magnitudes corrected to the zenith (at their corresponding orbital height). The
brightness magnitudes have also been corrected for the solar incidence and observer angles. For
direct comparisons these angles need to be calibrated to a universal orientation. As the range is
calibrated to local zenith then it serves to calibrate the orientation to the true orientation of the
satellites if observed at local zenith. As can be seen in Figure 4.2 at local zenith the observer is
directly below the satellite, and so, the observer angle is zero. For the solar incidence angle, we
chose a value of 75∘, corresponding to a solar elevation angle of -15∘ below the horizon (halfway
through astronomical twilight). These corrections help normalize the results and be able to
compare the relative brightness of satellites of different design or different constellations.
The magnitudes are reported as the total flux collected from these satellites in the imaging system
in various well-known astronomical spectral bands. The spectral band information is important
since it helps provide information on the effectiveness of the mitigation strategies, intended to
reduce the brightness of satellites across the astronomical spectral bands from the visible/optical
to the near-infrared.
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5. Observations to Date
A. Starlink Satellites in optical/visible, near infrared, spectral bands
a. Standard v0.9, v1.0 satellites
b. Darksat
c. Visorsat
B. OneWeb satellites in optical/visible spectral bands

5.1 Observations: Brief Introduction
Currently there are only two active so-called mega-constellations of LEO satellites in orbit. These
are Starlink and OneWeb constellations, respectively. As of 20 September 2020, there are 74
OneWeb satellites deployed at an orbital height of about 1000 km, and 684 Starlink satellites
deployed at an orbital height of about 550 km (some of the Starlink LEOsats have been deorbited
and had reentered into the Earth’s atmosphere already). These satellites were launched in the
period from 27 February 2019 and 21 March 2020, and 24 May 2019 until 3 September 2020,
respectively.
In the particular case of the Starlink constellations of satellites, two of the satellites are
implementing design modifications intended to test mitigation strategies to make them fainter
when illuminated by the sun rays. These satellites are dubbed Darksat (Starlink-1130; SatId
44932), and Visorsat (Starlink-1436/SatID 45713), respectively. Darksat was launched on 7
January 2020 and Visorsat on the 4 June 2020. Following the test of Visorsat, newer Starlink
satellites feature the same sun-visor technology starting with the launch on 7 August 2020.
Very important for the astronomy community, has been to observe as many of the Starlink and
OneWeb satellites as to determine their brightness magnitude under various states of the satellite
deployment. This report summarizes observation of these satellites mainly from the following
astronomical observatories:
●

●

●
●
●

Ckoirama Observatory, using the Chakana Telescope (60 cm aperture), Antofagasta
Region/Chile. This is operated by the Astronomy Center (Centro de Astronomía, CITEVA)
of the Universidad de Antofagasta.
Cerro Tololo Inter-American Observatory, Victor M. Blanco Telescope (3.6 m apertura),
Coquimbo Region/Chile. Using the DECAM camera. This is operated by the Association
of Universities for Research in Astronomy (AURA) and funded by the USA’s National
Science Foundation.
European Southern Observatory, VISTA Telescope (4.0 m aperture)
Steward Observatory, University of Arizona, POMENIS Telescope (180 mm aperture),
Arizona.
Las Cumbres Observatory, 0.4 m telescope at the Haleakala Location (Maui, HI).
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●

Calar Alto Observatory Spain, using the Zeiss 1.23m telescope. The telescope was
operated in remote 1.

The following sections describe the observations of the Starlink and Oneweb satellites. The
results of such observation are summarized later in the Results section of this document.

5.2 Observations from the Ckoirama Observatory, Universidad de
Antofagasta, Chakana Telescope
5.2.1 Starlink Satellites
The Ckoirama observatory is located in the Atacama desert in northern Chile. It is owned and
operated by the Centro de Astronomía (CITEVA), Universidad de Antofagasta, Chile. The
observatory contains the Chakana 0.6m telescope, equipped with a FLI ProLine 16801 camera.
The filter wheel contains three scientific filters: Sloan g’ (475.4 nm), r’ (620.4 nm), and i’ (769.8
nm). The CCD covers a field of view of 32.4 × 32.4 arcmin with a pixel scale of 0.47 arcsec pixel−1
(Char et al. 2016).
In early March 2020 the Chakana 0.6-m telescope was used to observe two Starlink LEO
satellites, Starlink-1113 and Starlink-1130 (DarkSat). The observations were performed on three
nights, with a different spectral band filter on each night (see Figure 5.1). The objective of the
observations was to measure the reduction in reflective brightness of DarkSat as a function of
wavelength.

Special thanks to Luigi Mancini (Department of Physics, University of Rome 2, Italy), Thomas Henning,
Martin Schlecker, Lizxandra Flores, and Jonas Syed (Max Plank Institute for Astronomy, Heidelberg,
Germany)
1
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Figure 5.1. Starlink-1113 and 1130 (DarkSat) observed from Ckoirama, Chile on 5 March 2020 (Sloan r’),
6 March 2020 (Sloan g’) and 7 March 2020 (Sloan I’).

Prior to the Chakana observations a satellite telemetry code was developed to determine the
ephemerides of the satellite and of the Sun, using the coordinates of the observatory. The
telemetry code downloads the latest TLE data from the celestrak.com website. The code is written
in Python and makes use of the Pyorbital package from the PyTroll project.

5.3 Observations from the European Southern Observatory,
VISTA Telescope
5.3.1 Starlink Satellites
VISTA (Visible and Infrared Survey Telescope for Astronomy, see Sutherland et al. 2015) is a 4m
class telescope designed for wide-field surveys in the southern hemisphere. The telescope is
situated at ESO's Cerro Paranal Observatory in Chile. The telescope is equipped with VIRCam
(VISTA InfraRed CAMera). VIRCam has a 1.65 degree diameter field of view with a mean pixel
scale of 0.339 arcsec pixel−1. The camera has five broad band filters Z, Y, J, H, and Ks along with
three narrow band filters. Each ‘footprint’ consists of 16 images from the 16 CCD chips. A standard
observation consists of five ‘footprints’, with a slight dither. This allows for objects which fall in the
gaps between each chip to be observed at least once. Once the raw data has been collected,
they are processed by the calibration pipeline at Cambridge Astronomy Survey Unit (CASU).
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Figure 6. NIR image of DarkSat taken using a J filter with VIRCam on the 4m VISTA telescope, ESO
Cerro Paranal Observatory, Chile. The 16 CCD images (11.6 x 11.6 arcmins) are arranged in geometric
order and the gaps between the detectors are to scale. With the horizontal and vertical gaps between the
detectors corresponding to 10.4 arcmins and 4.9 arcmins, respectively. The dotted line represents the
satellite trail falling within the detector gaps.

On the evening (local time) of 5 March 2020, VIRCam was used to observe both Starlink-1113
and Starlink-1130 (DarkSat) (see Figure 5.2) in the NIR J-band (1250 nm), while on the evening
(local time) of 7 March 2020 both LEO satellites were observed in the NIR Ks-band (2150 nm).
The observations were in coordination with the observations at the Ckoirama observatory, to
obtain magnitude measurements of a standard Starlink LEO satellite and DarkSat across a wide
wavelength range, from the optical to NIR.

5.4 Observations
Telescope

from

Steward

Observatory,

POMENIS

The POMENIS Observatory (Pierce et al. 2018) is a unique system that was developed
specifically to perform synoptic surveys of Earth satellites such as Starlink. The 180 mm Takashi
astrograph provides a 4.2 x 4.2 degree FOV on a 3056 x 3056 CCD imager with a 7-color filter
wheel. The system is fully robotic and automated, allowing for remote operation and intelligent
automated observing. The telescope is housed in a unique portable trailer-mounted enclosure
allowing for relocation for different projects or observing programs. The POMENIS Observatory
is most often located at the summit of Mt Lemmon near Tucson.
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The wide FOV and robotic operation of POMENIS make it particularly capable of imaging
fast-moving satellites like Starlink. POMENIS can image dozens of Starlink satellites every clear
night, limited only by the overhead between targets, i.e. camera readout and slew time.
Planning Starlink observations with POMENIS utilizes a custom Python software program1. This
program relies on the Skyfield code library for ephemeris calculation. The software downloads
the newest Starlink TLEs from Celestrak and computes all the observable satellite passes for the
forthcoming night. To be observable, a satellite pass must be above the horizon limit (20 deg) and
be illuminated by sunlight, i.e. not in shadow. After determining all the observable passes, the
software selects a subset of these to observe based on a priority weighting scheme, time
availability, and overhead needed between observations. The software outputs an ACP observing
plan, a script which the POMENIS telescope uses to autonomously observe the satellites. The
software is currently configured to image the satellites at the peak of their flyover pass.
POMENIS has observed Starlink satellites on a limited basis since February 2020 and began
nightly observations in late May 2020. The system was offline from June to August 2020 due to
wildfire activity. See examples of the images in Figure 5.3 and Figure 5.4. The system also began
observing OneWeb satellites in August 2020. The entire system now runs autonomously including
planning observations, recording images, and processing data. The current observations are 3second exposures through the V filter.
Due to the small aperture and sensitivity limit of POMENIS, the current software pipeline struggles
to determine brightness measurements for satellites dimmer than about 6th magnitude.

5.4.1 Starlink Satellites
To date POMENIS has captured hundreds of images of Starlink satellites. Processing the images
with the current automated software pipeline yields a total of 567 measurements. The mean
brightness of all the measured Starlink satellites is 4.7 magnitude with a standard deviation of
0.85 (see Table 3). When normalized to a nominal orbital height of 550 km and corrected by the
solar incidence and sat-observer angles, the mean brightness of all the satellites observed is 4.0
mag in V spectral band as shown in Table 5.1. Figure 5.5 and Figure 5.6 show the histograms for
the satellites magnitude distribution as observed, and once the magnitudes have been normalized
to Horb= 550 km and corrected by the solar illumination and view perspective of the observer,
respectively. In particular the broader peak in the distribution shown in Figure 5.5 is results of the
various elements contributing to the brightness of the satellite at the moment of observations,
such as their range, and relative orientations respect to the sun and view angle of the observer.
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Table 5.1. Mean brightness magnitude of Starlink satellites as surveyed by the POMENIS Observatory in
Johnson V spectral Band.

As Observed

Normalized

Satellites

Mean

Standard
Deviation

Range

Mean

Standard
Deviation

Range

All Starlink

4.7

0.85

0.0 - 7.1

4.0

0.84

-0.4 - 6.9

Starlink Below 550 km

4.5

1.3

1.5 - 7.1

4.2

1.4

0.6 - 6.9

Starlink Above 550 km

4.7

0.75

0.0 - 6.8

3.9

0.69

-0.4 - 6.2

Figure 5.3. Starlink-1226 with the Orion Nebula as imaged by the POMENIS Observatory on 7 September
2020.
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Figure 5.4. Starlink-1021 (top) and Starlink-1049 (bottom) as imaged by the POMENIS Observatory on 20
Feb 2020. Although these two satellites are at the same range and flying side-by-side, 1049 is
significantly darker. This is likely due to differences in satellite orientation.

Figure 5.5. A histogram of 567 Johnson V magnitude measurements of Starlink satellites imaged by the
POMENIS Observatory from May to September 2020. The mean of all 567 measurements is 4.7 with a
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standard deviation of 0.85. This broad distribution of values demonstrates the varied brightness of
Starlink satellites which depends on numerous geometric factors. Note there are additional observations
of Starlink satellites that are fainter than 6th magnitude for which the SNR is too low to be processed by
the current software pipeline.

Figure 5.6. Satellittes magnitudes in Johnson V spectral band, normalized to an orbital height of 550 km
and calibrated by the effects of different solar illumination angle (solar incidence) and satellite view angle
from the perspective of the observer. The histogram shows the distribution of 567 V magnitude
measurements of Starlink satellites imaged by the POMENIS Observatory from May to September 2020.
The mean of all 567 normalized and calibrated measurements is 4.0 with a standard deviation of 0.84.

5.4.1.1 Visorsat
The POMENIS Observatory has made 5 measurements of Visorsat, see Table 5.2. For all these
images Visorsat was too faint to be detected by the automated software pipeline. These images
were instead processed with the same pipeline but with a manually defined photometric aperture
for the satellite streak.
Table 5.2. Brightness magnitude of Visorsat satellites in Johnson V spectral band, imaged by the
POMENIS telescope.

Time (UTC)

V Magnitude

Range
(km)

Orbit (km)

2020-08-27 02:42:25

6.8±0.81

1005

552

2020-09-15 11:29:57

7.7±1.21

1057

551
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2020-09-16 11:24:26

7.2±0.77

813

551

2020-09-17 11:18:54

6.4±0.61

629

551

2020-09-17 11:20:28

6.1±0.23

923

551

5.4.1.2 Other Visored Satellites
Beginning with the L9 launch on 7 August 2020, SpaceX is including the visor technology tested
on Visorsat on all Starlink satellites. The POMENIS Observatory has captured many images of
these satellites. However, in all the images the satellites are too faint to be measured by the
current software pipeline. This indicates these satellites are typically fainter than about 6th
magnitude, approximately the threshold where the software struggles to detect the satellite streak.

5.4.2 OneWeb Satellites
The POMENIS Observatory began observing the OneWeb satellites in August 2020 and has
successfully captured over 100 images. However, in the majority of the images the satellites are
too faint to be measured by the current software pipeline. This indicates the OneWeb satellites
are typically fainter than about 6th magnitude, approximately the threshold where the software
struggles to detect the satellite streak.
This does not mean that the OneWeb satellites are always faint. Table 5.3 lists 8 successful
measurements showing the OneWeb satellites are occasionally brighter.
Table 3.3. Brightness magnitude of OneWeb satellites in Johnson V spectral band, imaged by the
POMENIS telescope.

Satellite

Time (UTC)

V Magnitude

Range
(km)

Orbit (km)

ONEWEB-0061

2020-08-15 03:34:31

5.2±0.17

668

583

ONEWEB-0046

2020-08-15 03:36:48

5.6±0.12

649

584

ONEWEB-0019

2020-08-15 03:38:53

3.3±0.07

622

582

ONEWEB-0080

2020-08-15 03:42:32

4.1±0.08

601

583

ONEWEB-0094

2020-08-20 03:20:56

4.6±0.12

585

585

ONEWEB-0054

2020-08-22 03:50:14

4.4±0.07

771

741

ONEWEB-0028

2020-08-22 03:52:53

5.7±0.17

706

688

ONEWEB-0028

2020-09-06 02:41:43

6.5±0.20

819

818
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5.5 Observations from Cerro Tololo Inter-American Observatory,
Victor Blanco 4-meter Telescope
5.5.1 Starlink Satellites
The Dark Energy Camera (DECam) is a 60-CCD wide-field visible imager on the Víctor M. Blanco
4-meter Telescope at Cerro Tololo Interamerican Observatory in Chile. It is one of two main
precursor instruments used for verifying and validating the LSST Science Pipelines by Rubin
Observatory Data Management. Tyson et al. 2020, obtained about 30 minutes of observations of
Director’s Discretionary Time as part of the DECam Local Volume Exploration (DELVE) Survey
on the night of 5–6 March 2020, about 1 hour after sunset. The five 120-second exposures in gband were timed to image five Starlink satellites transit near zenith. All five Starlinks were
launched in January 2020, and one of them is DarkSat (Starlink-1130). Using the LSST Science
Pipelines, Tyson et al. 2020 reduced the data and measured airmass-corrected (zenithextrapolated) stationary satellite magnitudes.
They also report solar phase angle, stellar PSF, background surface brightness, average satellite
trail profile FWHM, raw trail surface brightness, satellite angular speeds, exposure-time-corrected
trail surface brightness (with satellite velocities computed assuming a 550 km circular orbit),
stationary trail magnitude (before and after airmass correction), derived distance between the
telescope and the satellite, and derived approximate size of the satellite. For more details on the
analysis, please see ] Section 6 in Tyson et al. 2020.
The main conclusion from this analysis is that DarkSat is 6.1 g mag AB at zenith while its four
siblings are all around 5.1 g mag AB at zenith. (See Figure 5.7) In addition, the satellite trail is
wider than the stellar PSF, because satellites at 550 km altitude are out of focus. The trail width
is also a function of the telescope’s primary mirror size, so the same Starlink observed with Rubin
Observatory’s 8.4-m mirror would result in trails that are even wider.
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Figure 5.7. Apparent stationary g band magnitude of five recent Starlink satellites in the “on station” main
operational phase extrapolated to zenith as a function of solar phase angle. DarkSat (black) was
measured to be 1 mag fainter than its four bright siblings launched in January 2020 (blue), which are in
turn about 0.5 mag fainter than the older v0.9 Starlinks. Measurement errors are the symbol sizes (Tyson
et al. 2020).

5.6 Observations from Las Cumbres Observatory (LCO), 0.4m-04
Telescope at the Haleakala Site
5.6.1 Starlink, VisorSat Satellite
Of great importance has been to determine the brightness magnitude of the Visorsat (Starlink1436/SatID 45713), since this includes the latest mitigation strategy from the SpaceX/Starlink
consortium to make the Starlink satellites fainter. On 14 September 2020 at 14:47:24.437s UT an
image of Visorsat (see Figure 5.8), in SDSS g’ spectral band, was performed using the 0m4-04
telescope at the LCOGT node, At Haleakala (HI), of Las Cumbres Observatory (Brown et al. 2013)
(see Figure 5.9).
The observations, conducted under proposal DDT2020B-003, used a 0.4m telescope consisting
of an RCS tube and 3-element optics, mounted in LCO equatorial C-ring mounting. The optics
consists of a primary, secondary and Corrector plate (Meade) with LCO focus mechanism driving
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corrector plate/secondary. The camera used for the observation is a SBIG STL-6303 with a
29.2x19.5 arcmin field of view and pixel size of 0.571 arcsecs/pixel.

Figure 5.8. Artist depiction of VisorSat, Starlink satellite (c) SpaceX.

32

Figure 7. Starlink-1436 (Visorsat, SatID 45713) as imaged by the 0m4-04 telescope at the LCOGT node,
At Haleakala (HI), of Las Cumbres Observatory on 14 September 2020.

5.7 Observations from Calar Alto Observatory Spain, 1.23m
Telescope
5.7.1 Starlink Satellites
During September and October the Zeiss 1.23m telescope based at the Calar Alto observatory
(Barrado et al. 2011), Spain has been performing observations of Visorsat and other sibling
Starlink satellites. To date, the observations have captured Visorsat and Starlink-1405. The
observing procedure used is the same employed at the Ckoirama observatory.
The Zeiss telescope uses a CCD DLR-MKIII camera with a 21.4 by 21.4 arcmin FoV, with a pixel
size of 0.314 arcsec pixel-1. The observations used a Johnson V filter. Future observations are
planned to use the Johnson U, R, and I filters. This will provide the first U-band magnitude
measurements of LEOsats. Figure 5.10 shows Starlink-1405 observed in the morning twilight on
14 September 2020 with a 14 second exposure. Figure 5.11 shows an image of Starlink-1436
(Visorsat). The image also shows a serendipitous detection of Starlink-1348 (upper-middle) that
at the time of the observation was at 386 km orbital height. Current information on this satellite,
shows fluctuations in the orbital height around 350 km, obtained from a website cured by Dr.
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Jonathan MacDowell (McDowell n.d.). The observation took place in the morning twilight on 20
September 2020 using a 10 second exposure.

Figure 5.10. Starlink-1405 as imaged by the Zeiss 1.23m telescope at Calar Alto, Spain on 14 September
2020.
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Figure 5.11. Starlink-1436 (Visorsat) as imaged by the Zeiss 1.23m telescope at Calar Alto, Spain on 20
September 2020. Visorsat (at 555 km orbital height) is the trail seen in the bottom left. A second trail from
in the upper middle corresponds to Starlink-1348 (at 386 km orbital height).

6. Data Analysis and Results
The spectral bands and their width, for the telescopes/camera setups used to image the satellites
whose magnitudes are included in this report, are listed in Table 6.1.
The observations conducted by the various teams, using the various facilities listed in the previous
section, are summarized in Table 6.2. These values are calibrated to local zenith and the
orientation set out in the Observing Techniques section. Results from published work are
numbered [1] Tregloan-Reed et al. (2020a); [2] Tregloan-Reed et al. (2020b); [3] Tyson et al.
(2020). We also include yet unpublished observations of Visorsat from the facilities described in
the observation section.
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VERY IMPORTANT: The results in Table 6.2, include the magnitude of the satellites as observed
using filters at different astronomical spectral bands. Each spectral band has its own central
wavelength and bandpass (as shown in Table 6.1). Consequently, care needs to be taken when
establishing comparisons of the magnitude of the satellites reported.

6.1 Starlink Satellites
The magnitudes, as observed and the calibrated magnitudes (normalized to an orbital height of
550 km, and by the solar incidence and satellite-observer view angle at the time of the
observations) are included in Table 6.2.
Table 4.1 Characteristics of the spectral bands (filters) used in the imaging of satellites included in this
report.

Observatory
Telescope
Ckoirama Obs
Ckoirama Obs
Ckoirama Obs
ESO/VISTA
ESO/VISTA
CTIO/BLANCO/DECAM
POMENIS telescope
Calar Alto Obs.
Las Cumbres Obs

Spectral Band

Central Wavelength
micrometers
SDSS g’
0.477
SDSS r’
0.623
SDSS i’
0.763
NIR J
1.254
NIR Ks
2.149
g band
0.483
Astrodon Johnson V 0.549
band
Johnson V band
0.549
SDSS g’
0.477

Bandpass width
micrometers
0.149
0.140
0.140
0.172
0.309
0.156
0.168
0.168
0.149

There are empirical corrections in the technical literature (e.g. Jordi et al. 2006) to convert
magnitudes between known astronomical filters. An approximation that can be used for reflected
light to convert from Johnson V to the SDSS g’ spectral band (bulk of the sat observations done)
is V = SDSSg’ + 0.286 mag. We do not use this conversion in the document, it is only given as a
reference for the reader. Here we report the magnitudes as observed by the various telescopes
and camera setups.

Table 6.2. Summary of LEO satellites observed and calibrated magnitudes for observations performed
from the various observatory/telescopes facilities included in this report.
LEOsat

Time
(UTC)

Facility

Filter

Observed
Magnitude

Range
(km)

Solar

Observ

inciden

er

ce (∘)

angle
(∘)
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Calibra
ted
Magnit
ude
At 550
km
orbital
height

Refere
nce

Starlink
-1113

2020/0
3/06
00:15:2
6

Ckoira
ma

Sloan
g’

6.59±0.05

941.62

78.3

47.2

5.75±0.
05

1

Starlink
-1113

2020/0
3/05
00:20:3
7

Ckoira
ma

Sloan r’

5.46±0.05

718.89

72.0

35.9

4.90±0.
05

2

Starlink
-1113

2020/0
3/07
00:11:5
5

Ckoira
ma

Sloan i’

5.43±0.04

880.06

79.3

48.9

4.82±0.
04

2

Starlink
-1113

2020/0
3/05
00:14:5
4

ESO
VISTA

NIR J

5.10±0.01

1004.76

76.7

51.8

4.12±0.
01

2

Starlink
-1113

2020/0
3/07
00:09:0
7

ESO
VISTA

NIR Ks

4.65±0.02

885.43

81.4

49.8

4.15±0.
02

2

Starlink
-1130
(Darks
at)

2020/0
3/06
00:30:2
2

Ckoira
ma

Sloan
g’

7.46±0.04

976.50

76.5

50.6

6.52±0.
04

1

Starlink
-1130
(Darks
at)

2020/0
3/05
00:34:2
7

Ckoira
ma

Sloan r’

6.50±0.02

866.39

73.3

45.1

5.64±0.
07

2

Starlink
-1130
(Darks
at)

2020/0
3/07
00:27:0
1

Ckoira
ma

Sloan i’

6.33±0.03

991.73

77.4

51.9

5.40±0.
03

2

Starlink
-1130
(Darks
at)

2020/0
3/05
00:29:5
5

ESO
VISTA

NIR J

5.65±0.01

1063.91

75.5

54.8

4.50±0.
01

2

Starlink
-1130
(Darks
at)

2020/0
3/07
00:23:5
8

ESO
VISTA

NIR Ks

5.63±0.02

1146.11

78.2

57.7

4.50±0.
02

2

Starlink
-1102

2020/0
3/06
00:05

Blanco g band
4m

5.21

565

79.1

16.3

5.35

3

Starlink

2020/0

Blanco g band

5.46

625

77.7

28.6

5.36

3
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-1073

3/06
00:15

4m

Starlink
-1112

2020/0
3/06
00:30

Blanco g band
4m

5.86

810

75.6

44.6

5.23

3

Starlink
-1084

2020/0
3/06
00:35

Blanco g band
4m

6.15

878

76.4

48.8

5.41

3

Starlink
-1130
(Darks
at)

2020/0
3/06
00:30

Blanco g band
4m

6.97

810

76.1

45.3

6.36

3

Starlink
-1436
(Visors
at)

2020/0
8/27
02:42:2
5

POME
NIS

V

6.8±0.81

1005

77.1

53.2

5.89±0.
81

Starlink
-1436
(Visors
at)

2020/0
9/15
11:29:5
7

POME
NIS

V

7.7±1.21

1057

73.6

54.9

6.54±1.
21

Starlink
-1436
(Visors
at)

2020/0
9/16
11:24:2
6

POME
NIS

V

7.2±0.77

813

70.2

44.9

6.36±0.
77

Starlink
-1436
(Visors
at)

2020/0
9/17
11:18:5
4

POME
NIS

V

6.4±0.61

629

68.0

27.7

6.01±0.
61

Starlink
-1436
(Visors
at)

2020/0
9/17
11:20:2
8

POME
NIS

V

6.1±0.23

923

73.1

50.2

5.15±0.
23

Starlink
-1436
(Visors
at)

2020/0
9/14
14:46:2
8

LCO
0.4m

Sloan
g’

7.39±0.18

982

75.3

24.5

6.41±0.
21

Starlink
-1436
(Visors
at)

2020/0
9/20
04:43:0
4

CAHA
1.23m

Johnso
nV

6.19±0.08

882

72.4

50.9

5.33±0.
08

Starlink
-1405

2020/0
9/14
03:52:5
5

CAHA
1.23m

Johnso
nV

5.74±0.09

876

69.2

50.1

4.80±0.
10
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Starlink
-1348

2020/0
9/20
04:43:0
4

CAHA
1.23m

Johnso
nV

4.40±0.10

850.8

72.4

53.1

3.54±0.
10 (#)
2.48±0.
10 (&)

Notes:
For the case of Starlink-1348 two calibrated magnitudes are reported in the last row of Table 6.2:
(#) normalized/calibrated to an orbital height of 550 km, and (&) normalized/calibrated to the
actual orbital height of the satellite at the time of the observation 386 km

6.2 OneWeb Satellites
The POMENIS Observatory began observing the OneWeb satellites in August 2020 and has
successfully captured over 100 images. However, in the majority of the images the satellites are
too faint to be measured by the current software pipeline. This indicates the OneWeb satellites
are typically fainter than about 6th magnitude, approximately the threshold where the software
struggles to detect the satellite streak. This does not mean that the OneWeb satellites are always
faint. Results are shown in Table 5.3 earlier in this report.
The observed magnitudes shown in Table 5.3, are at the range of the actual observations. If we
were to normalize these brightness magnitudes to a nominal altitude of 550 km, we would obtain
V band magnitudes in the range of 3.0 to 5.6. This range of magnitudes doesn’t account for the
calibration by the solar illumination angle and satellite view angle perspective at the time of the
observations. Nevertheless, the results seem to indicate that OneWeb satellites reflect the light
of the sun more efficiently, i.e. brighter, than the Starlink satellites. We can’t draw a definitive
conclusion until we make an attempt to observe a larger number, out of the 74 launched, of these
satellites. The fact that the normalized to 550 km magnitudes range is so large (2.6 magnitudes
– a range of almost 11 in photon flux detected) may imply that the OneWeb satellites reflected
the light of the sun differently depending on the surfaces being illuminated.

6.3 Efficiency of mitigation strategies, to name a few: re-orientation
of satellites during deployment, darkening treatments
(Darksat), reduced reflection (Visorsat).
Observations of the special satellite, Starlink-1130 (Darksat), a first mitigation strategy by the
Starlink team to make the satellites dimmer, were performed earlier in 2020 (January and March)
and results of its brightness magnitude were first published in the pee-review literature in the work
of Tregloan-Reed et al. 2020a. The calculated and reported magnitude of the satellite, normalized
to zenith and calibrated by solar illumination and observer view angle, was confirmed in the
independent work of Tyson et al. 2020.
Observations of Darksat, and of another standard satellite (STARLINK-1113) show that after
correcting for the solar incidence and observer phase angles whilst normalising the range to the
orbital height, 550 km (one airmass), Darksat is dimmer than STARLINK-1113 in both the optical
and NIR (observations done with the Ckoirama and ESO/VISTA telescopes). However, the results
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also show that both satellites increase in reflective brightness with increasing wavelength
(towards redder bands) and the effectiveness of the darkening treatment used for Darksat
reduces with increasing wavelength. The results show that between 475.4 nm (Sloan g’) and 2150
nm (Ks) Darksat increases in reflective brightness by 2.02 mag (≈ 6.4 times brighter). While
STARLINK-1113 increases in reflective brightness by 1.60 mag (≈ 4.4 times brighter).
The reduction in reflective brightness between Darksat and STARLINK-1113 is ≈ 51 % (475.4
nm), ≈ 49 % (620.4 nm), ≈ 41 % (769.8 nm), ≈ 30 % (1250 nm), and ≈ 28 % (2150 nm). Figure 22
shows that the effectiveness of the darkening treatment used for Darksat, reduces from the optical
to the NIR (Figure 6.1).

Figure 6.1. Reduction of reflective brightness between Darksat and STARLINK-1113 for the Sloan g’
(green), Sloan r’ (red), Sloan i’ (purple), J (brown), and Ks (brown) calibrated results (adapted from
Tregloan-Reed et al. (2020a,b)). The horizontal error bars represent the FWHM of the passband filters,
while the vertical error bars represent the uncertainty in the reduction.

Regarding VisorSat, the observations to date show that the calibrated magnitudes obtained are:
• POMENIS telescope: 5.4±1.21 (weighted mean from V filter observations)
• POMENIS telescope without bright outlier 6.1 +/- 0.4 mag (weighted mean from V filter
observations)
• Las Cumbres Observatory 0m4-04 Telescope: 6.41±0.21 (SDSS g’ filter)
• Calar Alto Observatory, 1.23m telescope, 5.33±0.08 mag (only one observation in
Johnson V filter))
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These magnitudes are all normalized to an orbital height of 550 km and calibrated by the solar
incidence and observer view angle.
The larger uncertainty in the POMENIS results for VisorSat is that the observations were too faint
to be detected by the automated POMENIS’s software pipeline. Therefore, the images were
instead processed with the same pipeline but with a manually defined photometric aperture for
the satellite streak and this may have introduced a larger uncertainty. The observation at Las
Cumbres observatory, using the 0.4m-4 telescope (at their Haleakala, HI, site) was also of
relatively low signal-to-noise ratio, but the analysis done independently by three pipelines people
show a much lower uncertainty.
Regarding the Visorsat mitigation strategy (as depicted in the rendering view shown in Figure 5.8
is that its magnitude, when scaled to the 550 km orbital height can be taken as similar to the
Darksat solution, all within the respective uncertainties in the measurements. Consequently, none
of these strategies so far are yet achieving a conclusive normalized brightness magnitude at 550
km of 7.0 or fainter as advised in Recommendation #5 of the SATCON1 Workshop Report (Walker
at al 2020).
The Starlink team also adopted other mitigation strategies intended to decrease the brightness of
the satellites during the deployment phase, i.e. before they reach their nominal orbital height and
nominal attitude. The observations done with the POMENIS telescope, plotted as a function of
month through year 2020, are shown in Figure 6.2.The results are shown separately for the
satellites in deployment phase (below 550 km) and those that have already achieved the nominal
orbital height and are distributed around 550 km. The results are not conclusive, but they seem
to indicate that the Starlink team mitigation strategy to find a better orientation geometry during
the deployment phase of the satellites may have contributed to shift their overall magnitudes
towards fainter values.
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Figure 6.2. This plot shows the Starlink observed magnitudes, in a Johnson V filter, by the date of
observation. The satellites below 550 km observed early in the summer show a brighter and larger
distribution of magnitudes than those observed later. This may be a result of SpaceX’s mitigation plan to
orient the satellites differently during the deployment phase. Alternatively, this may be the result of a
sampling bias due to the limited opportunities to observe the satellites during the deployment phase. The
telescope was not operating from mid-June to August due to wildfire activity.
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1. Context and objectives
The goal of the simulations sub-group inside the D&QS SatCon Working Group is to assess
the impact of large constellations on the observation of the night sky at optical wavelengths
on a sound scientific basis, using the tools of orbital dynamics, optics and observational
astronomy. Using the available information about the different large constellation projects,
physics and geometry allow us to compute the spacecraft visibility from any locations on
Earth, in terms of their apparent position in the sky, direction of their motion and apparent
angular speed, and conditions of illumination by sunlight. This can produce statistics for the
whole sky (bulk number of artificial objects visible from a specific location) or for the
restricted conditions constrained by realistic observational circumstances: direction of the
observation, field of view and integration time.
To this end, the group has collected information from the sources available, mainly from the
results of NSF’s NOIRLab’s SATCON1 Workshop (Walker & Hall et al., 2020), from the
scientific literature and from materials elaborated by the contributors for this report.
Additional simulations have been performed when needed.
The results allow formulating proposals of technical standards and mitigation strategies
addressed both to the companies that launch and operate the satellites and to the

astronomical community. The conclusions lead to recommendations and guidelines to
mitigate the impact that may be considered by the United Nations COPUOS and other
policymakers.
Our tools and conclusions share concepts and results with other subgroups, such as the
observations subgroup. The conclusions reached are reliable, but there is still room for
improvement in several aspects, mainly related to the fine tuning of the photometric
models used to predict the apparent brightness of the satellites.

2. Simulations and results
Our conclusions are based on simulations of three kinds: all-sky counts, pointing oriented
and spatially resolved. Both discrete and analytic approaches have been used. More
technical details on the simulations are included in the Appendix and in the technical
appendices to NSF’s NOIRLab’s SATCON 1 report (Walker & Hall et al., 2020).
The results we present have been deduced considering a scenario with almost 78 000
satellites. These correspond to the two main projects proposed to the US FCC: Starlink
Generation 2 (SL2) and One Web 2 (OW2). SL2 plans to place 30 000 satellites in several
shells with different inclinations and with low altitudes (maximum around 600 km above the
Earth surface). OW2 may place up to 48 000 satellites in shells with different inclinations,
but a same elevation of 1200 km. The Appendix provides details on the simulations and
includes Table A.1, with a full description of the orbits and the number of satellites they
contain.
We now very briefly describe the simulations of the three kinds and the results obtained
from them. We underline that the computations have been performed by separate teams,
using completely independent software, and that the results are coincident within the
statistical noise level. A somewhat more detailed discussion on reliability is presented in the
Appendix.

2.1. All-sky, bulk satellite counts
All-sky (or A-kind) simulations consider the spacecraft orbits and, given a location on Earth,
they predict the number of satellites that are visible. This implies computing which satellites
are in sight (above the horizon, or above a certain elevation) and, after that, deciding which
of them are truly visible because they are illuminated by direct sunlight. Note that, here,
visible, does not necessarily mean “accessible to the naked eye”: only the brightest fraction
of visible satellites will be naked eye objects. Finally, a bulk count of visible satellites is
performed. The results strongly depend on solar illumination conditions that vary during the
night (due to the change of the position of the Earth’s shadow on the sky) and with the
season of the year.
The altitude of the orbits foreseen for the main large constellations range from 400 to 1200
km, much lower than the global positioning system satellites (GPS, beyond 20 000 km) or
geostationary orbits (more than 35 000 km). This causes a result that arises even from
simplest A-kind simulations: only a small fraction of the satellites is in sight from any given
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location. For the SL2+OW2 case, this amounts to only 5 % of the total constellation, with a
dependency on latitude that reflects the concentration of satellites towards the northern
and southern boundaries of the orbital shells.

Figure 1. Evolution over the night of the number of satellites above the horizon at latitude 30 o South
(representative of Cerro Tololo and Cerro Pachón, for instance) on winter and summer solstices. The black
curves show the total number of satellites in sight (illuminated or not), while the cyan curve shows only those
that are visible, because they are illuminated by direct sunlight. Sunset, sunrise and the various twilights are
indicated with shading: the white area corresponds to astronomical night. While in winter the number of
visible satellites plummets towards the middle of the night, in summer many satellites remain illuminated even
at midnight. O. Hainaut.

The fraction of a shell that is in sight increases with the altitude of the shell itself. For a shell
with altitude of 500 km (SL2), less than 4 % of all satellites are in sight from a latitude
intermediate between the equator and the shell inclination, while this number more than
doubles (almost reaching 8 %) if the shell altitude is 1200 km (OW2).
Not all satellites in sight will be visible, but only those illuminated by the Sun. For this
reason, A-kind simulations show that the number of visible satellites decreases as the Sun
reaches lower (negative) elevations below the horizon, with a minimum at midnight. The
season of the year is linked to the Sun’s declination and this, in turn, determines the
geometry of the Earth’s shadow on the local celestial sphere during the night. In winter,
most satellites in sight remain dark for a certain fraction of the night. In contrast, in summer
the Sun still illuminates directly a large fraction of the space above the observer, making
some satellites visible even at midnight. Simulations separating SL2 and OW2 show the
effect that higher orbits (OW2) remain illuminated longer than the low ones. High satellites
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not only remain visible at midnight around the summer solstice, but their numbers also
decay more slowly as the night sets in, than those of satellites closer to the Earth.
Typically, and for the SL2+OW2 study, about half the satellites in sight are still illuminated
(and thus visible) at the end of the astronomical twilight. The fraction is greater for higher
orbits (85 % at 1200 km), less for lower orbits.
Bulk counts of visible satellites can also be done restricting the count to objects appearing
above a given elevation over the horizon. This shows a strong concentration of satellites
towards the horizon. This concentration is a simple perspective effect. For the case study
SL2+OW2 the concentration implies that, typically, 50 % of the visible satellites are
concentrated below 10 degrees elevation.

Figure 2. View, from Brussels (Belgium, latitude 50º North) during twilight, of the satellites from the SL2+OW2
constellation in the sky (bottom left), and side projections (the red arc is the silhouette of the Earth, the dots
mark the positions of the satellites, those in orange are illuminated, the others are dark). The histogram of the
number of satellites as a function of elevation above the horizon (top right) and the sky view illustrate that
most of the satellites are concentrated along the horizon. The size of the dots represents an estimate of the
apparent brightness of the satellite, expressed in magnitudes (higher magnitudes are fainter, magnitude 6 sets
the usual limit for naked-eye visibility). O. Hainaut.
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Figure 3. Influence of orbital elevation on satellite visibility. The upper panel shows the visibility of the 30 000
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satellites of Starlink 2 constellation (orbits around 350 km altitude), while the lower panel displays the results
for the 50 000 satellites of One Web 2 (1200 km altitude). The simulation is for latitude 30º South (Cerro Tololo
and Cerro Pachón) and for summer (December) solstice. There are three graphs inside each panel, from top to
bottom: satellites above horizon, satellites above 10º elevation, and satellites above 30º elevation. Black lines
indicate satellites in sight, cyan is for satellites visible (in sight and illuminated by the Sun), and the lower lines
indicate satellites that may be visible to the naked eye under good (red) and exceptionally good (orange)
conditions of darkness. O. Hainaut.

While most scientific observations are performed above an elevation of 30o, the increasing
satellite density towards the horizon indicates a significantly larger impact on research
projects that need to point towards these areas of the celestial sphere: cometary studies,
search and follow-up of near-Earth objects (NEOs), including potentially hazardous
asteroids. These projects usually point towards elevations as low as 20 degrees. Their search
techniques are based on the search for moving sources; the satellite trail in their images
(possibly ten or more trails for typical integration times and fields of view), may reduce the
efficiency of their searches.
Also, observation projects devoted to the so-called targets of opportunity rely on the
observation of astronomical sources that suddenly appear at any position on the sky and
may have to point to sky areas crowded by satellites. Among these projects we may
mention the search for optical counterparts of cataclysmic events: sources of gravitational
waves, gamma ray bursts, radio bursts, supernovae.
Not only the number density, but also the remaining observational parameters of visible
satellites change as a function of elevation above the horizon. The same distance and
perspective effects mean that the apparent brightness of a satellite closer to the horizon is
much fainter and, at the same time, its apparent angular speed is much slower than when
near the zenith. More distant satellites appear fainter, their brightness decreasing as the
distance squared. But their apparent motion is slower, thus taking longer to cross one image
element and accumulating more light in it. The two effects somewhat compensate
(Ragazzoni, 2020) and it can be shown that, in absence of extinction and ignoring phase
effects, the light accumulated in one pixel due to a (point-like, not spatially resolved)
satellite is inversely proportional to satellite distance or directly proportional to the sine of
the angle of elevation above the horizon.
Current estimates indicate that there will be satellites accessible to the unaided, naked eye,
under dark skies, a conclusion that is sound and safe well beyond the level of uncertainty of
the current photometric models. Also, absolutely all sunlit satellites in large constellations
are detectable by any research telescope, sometimes even inducing saturation effects that
may ruin not only the image area affected by the trail, but a much larger region, potentially
the whole image in some cases. For the Simonyi (formerly LSST) telescope at Vera C. Rubin
Observatory (Cerro Pachón), it is estimated that the limit of severe effects is around
apparent visual magnitude 7, although the exact figure depends on observational
circumstances such as angular speed and the apparent size of the spacecraft projected on
the detector. Angular size of satellite images may be different from the point spread
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function of distant point-like sources (stars) for two reasons: defocusing due to their
closeness and true spatial resolution of their structure, and both factors are distancedependent.

Figure 4. Bulk number of satellites of the constellation SL2+OW2 that are visible (in sight and illuminated)
above the horizon from latitude 30º South (Cerro Pachón, Cerro Tololo) as a function of both local time
(horizontal axis) and date of the year (vertical axis). Curved lines indicate sunset and sunrise, and the times of
the different twilights. Compare to the following figure to check the influence of the elevation above the
horizon. Colour code runs from zero to more than 5000. C. Bassa by analytic methods.
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Figure 5. Bulk number of satellites of the constellation SL2+OW2 that are visible (in sight and illuminated)
above an elevation of 20 degrees over horizon, from latitude 30º South (Cerro Pachón, Cerro Tololo) as a
function of both local time (horizontal axis) and date of the year (vertical axis). Curved lines indicate sunset and
sunrise, and the times of the different twilights. Compare to the previous figure to check the influence of the
elevation above the horizon. Colour code runs from zero to slightly more than 1600. C. Bassa by analytic
methods.
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2.2. Pointing-oriented simulations
Besides computing the global number of satellites visible over a specific elevation (as
described in the previous section), it is also necessary to investigate the details of their
distribution in specific directions, because the distribution of visible satellites over the local
celestial sphere is a strong function of time and of the direction of observation.
We may consider the example of the Rubin Observatory in Chile, at Cerro Pachón, -30º
latitude, representative of many other observatories in the same area. From here, and in
summer solstice conditions (Sun declination -23º), the southern region of the sky, for
objects above 1000 km altitude, is illuminated during the whole night. One of the sky areas
most often observed from southern observatories is the Large Magellanic Cloud (LMC), a
galaxy that is a satellite of our own stellar system. This sky area reaches culmination at
midnight and, thus, optimum observation conditions, around the beginning of the southern
summer and is visible towards the southern circumpolar cap (LMC declination = -69º). The
simulations performed demonstrate that, at this time of year and from northern Chile, a
field of view (FOV) spanning one square degree in the direction of the LMC will experience
two satellite trails per minute all night long. Most of these trails, 88 % to 100 % (depending
on the local configuration of the Sun), will be due to spacecraft belonging to the OW2 shells
(1200 km altitude). If we take into account that OW2 constellation is larger than SL2 in
number of satellites, then the normalised proportion changes a little bit: 82 % to 100 % trails
would be due to high-orbit crafts.
The results depend on a combination of the sky position of the object to be observed, the
observatory latitude and the Sun’s declination, but are often comparable. For instance, from
the latitude of Calar Alto Observatory (latitude +37º), approximately representative also of
observatories at Arizona (latitudes 32-35º), a FOV of one square degree pointing in the
direction of the Andromeda Galaxy will be hit by a similar satellite traffic, with an average
only slightly below two trails per minute in certain epochs of the year (in this case, the
simulation is performed for Andromeda culmination in July-August, local summer again).
Another example of fields of interest where long exposures are expected to go as faint as
possible are the deep fields studied by the Hubble Space Telescope and other space-based
observatories (Chandra or XMM-Newton X-ray, for example). Ground-based spectroscopy of
objects in these fields is essential to understand the nature of sources. Here the exposure
times could be one hour or more. These fields are distributed all over the sky.
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Figure 6. Number of trails inside a field of view of one square degree as a function of integration time, for two
celestial objects of special interest in Astrophysics. Top: pointing towards the Large Magellanic Cloud upon
culmination in September from latitude 30º Sout (Cerro Pachón, Cerro Tololo). Bottom: pointing towards the
Andromeda Galaxy upon culmination in January from latitude 37º North (Calar Alto, Arizona). D. GaladíEnríquez.
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In typical conditions for observations around the equinox, at the end of the nautical twilight,
looking NW at 20 degrees elevation over the horizon, from intermediate northern latitudes
(Arizona, Calar Alto), the SL2+OW2 scenario leads to two satellite traces in each shot with
FOV of one square degree and 60 s integration time, with apparent magnitudes ranging
from 7 to 10 (mean: 9.0) and moving with an apparent angular speed mean value of 11
arcminutes per second. This number increases to three traces if the pointing is at 10 degree
elevation, and to 5 for integrations grazing the horizon. Although few scientific observations
are usually performed at such low elevations, these sky areas are very often the subject of
astronomical and night landscape photography, techniques that will be severely affected,
even more if we take into account that their usual FOVs span hundreds of square degrees
grazing the horizon, what potentially leads to from tens to hundreds of streaks in every shot,
depending on the sensitivity of the systems used.
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Figure 7. Number of trails inside the field the field of view of the LSST telescope (Cerro Pachón) of 9.6 square
degrees, pointing to the Large Magellanic Cloud (LMC), for integrations of 30 seconds. This graph displays only
the contribution of the Starlink 2 constellation (orbits around 350 km altitude). The horizontal axis indicates
local time and the vertical axis corresponds to the date of the year. Red lines indicate the elevation of the LMC.
The colour code runs from zero trails to 0.13. In the maximum, one out of seven shots would display a trail
from the SL2 constellation. Compare with the following figure. C. Bassa by means of analytic methods.
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Figure 8. Number of trails inside the field the field of view of the LSST telescope (Cerro Pachón) of 9.6 square
degrees, pointing to the Large Magellanic Cloud (LMC), for integrations of 30 seconds. This graph displays only
the contribution of the One Web 2 constellation (orbits at 1200 km altitude). The horizontal axis indicates local
time and the vertical axis corresponds to the date of the year. Red lines indicate the elevation of the LMC. The
colour code runs from zero trails to 100, although the maximum is around 25 trails. The impact of higher
satellites is stronger and it extends much deeper into the night, as can be seen compared with the previous
figure. C. Bassa by means of analytic methods.
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2.3. Spatially resolved simulations
Bulk satellite counts from all-sky simulations provide relevant information, but we know
that they do not depict the full picture, because the distribution of satellites visible on the
sky has to be highly non-uniform. Some hints on this already arise from the strong elevationdependency showed by all-sky simulations, but there has to be an even stronger spatial
dependency related to the position of the Earth’s shadow on the local celestial sphere, that
changes during the night and also, for the same local time, with solar declination (seasonal
dependency). Two more factors may affect satellite distribution on the sky in a way that has
to be assessed: First, the fact that the spatial density of satellites inside each shell is nonuniform, but shows a latitudinal dependency. Second, the existence of shell boundaries
linked to the inclination of the orbits (satellites do not reach the zenith, seen from locations
with latitudes larger, in absolute value, than their orbital inclination).
Conceptually, the easier way to study the true spatial distribution would rely on discrete
simulations. Even simple implementations of this spatially resolved, discrete approach show
the strong non-uniformity of the satellite distributions and their night-long evolution,
dominated by the pass of the Earth’s shadow through the celestial sphere.
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Figure 9. Spatially resolved simulation of the density of satellites visible (in sight and illuminated) from Cerro
Pachón (latitude 30º South) in local summer conditions (December solstice) at 20:30 local time (Sun 18
degrees below the horizon, start of local astronomical night). The colour code is set in units of number of
visible satellites inside the field of view of the LSST telescope (9.6 square degrees solid angle): anywhere the
telescope points, it would find at least one satellite inside its field of view. Observe the intricate spatial fine
structure induced by the texture of orbital shells. Also, the area devoid of visible satellites in the North-East
(upper left) is due to the Earth’s shadow. The dots in the lower part mark the locations of the Large (left) and
Small (right) Magellanic Clouds. Constellation: SL2+OW2. Produced by analytical methods by C. Bassa..

Analytical approaches to the spatially resolved simulations are the best suited to this
problem, allowing a complete description of the instantaneous satellite density over the
celestial sphere and revealing a good amount of (maybe unexpected) spatial fine structure.
Shell boundaries reveal themselves as important features that are able to modify the
expected numbers of satellite crossings in the FOV by a factor of 10, in case they are visible
from a given location. Observatories placed at latitudes whose absolute value is close to the
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inclination of some shell will see these boundaries (where the density of satellites increases)
crossing through zenith. At other positions, shell boundaries are able to interfere in a
geometrically complex way with the observation in specific directions, and they are behind
the behaviour observed when studying telescope pointings towards specific objects of
interest (pointing-oriented kind simulations, see previous section).

3. Flares and glares
Specular, mirror-like reflections of sunlight off of the flat, fairly polished surface elements of
the orbiting satellites are common and often directed towards the Earth. Such reflections
can be detected by the ground-based observers, if their location falls within the ground
footprint of the reflected rays. The ground location of the reflection footprint changes as the
angular configuration between the satellite centered direction towards the Sun and the
reflective surface normal vector change due to the spacecraft’s orbital motion. Moreover,
the intensity profiles of the reflection flares can be predicted by taking into account the
satellite shape, surface material properties and the optical characteristics defined by
brightness models like the Bidirectional Reflectance Distribution Function.
On the first generation of Iridium satellites, each of their three door-sized antennas could
cause spectacular flares, sometimes reaching magnitude -8 for a few seconds. In the case of
three-axis stabilised satellites, the place and time where flares are visible can be accurately
computed (even popular websites and apps listed custom-made predictions for the Iridium
flares).
The information available on the upcoming satellites suggests that they won’t have large,
flat surfaces susceptible to produce Iridium-like flares. Nevertheless, even smaller areas can
cause flares, albeit fainter. Some occurrences of such flares have been reported for early
Starlink satellites1. Scaling the approximate size of the largest ground-facing, flat polished
surface on a Starlink satellite (about 0.3 x 0.3 m) to that of Iridium (about 2 x 1 m) suggests a
flare of mag ~ -4 to -5 could be possible (Starlink solar panels are larger, but their spatial
orientation prevents specular reflections towards the ground). Such bright flash, caught in
the field of view of an astronomical instrument, is likely to ruin the observation. In the case
of the Starlink satellites this should be mitigated by the sunshade in recent VisorSats.
The well documented occurrences of the Iridium flares can be used as a benchmark to
evaluate the number of flares that a future constellation could produce, as done by Hainaut
& Williams (2020). Using the same methodologies as those used to evaluate the number of
satellite trails affecting an observation, it is estimated that < 10-5 of the Legacy Survey of
Space and Time (LSST) exposures during twilight would be affected by a flare (Hainaut
priv.comm.), assuming that each and every satellite has one large flat flare-producing
surface, which is conservatively pessimistic). Intuitively, this result is driven by the very short
duration of the flares (10 s in the simulation), and the rare occurrence of the flares.
1

an astro-photographer phtographed a flare on a starlink satellite:
https://www.cieletespace.fr/actualites/exclusif-en-plus-de-rayer-le-ciel-les-satellites-starlink-diffusent-depuissants-flashes-lumineux
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While flares are short (seconds), the very fast apparent angular velocity of the satellites
ensures that the flares will also appear as long trails in the sky. Therefore, they will not
appear as point sources (which would be even more difficult to identify and filter out as
spurious), but as very bright trails.
Furthermore, in the case of actively stabilized, nadir-pointing satellites, the occurrence of a
flare is predictable, as illustrated by the former Iridium flare-related websites and apps. It
would therefore be practical to check whether an observation about to start would be
affected, and therefore to reschedule it, in case of need.
Finally, the region of earth affected by a flare is determined by the attitude of the satellite
causing it. A very modest change of attitude can therefore re-locate the flare to a different
region. Such attitude adjustments are common in satellite operation (for instance,
OneWeb’s “progressive pitch” each time a satellite crosses the equator). It is therefore
realistic that selected observatories could be protected by “no flare zones”.
The non-perfectly specular reflections occurring on non-flat surfaces (for instance, on the
corrugated insulating layer that cover some satellites) can cause flashes much more diffuse
(hence longer) than the flares - called glares. As the geometrical conditions are less stringent
than for flares, they are likely to be more numerous than flares. However, the fast apparent
motion of the satellites ensures that a glare will leave a long (degrees) trail on the detector.
The resulting spurious transient object detection that may result from a glare will have to be
dealt with, just like for the normal satellite trails and natural signatures of the same type,
like meteor streaks. At this stage, we have no information on glare-causing features on the
satellites, and cannot evaluate if they are relevant.
Overall, because of the frequency of the flares and glares, of their duration, of the low
probability of them affecting observations, of their predictability and the fact that they are
controllable (the latter two for actively controlled satellites), the effect of specular
reflections on astronomical observations is therefore completely secondary compared to
the effect of satellite trails.

4. Transient orbital phases
Artificial satellites are intended to be operational on station, i.e., once they have been
placed at their predetermined working orbits. However, they have to reach those positions
through a series of maneuvers that imply a time of stay in lower, preliminary orbits, where
their effect on astronomical observations may be very different than on station. Also, it is
worth considering the impact of the satellites once they have finished their operational life.

4.1. From launch to operations
Most artificial satellites launched until recently were placed on their final, operational orbits
following fast procedures that typically involved few thrust episodes and classical,
deterministic transient orbits (such as Hohman trajectories), that take just a few days to
complete. However, the satellites that build up Starlink constellations are not placed at their
final operational orbits in this traditional way. The satellites carry low-thrust ionic engines
16

that are used during weeks or months to make the satellites to slowly drift from the very
low provisional trajectory in which they are left by the launcher, to the final destination
orbit. This implies that all satellites of these mega-projects will have a long transient initial
phase during which they follow very low orbits. Low orbits reduce the probability of crossing
over a given position but make the satellites brighter. Apparent brightness, in these phases,
is affected, too, by spacecraft attitude during these manoeuvres, because the satellites are
oriented in a way that minimises atmospheric drag. In the case of the early Starlink
launches, this caused the very bright “string of pearls” appearance of the satellite trains.
Starlink now orient the satellites in a way that minimizes both the atmospheric drag and the
brightness.
The size of the projects of large constellations and the information available about the pace
at which the satellites will be launched, operated and replaced, indicate that there will
always be a significant number of spacecraft in the initial transient phases of orbit elevation.
An informal communication by one of the operators suggests that 3-5% of the fleet would
be on transfer orbits at any time. This means that this population of objects cannot be
neglected. While specific simulations should still be done to assess this part of the problem,
the simulation of low-altitude constellations gives an estimate on what to expect by scaling
the numbers down to 3-5%. During the very early phases after launch, the grouping of the
satellites in “trains” makes the issue more spectacular, but less problematic, since they
affect a restricted part of the sky. .
In terms of simulations, the effect of low-altitude satellites should be increased by 3-5% of
the total number of satellites to account for the objects on a transfer orbit.
Overall, the companies should be encouraged to adopt measures to minimize the impact of
their spacecraft also during the initial phases after their launch, in particular to minimize
their brightness.

4.2. Orbit decay: active and passive
The modelled observation scenarios so-far assume an operational satellite constellation. In a
realistic scenario additional phases must be investigated, i.e. the initial orbit acquisition, the
end of operational phase, and possible failures. Lost satellites without active attitude
control will not be able to use visors to efficiently reduce the visual magnitude. Typically,
spacecraft operators perform re-entry maneuvers to reduce the orbital lifetime in order to
comply with space debris mitigation guidelines (IADC-02-01). However, the mitigation
compliance in terms of observed successful post-mission disposal (PMD) is well below 90 %
[ESA’s Annual Space Environment Report, Bastida Virgili et al. 2016], which is often used as
an optimistic estimate. The Inter-Agency Space Debris Coordination Committee (IADC)
issued a special statement in this regard (IADC, 2007). While satellites in lower altitudes will
be decelerated by the remaining atmosphere and re-enter in a few years (depending on
area-to-mass ratio and solar activity), satellites at 1000 km will remain in orbit for centuries.
Assuming an area-to-mass ratio of 0.008 sqm/kg a satellite at 350 km altitude will re-enter
within 7-9 months, one at 550 will take 12-18 years, and one at 1200 will remain in orbit for
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more than 1000 years. Bastida Virgili et al. (2016) performed a long-term simulation for
large satellite constellations assuming different PMD scenarios and assesses the resulting
number of objects in orbit.
The number of visible objects is dependent on the compliance assumptions used in a highfidelity simulation of the realistic scenarios and would require a detailed sensitivity analysis.
However, it can be assumed that a failed PMD attempt will lead to more visible satellites
and that the simulation results presented in this report provide, at least, a lower bound.
Even those satellites with successful post-mission disposal may remain in a descent orbit for
a significant period. The V0.9 group of 60 prototype Starlink satellites launched in May 2019
began to be actively retired in summer 2020. As of 16 Sep 2020, 26 of them had been
removed from orbit (McDowell, 2020b) . The process for each satellite descending from an
initial 550 km orbit took from 4 to 9 months. The orbit is lowered using electric propulsion
at about 4.7 km/day, but the process is occasionally interrupted by pauses of a month or so.
If this process is typical of future retirements, with ~ 6 month duration compared to 5 years
active life, we may expect 10 percent of the constellation to be in this (lower, brighter)
phase at any one time even without failures.
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Recommendation proposals
The simulations described in the previous sections lead to formulate the following set of
recommendations and conclusions, that are listed here in an informal way, for the
consideration of the Recommendations Group.
Information on constellation profiles
The companies should deliver transparent and reliable information about their plans,
including the relevant details of spacecraft design, as soon as they are decided, even if they
may be subject to later changes for any reasons (commercial, legal, engineering).
Improving photometric models: information, observation
The simulations of apparent brightness will benefit from detailed information on spacecraft
design that should be provided by the companies, including the best available estimations of
the diffuse and specular reflectance distribution functions. These input data will interact
with real observations of spacecraft already in orbit that will benefit, too, from the
availability of the best up to date orbital data (provided by the companies) in order to
compute individual predictions that will allow observation planning and exploitation of the
resulting data.
Limit the number of spacecraft
The most obvious conclusion from all tests is that astronomical observations would benefit
if the planned satellite constellations are kept as small as possible, in terms of the number
of spacecraft, with an optimum number equal to zero.
Limit orbit elevation
Evaluating the balance among apparent brightness and satellite illumination conditions, the
results lead to the recommendation to use satellite shells as low (closer to the Earth surface)
as possible. This reduces both the number of satellites in sight and the night interval during
which some of them are visible (sunlit). From the tests and simulations performed, we are
suggesting an upper bound of 600 km elevation above surface for these projects.
Information for flare prediction
The industry should provide the data about satellite design and attitude control that may
allow predicting flare geometry, at all phases of the orbital evolution of the spacecraft.
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Enforcing effective de-orbiting
Solutions for efficient active de-orbiting have to be enforced. The current international
consensus about the time period considered as acceptable for natural orbital decay after
the phase of active de-orbiting has to be re-evaluated and significantly reduced, at least for
satellites belonging to large constellations, and it may probably be set as a decreasing
function of the size of the constellation. Active de-orbiting solutions have to be reliable
enough to guarantee a very low absolute number of wrecked spacecraft. Thus, the reliability
requirements should be more restrictive for larger constellations.
Satelite darkening
Satellites in large constellations should be darkened through whatever engineering solutions
may be feasible and compatible with their functions. Maximum brightness due to diffuse
reflection has to be set below the naked-eye limit under all circumstances. Additional
engineering and attitude control measures to reduce average brightness due to diffuse
reflection below the limit of 7 visual magnitude should be studied, tested and, if feasible,
implemented.
Improving simulations
Simulation efforts should proceed introducing several improvements: better photometric
models, more detailed consideration of trails due to not point-like sources (spatially
resolved and/or out of focus), assessment of transitory orbital phases before and after the
operational life of the spacecraft.

Appendix. Technical details on the simulations
This Appendix provides a somewhat more detailed and technical description of the
simulations that support this report.

A.1. The constellation model
All projects of satellite large constellations rely on large numbers of satellites, all of them
placed on quasi-circular orbits organised in shells. Each shell is defined by its altitude over
the Earth surface and by the inclination of its orbits relative to the equator. Inside each
shell, the number of orbital planes, the distribution of their ascending nodes and the phase
distribution of spacecraft along each plane are decided aiming to provide the best land
coverage, which implies that the projections of the individual satellites on the Earth’s
surface are distributed in the most uniform way allowed by the laws of orbital mechanics.
Under these conditions, all satellite shells exhibit perfect axial symmetry around the
rotation axis of the Earth: the average density of satellites projected on the ground is a
function only of latitude. Not only that, but, also, the latitudinal density distribution is also
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symmetric with respect to the equatorial plane (North and South hemispheres of each shell
are reflections of each other).
The first decision to be taken in order to perform a simulation is to select the composition of
the constellation, in terms of the number of shells and their individual parameters:
inclination, altitude and number of satellites. For the simulations described in this report we
have adopted a reference design composed from the most recent information provided by
the two projects that have already started the launch of spacecrafts: Starlink and OneWeb.
We will refer to this composition as the SL2+OW2 profile. It is described in Table A.1.
Altitude
[km]

Inclination
[deg]

Number of planes

Number of satellites

Starlink Generation 2 (based on May 2020 filings)
328

30

84

7 178

334

40

84

7 178

345

53

84

7 178

360

97

40

2 000

373

75

20

1 998

499

53

40

4 000

604

148

12

144

614

116

18

324

OneWeb Phase 2 (based on May 2020 filing)
1 200

87.9

36

1 764

1 200

40

32

23 040

1 200

55

32

23 040

Table A.1 Characteristics of the constellations used in this study
The Starlink Generation 2 (SL2) project includes 30 000 satellites in several shells with
different altitudes and inclinations, all of them placed in true low Earth orbit (LEO), ranging
from 328 to 614 km. OneWeb Phase 2 (OW2), in contrast, has declared its plans to place all
its almost 48 000 satellites at a single common altitude of 1200 km above the Earth surface,
in shells that differ in the number of spacecraft and orbital inclination.
Independently of the final shape that will be adopted by these two projects, these profiles
have been selected for the simulations because they include two different populations in
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respect of altitude, and the total number of satellites, about 80 000, amounts to a quantity
intermediate between the smallest proposals (some 10 000 spacecraft) and the most
crowded scenarios (that may amount, globally, to some 100 000 active satellites in orbit).

A.2. Simplifications and assumptions common to all models
The accurate prediction of the position of a real satellite would require using sophisticated
models of orbital dynamics that include a detailed description of the Earth’s gravitational
potential, the shape of the Earth’s surface, atmospheric drag, lunisolar perturbations and
even radiation pressure. None of these is needed for our purposes. We aim to statistical
predictions on the number and general kinematic characteristics of the satellites observed,
which means that all the refinements and details of the complex models for the prediction
of individual spacecraft would be averaged out: the same conclusions are reached
considering just purely circular orbits in a spherically symmetric potential and without
additional perturbations of any kind (atmospheric or gravitational).
This makes conceptually simple the task of following the position of each spacecraft in the
reference constellation. The remaining complexity to predict the observation circumstances
is of purely geometric character and is fully deterministic. An additional complication arises
from the high number of satellites implied, which requires applying smart algorithmic
choices to limit computing times.
In this section we are dealing only with optical astronomy, which means that we are
interested in the observation of sunlight reflected by the satellites. Given a location on Earth
(the symmetry in longitude means that only latitude is relevant), first of all we have to
identify, at each shell, which satellites are in sight: those not hidden by the local horizon.
But, in general, only a subset of the satellites in sight will be visible: those that receive direct
sunlight. This leads to one of the main features that have to be included in all models: the
Earth’s shadow. This trait has been included in the models in different ways: cylindrical
approximation or true conical shape, hard (no penumbra) or soft (with penumbra) borders.
These different shadow models do not lead to significant differences in the results.

A.3. Three kinds, two approaches
We present results from simulations that, geometrically, belong to one of three kinds.

A.3.1. All-sky simulations
A: All-sky bulk satellite count. For a location on Earth (defined by its latitude φ), a day of
the year (that specifies the declination δ of the Sun, ie its angular distance to the celestial
equator), the local solar time sets the elevation h of the Sun above (or below) the local
horizon. For each satellite, we compute the position (azimuth and elevation), and apparent
angular velocity, distance, and illumination by the Sun (including phase angle). A
photometric model may allow predicting the apparent brightness for visible spacecraft.
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Then, satellites matching some criteria (eg, above the horizon, brighter than a limit) are
counted.
The geometry of the problem implies some symmetries: the same satellite counts are
obtained interchanging the signs of latitude and sun declination, and the same results arise
when the Sun has elevation h towards the West (before midnight) or towards the East (after
midnight).
Repeating this over a whole night produces the simplest result from this approach: the
evolution number of satellites visible (in sight and illuminated) as a function of local time. in
successive steps along a whole day and/or night: the U-shaped graphics similar to those
shown in Figs. 1 and 3.
A useful variation consists in counting only the satellites above a specific elevation over the
horizon (for instance 20o or 30o), above which most observations take place. Comparing
these counts one gets some rough indication about the distribution of satellites on the sky,
as we will see when discussing the results.
Additional refinements may lead to counts of satellites according to intervals of apparent
speed or apparent brightness (if available).

A.3.2. Pointing-oriented simulations
P: Pointing-oriented simulation. Of course, location (φ), Sun declination (δ; time of the
year) and Sun elevation (h) have to be fixed but now, also, a specific pointing direction is
also given (in terms, for instance, of azimuth and elevation of the telescope, or through the
coordinates linked to the celestial sphere: right ascension and declination). A size for the
field of view (FOV) is also given. In principle, only the solid angle (the “piece” or “area” of
sky) is relevant, independently of its shape. Most simulations deal with circular FOVs but the
results do not depend on this. Then, P-kind simulations proceed registering the satellites
that cross the field of view during a certain integration time. Additional parameters such as
angular speed, position angle of the trail and apparent brightness may also be recorded.
P-kind simulations allow assessing the impact of satellite constellations on true astronomical
observations configured under realistic conditions, if reasonable integration times and FOVs
are given as input.

A.3.3. Spatially resolved simulations
S: Spatially resolved simulation. This kind of simulation may be understood as the result of
performing P-kind tests for a whole grid of positions on the sky under the same local
conditions. The density of the grid would determine the spatial resolution of the resulting
map that may, or may not, cover the whole local celestial sphere. A whole sequence of S
tests along a whole night would provide a series of graphs, or a movie, with the spatially
resolved equivalent to the U-shaped graphs derived from the elementary A-kind
simulations.

A.3.4. Discrete and analytical approaches
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All three kinds of simulations may, in principle, be devised through two very different
computational approaches. The most immediate idea, and that followed by most
researchers up to now, consists in the D, or discrete approach, based on following the path
of all individual satellites in their orbits. This may be conceptually simpler and implies a
natural series of computation steps very easy to understand. However, the D approach is
computationally costly, especially when dealing with huge constellations such as SL2+OW2
(even implementing smart turnarounds). Also, the intrinsically granular, quantum character
of the constellations makes it necessary to perform several (normally many) iterations to
smooth out the effects caused by the spatial texture of the satellite shells. Although this is
true for the tree kinds of simulations (A, P and S), it may be specially relevant for pointingoriented computations, where small FOVs and/or short integration times usually lead to
small number statistics, unless a large number of shots are simulated through the discrete
approach.
The symmetries of the problem, as described in Sect. 3.1, suggest that an analytical
approach, based on average densities, should be possible. Let us consider one individual
satellite in a circular orbit with inclination i. If we take the average over a long period of
time, the satellite behaves as a fuzzy cloud that may be described as a density probability
function. That function would be scalable to the population of the complete shell just
multiplying by the number of satellites that it contains. The A, analytical approach, is based
on such density functions as primary inputs, with computation on the orbital position of
individual satellites no longer necessary. The density functions may be simple, uniform
approximations (Hainaut & Williams 2020), which have shown their suitability in different
contexts, but even the simplest geometrical considerations show that the true density
functions should show a dependence with latitude, displaying a minimum at the equator
and reaching a maximum for latitudes with absolute value equal to the orbital inclination i.
The exact functional form of this latitudinal dependency has been worked out by C. Bassa
and it is the basis of his results, also included in this report.

A.4. Reliability and sources of uncertainty
The readers of this document may be well acquainted with assessment studies on other
environmental problems of many kinds. Of course, light pollution counts among the relevant
environmental issues, and the effects of satellite large constellations is just one of its most
recent dimensions. Often, environmental studies related to climate or ecology are affected
by a considerable degree of uncertainty. In contrast, the simulation of the effects of satellite
large constellations on the observation of the night sky (whether with professional or with
amateur means) allows a direct and very reliable prediction of the effects, due to the
following circumstances:
1. The problem arises from artificial satellites of the Earth, whose behaviour is very well
known and is described (to the accuracy required) by simple laws based on classical
celestial mechanics.
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2. The effect depends on the laws of optics and on the techniques of observational
astronomy, also perfectly known to the degree of accuracy required by the problem.
3. The relation among cause and effect is direct, strictly linear and does not imply other
side effects or external physical systems, making the computation directly
deterministic.
4. Even though the computations implied in the simulations are far from trivial, they
are based on techniques that have been developed for many decades and that are
used on a daily basis to predict the position and observation circumstances of all
artificial satellites of Earth. No new tools are needed, and their accuracy and
suitability are tested beyond any doubt.
5. In the specific case of satellite large constellations, the simulations performed to
assess specifically this case have been done by several individuals, using strictly
independent computer codes, logical implementations and complementary models,
always leading to coincident predictions.
Of course, as in any other problem of scientific modelling of reality, some sources of
uncertainty remain. However, it is important to note that they do not affect the conclusions
and recommendations stated in this report, and that the margin for improvement is
relevant mainly for technical and very specialised purposes. The sources of uncertainty
affecting this simulation work are of two kinds, that may be classified as “external” and
“internal”.
The main source of uncertainty is the lack of definition of the constellation projects
themselves. The satellite large constellations are still under development, only two of the
dozen or so announced projects have launched a part of their spacecraft fleet and, even in
those cases, the final architecture of their systems is not fully known, in part due to
industrial secrecy and in part to the fact that the details change as the projects develop, in
response to the experience gained in the process. As we detail in the following section, we
have approached the limitation of the lack of complete information carefully selecting a
case of study that is realistic, scalable and that covers all the relevant variables.
Simulating the observation of spacecraft from the ground implies predicting their positions,
apparent motions and their apparent brightness. These variables can easily be computed
with an accuracy more than sufficient for our goals of statistical assessment.
A somewhat larger degree of uncertainty affects the photometric predictions, but this
margin does not affect the conclusions stated in this report. The photometric predictions
will be improved in the future as a result of the observational efforts (see the section of this
report devoted to this subject) and, also, thanks to the detailed information about the
photometric behaviour of the satellites that may be provided by their operators. These
improvements will be of interest for specific applications.
Finally, several conclusions are related not to the photometric predictions yielded by the
simulations, but to the known characteristics of the detectors of light (human eye and
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astronomical devices), which allows setting up certain limitations and thresholds. Their
translation into design features of the spacecraft is a task that would lay on the engineering
side.
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Summary
The Satellite Constellations 1 (SATCON1) workshop held virtually in June–July 2020 created a
set of key recommendations, targeted at mitigating the impact of low-Earth orbit (LEO
satellite constellations specifically on optical and infrared astronomy as well as stargazers
worldwide. In this report, we recap the SATCON1 findings (Walker & Hall et al., 2020), and
add additional such recommendations — generated through discussion among a broader
group of astronomers, space scientists, and satellite industry engineers. In a potential future
with tens of thousands of low Earth orbit satellites (LEOsats), no combination of mitigations
can fully avoid the impact on astronomy, despite the deep cultural significance and scientific
merit of the night sky. At present, the situation for astronomy is tipping toward intolerable.
With this in mind, we comment on critical impacts.

Findings from SATCON1
“If the 100,000 or more LEOsats proposed by many companies and many
governments are deployed, no combination of mitigations can fully avoid the impacts
of the satellite trails on the science programs of current and planned ground-based
optical-NIR astronomy facilities.” (Walker & Hall et al. 2020)
The SATCON1 Mitigations Working Group Report, Appendix C (Tyson et al., 2020b), describes
several efforts to mitigate the effects of proposed LEOsats on optical astronomy research.
There are nine main recommendations, followed by a discussion of how LEOsats impact
certain astronomical observatories. The recommendations are limited in scope to technical
mitigations for LEOsat operators and/or ground-based optical and IR observatories. They do
not consider mitigations for radio-frequency interference (RFI), space-based telescopes, or
broader impacts of wider importance, such as cultural significance, ethical concerns,
regulations, policy, or funding. We summarize and endorse the recommendations here:

S1. Fewer satellites
No currently apparent combination of known mitigations can completely avoid the impacts
of tens of thousands of LEOsats on the science programs of the coming generation of
astronomy facilities. If satellite operators can achieve their goals with fewer satellites, this is
the simplest mitigation.

S2. Darken satellites in all phases of the orbit
This has to occur during LEOsats’ “lifetime” phases: launch/insertion, orbit raise, parking
orbit, final on-station orbit, and deorbit/decay. While the phases outside of final orbit
represent a small fraction of the satellite’s lifetime (of order weeks, compared to lifetimes of
several years), maintaining a population of thousands of LEOsats at a steady state requires

regular additional launches. A substantial fraction of the overall LEOsat population will thus
always be in these two, potentially brighter phases on any given night.

S3. Darken satellites to at minimum fainter than 7th visual mag when at 550 km
altitude, and preferably > 8th mag
Seventh visual magnitude corresponds to a radiance of < 44 W/sr for a satellite at 550 km,
which needs to be incorporated in the satellite design. This threshold is based on the analysis
in Tyson et al. (2020a) which measured electronic crosstalk in Vera C. Rubin Observatory’s
LSSTCam CCDs in a laboratory. Bright satellite trails cause nonlinear electronic crosstalk
signals — parallel “ghost” satellite trails which must also be removed before science can be
done. The removal process leaves residual systematic errors above the sky noise level when
the main satellite trail is brighter than about 7th V mag at 550 km, which may severely
impact precision astrophysics and cosmology studies. Even if darkened to 7th mag (at 550
km) the remaining trail itself presents severe data analysis challenges, impacting a wide
range of science. This faintness target is a function of satellite altitude, and partially
mitigates only one of the impacts on science: the effects on the detectors. A separate and
very large impact is that LEOsats at altitudes much higher than 600 km will leave streaks on
astronomical images all night long, as discussed in the next section.

S4. LEO satellites on orbits as low as possible
LEOsats have to be low: no satellites at altitudes significantly higher than 600 km; satellites
at 1200 km are particularly damaging. This is crucial for three reasons. First, LEOsats at 1200
km may be illuminated all night long, rather than just in evening and morning twilight.
Second, a higher-altitude LEOsat is visible above the horizon for longer than a lower-altitude
one. Third, higher-altitude LEOsats have slower angular velocities and appear more “in
focus” to telescopes on the ground. The result is a brighter satellite trail in the image. The
impact of an 8th V mag satellite at 1200 km is roughly equivalent to a 7th V mag satellite at
550 km.

S5. A global public community repository of up-to-date and highly accurate
orbital and location data for satellites
The current standard for predicting satellite locations in the sky uses two-line elements
(TLEs), which assume projectile motion and account poorly for non-uniform acceleration.
This is particularly problematic during the phase of orbit raising. To enable some astronomy
facilities to attempt to avoid a subset of LEOsats, the international community requires
accurate LEOsat population ephemerides with a sky location precision of arcseconds and a
time precision of a tenth of a second. In addition, limiting satellites to certain orbital planes
that are well-defined and understood will permit more robust advance scheduling.

S6. Satellite locations as a public service
We envision a server application to the database described in (5) that can be queried to
provide the known distribution of LEOsats on the sky. It would have a user-friendly web
interface as well as an Application Programmable Interface to facilitate interfacing with
applications used by astronomers for planning and executing their observations, and for the
wider community (e.g., smartphone apps).

S7. Advanced algorithms for avoidance of bright satellites
Given a known distribution of LEOsats on the sky, advanced telescope scheduling algorithms
may have potential to more effectively avoid them: the development of AI algorithms and
scheduling tools should be pursued. Whether this is feasible depends a lot on other
constraints of a given observatory (e.g., where the telescope can physically point) and its
unique science observing program (e.g., whether a neighboring field of sky must be observed
immediately after, integration time, monitoring special sky locations).

S8. A predictive model for satellite brightness versus orbit, relative to
geographic locations
This is a significant undertaking that needs to be applied consistently on an industry-wide
scale, with three main components. One is analyzing observations of satellite trails for their
brightness. Another is using satellite bi-directional reflectance distribution function (BRDF)
measurements to characterise how incident light is reflected, diffused, or absorbed by
exposed surface elements during the design process. Another is a satellite reflectance
simulation analysis. All of these should be done in a coordinated way to create a true
predictive model of how a given satellite will appear in astronomical images and data
products.

S9. Ongoing support for “end-to-end” simulations of broad science impact by
researchers
Given our best knowledge of satellite locations, numbers, and brightnesses, and ideally with
a reliable predictive model as described above, astronomers can use this to simulate how
different populations of satellites will affect the many types of astronomical science. Even if
LEOsats are sufficiently darkened to avoid systematic errors from crosstalk “ghost” trails, the
main trail will still impact astronomy, in both the time domain and the space domain. For
example, in the time domain, flux variations or glints may be mistaken for a transient
astronomical source, which would pollute the detections and statistics of the wide range of
changing physical phenomena that produce transient sources. In the space domain, deciding
where a satellite trail ends and true sky background begins is not straightforward; this will
affect precise background sky level measurements, which for instance are critical for
cosmology studies.

Additional Recommended Mitigations
Here we present additional mitigations which are new to this report or were not fully
described in the SATCON1 Mitigations Working Group Report, Appendix C (Tyson et al.,
2020b).

S10. More telescopes and telescope networks
While large next generation optical astronomy facilities are most heavily impacted by bright
LEOsat tails, as outlined in the SATCON1 report, smaller telescopes and networks of
telescopes play an important role particularly in following up discoveries of novel transient
events.
For such science cases, a useful mitigation would be to deploy additional telescopes (see for
example, Kingsley et al., 2018). Since multiplexed telescopes can observe in different
directions at any given time, if one is impacted by a satellite trail, another may not be. The
overall increase in available telescope observing time also compensates somewhat for
observations lost due to trails. One example is planetary defense: the community of
near-Earth asteroid surveys and telescopes that provide astrometric follow-up of their
discoveries. Satellite constellations will impose a several percent up to several tens of
percent tax on the observing assets deployed in the search for potentially hazardous
asteroids — depending on the altitude, brightness, and number of satellites deployed. The
only way to search for Near-Earth Objects (NEOs) that are near the Sun is by observations
near twilight, looking low in the east in the morning, or low in the west in the evening. These
critical observations will be immediately affected by the strong twilight streaking of LEOsats.
NEO searches1 2 generally make a time series of four observations for each of hundreds of
fields each night to detect moving objects. More and more of these fields will be hampered
by streaking as satellite constellation deployment proceeds. As an increasing fraction of
images are lost to streaking, the efficiency of the surveys will inevitably suffer, field by field.
A tipping point will be reached when the NEO surveys will need a series of five observations
to overcome these losses, incurring a penalty of 25% in sky covered per night.
More generally, one trend in astronomy, especially in studying time domain phenomena, is
to deploy assets in networks of telescopes3 distributed in both longitude and latitude.4 These
networks are generally composed of 1m-class telescopes, but could benefit from larger and
more numerous apertures. Larger telescopes can also benefit from a twin or near-twin in the
other hemisphere, or even multiple small, medium, or large telescopes on the same site.

1
2
3
4

Catalina Sky Survey, https://catalina.lpl.arizona.edu

Pan-STARRS, https://www.ifa.hawaii.edu/research/Pan-STARRS.shtml

Hot-wiring the Transient Universe VI, https://sites.northwestern.edu/hotwired6/
Las Cumbres Observatory, https://lco.global

Additional telescopes, distributed in worldwide networks, and in some cases improving
detector instrumentation on current telescopes, could partially compensate for the
anticipated loss of efficiency due to foreground satellite constellations. This requires not just
funding for construction, but also to cover the proportionate additional operational and
maintenance costs. For future telescopes that are in the early planning stage, an additional
mitigation would be to increase the aperture. A larger aperture would allow shorter
exposures that may be less impacted. Increasing the aperture results in cost increases as
with additional telescopes and camera upgrades. These fundamental issues of aperture,
field-of-view, and diversity of telescopes will continue to apply to future astronomical
research assets.

S11. Development of a “digital twin” of the space environment and its satellites
An increasing number of non-State actors are being authorized by States to launch tens of
thousands of satellites over the next few years. Assessing the combined impact on
ground-based astronomical observations of proposed satellite constellations, along with
space debris mitigation standard practices, is important to develop future guidelines and
determine which decisions will result in the most effective outcomes.
We recommend developing Space Domain Decision Intelligence to determine the best
decisions that can be made, given the quantifiable impact which different satellite
operations and the behavior of the greater anthropogenic space object population have on
the various fields of astronomy. To reach this point, one must first develop and maintain a
space domain “digital twin”. At a minimum, it must model the satellites themselves, the
space environment, their relationships and interactions, and include reasonable estimates of
uncertainties.
Satellite operators, regulators, and the broader community affected by space activities
should perform Monte Carlo analyses incorporating, at a minimum, uncertainties in the size,
shape, and material properties of satellites, as well as how accurately and precisely the
location and predicted errors might be quantified. The analyses will enable the astronomical
community to holistically estimate and statistically quantify the impacts of proposed space
operations on observations, and will provide a way to understand which satellite design and
operations decisions will best minimize the impact to astronomy. To accomplish this, we
strongly recommend satellite operators share the necessary details openly and without
requiring non-disclosure agreements.

S12. Mitigations for radio astronomy
The radio spectrum is regulated via specific frequency allocations. Satellites pose a particular
challenge because they pass over sensitive ground-based radio observatories, aiming their
intense signals in beams down to Earth, and cannot be shielded. The signals from these

satellites are over ten billion times stronger than faint astronomical radio sources. Currently
the radio spectrum is heavily oversubscribed, with many examples of shared use within
allocated bands. Radio astronomy has a few narrow protected bands. Below 86 GHz where
nearly all commercial applications now operate, 0–2% of the spectrum is protected in
narrow bands. However, both the march of technology and new discoveries in radio
astronomy increasingly require very wide bandwidth reception. Since satellites have such
strong and wide beams they can interfere with radio astronomy even when they are not
directly over the observatory. Even without pointing directly at a satellite, interference can
be caused by satellites beaming towards a radio astronomy antenna’s sidelobe.
One mitigation is to dynamically turn off the transmitter or deflect the steerable beam while
the LEOsat passes within sight of the observatory (e.g., the New Generation Very Large
Array, Square Kilometer Array, etc). This is only feasible for satellites with small beams,
which is a general feature of LEOsats below 600 km. For constellations planned for 1200 km,
the beam sizes are large (serving wide regions) and turning off the radio transmitter is
infeasible. A related mitigation is to place satellite backhaul ground stations away from
major radio astronomy sites to prevent interference from the satellite-ground link.
Another partial mitigation is to design astronomy receivers to dynamically reject signals from
satellites at frequencies and times when they occur. This time-frequency multiplex is a
partial strategy which can be applied at the receiver and is used by the Low-Frequency Array
(LOFAR). However, it only works in cases where LEOsat transmitters at each frequency
operate in bursts or spectrum hop dynamically, and not all LEOsat transmitters are
guaranteed to operate in this mode. The signals from satellites are so powerful that they can
trespass on adjacent allocated bands (splatter) or produce false signals in overloaded
astronomy receivers. This is particularly troublesome since most LEOsat operators plan to
use the Ku band, which is adjacent to a protected radio astronomy band. There are some
technical mitigations for these effects. For satellite design, on-satellite sharp bandpass filters
to suppress outband power, and lower sidelobes in beam forming would help. For
observatories: wider dynamic range low-noise amplifiers and receivers with low
intermodulation distortion at observatories. Another is to design the digital part of the
receiver for high dynamic range (at great cost in data rate and computer infrastructure) to
cope with the bursts of interference.
Given the science-driven push to broadband radio astronomy with unprecedented sensitivity
and spectral coverage, there is no combination of feasible mitigations that can fully protect
radio astronomy science.

S13. Mechanisms and alerts for temporary dimming of satellites
Characterization of the Solar System populations during twilight times is particularly
imperiled by the abundant twilight satellite streaks characteristic of LEOsat constellations.
We propose a mechanism to inform LEOsat operators of critical sky regions and times, so

that satellites may temporarily be moved or darkened further to enable urgent
time-sensitive science.
For example, astronomical and nautical twilight is one important time for key classes of
astronomical observations, such as the detection and characterisation of comets, interstellar
objects and near-earth objects. This is also the time when the largest number of LEOsats are
visible in the sky — especially in the near-Sun direction at moderately low elongations, which
is a region of the sky that is crucial for study of these Solar System small-body populations.
Another example is transient events such as gravitational waves, which are time-sensitive,
but could be located anywhere in the sky.
In the event of a critical observation opportunity for an observatory, in particular where that
observation has high scientific value and is rare or transitory, we strongly propose design
capabilities for satellites to make an orientation change in order to reduce brightness in the
direction of the observatory, making the observation again possible.
Such an orientation change may degrade the satellite’s ability to perform its mission for the
duration of the adjustment. Also, the change might result in undesirable brightness increase
in the direction of a different location on the ground. Detailed understanding of the
potential scientific value of these kinds of maneuvers, effects on the constellations, and
geographic dependence require further study. For this kind of mitigation to be effective,
satellite and constellation design will need to routinely include this capability. The
astronomical community will need to augment the existing scientific rapid-alert mechanisms,
providing a communications channel for satellite operators to monitor.

S14. Mechanisms for knowing which spectra to throw out
Large spectroscopic facilities need a mechanism for identifying which spectra are affected by
satellite contamination. The large collecting area of the telescope’s primary mirror combined
with long integration times is a prescription for trouble. One might think the small filling
factor of the fibers or slits in the focal plane and a 1–3 arcsecond satellite trail width would
make the likelihood of a collision with a satellite trail rare. However, this assumes the
satellite trail is only a few arcseconds wide. In fact, LEOsats leave a much wider trail, at a
surface brightness level which can seriously impact long spectroscopic integrations on faint
objects. A typical large spectroscopic facility has a mean separation between fibers or slits of
about 0.2–1 degree in the focal plane. This is comparable to LEOsat trail width, which makes
the probability of pollution of one or more spectra quite high in the scenario of tens of
thousands of LEOsats.
When a satellite crosses a spectrograph fiber or slit, the target’s spectrum is contaminated
with reflected sunlight. If the satellite is very bright, this contamination may be discovered
early in a quality control pipeline. If the satellite has an effective magnitude comparable to
the science target, the contamination may be discovered later. For example, if the data

analysis shows that a galaxy spectrum unexpectedly shows Sun spectrum features, then
clearly the spectrum has been contaminated by a satellite. However, if the science target
itself is a Sun-like star, it will be impossible to determine if contamination exists, much less to
disentangle which spectral features belong to the science target.
Due to the long exposure times, there is no mitigation beyond identifying which data to
throw out. The spectra from all affected fibers must be discarded. Affected fibers can only be
reliably identified via knowledge of the exact position of the satellite trail in the field of view.
This is currently not possible for most spectroscopic instruments, because spectra do not
record spatial information. One workaround could be to attach a smaller secondary
telescope with a wide-field imager to the primary telescope. The secondary telescope would
point where the primary points, see the same field of view, and take exposures alongside the
spectroscopic instrument. Any satellite trails could then be detected during post-processing,
and their position and orientation would indicate which fibers or slits are impacted. This
technique would not mitigate the fact that all affected spectra must be discarded and
observations repeated — which may never be possible for time-sensitive phenomena.

S15. Clump satellites in parking and orbit raise
The spacing of LEOsats is governed by their chosen configuration. To minimize effects on
ground-based observations, operators could modify the satellite configurations to clump
together as many as possible as close as feasible, rather than spreading them out over the
entire orbital plane.  This will help to minimize effects on ground-based observations, making
fewer discrete interfering events, during a time when the satellites can be in relatively bright
configurations and prior to being widely spaced in their eventual orbits. The lower limit on
spacing is driven by space safety and the need to prevent collisions which would have more
serious consequences. Soon after launch while the satellites are performing checkout and
are not yet fully operational, they may not yet be communicating, have precision navigation
data, nor be ready to maneuver with thrust. Consequently, collision avoidance in the
earliest flight phases is driven by separation.

S16. Development of smarter instruments
Scientific Complementary Metal Oxide Semiconductor (sCMOS) development is accelerating.
In contrast, most astronomical instruments use charge-coupled devices (CCDs), a mature and
well-established technology. In sCMOS development, medical imaging applications are
driving larger formats, and quantum computing applications are driving high quantum
efficiency and rapid read characteristics. There has been recent progress in back-illuminated
sCMOS. Whether via mosaicing or larger individual sensors, it is likely that much larger
sCMOS will be developed by 2030. Embedded signal processing is becoming more common,
and in the future this new class of intelligent imager could emerge as an attractive choice.
CMOS focal planes would enable dynamic self-shuttering. Unfortunately, a generic feature of
CMOS is that neighboring pixels are correlated. We emphasize this is a far-future mitigation

that would only be applicable to some transient detection missions. It cannot address most
science from next generation sky surveys such as Rubin Observatory.

S17. Make satellite locations more predictable by maintaining all satellites in a
constellation on “Gravity-Only” trajectories
Gravitational accelerations experienced by anthropogenic space objects are not dependent
on their physical characteristics: a rocket body and a cubesat with the same kinematic state
at a common epoch will both experience the same acceleration due to gravity. This is
extremely attractive, because it removes the need for a satellite owner/operator to provide
extensive details about the physical characteristics of their satellites, which could be seen as
sensitive or proprietary. Define the gravity field you are using and anyone with a computer is
able to compute and predict the trajectory. This is ideal for planning purposes as it greatly
simplifies this task. Each satellite owner/operator would need to agree to a threshold of
control to maintain their specific gravity-only trajectory. For example, a satellite
owner/operator could make it public that they will control their satellites to a EME2000
inertial reference frame trajectory with a designated set of initial conditions, using the
EGM96 gravity field up to and including degree and order 20 of a spherical harmonic
expansion model. Any non-gravitational accelerations their satellites then experience would
need to be removed by the operator, through their own guidance, navigation, and control
systems, to keep satellites on this gravity-only trajectory. This significantly provides the
community with the ability to predict when and where satellites will be in their field of view
since this prediction is only based upon this knowledge of initial conditions and not specific
physical characteristics of these satellites.

Effects on space telescopes
Due to the small field of view of the Hubble Space Telescope (HST), the fast speed of the
satellites, their relative proximity to the HST, and the fact that they will be severely out of
focus, decreasing their brightness, the HST is unlikely to be very affected. The impact on
future space telescopes is, however, unclear and should be carefully studied.
The largest impact on space telescopes in general is instead likely to come in a roundabout
way: ground-based facilities discover new phenomena and find interesting targets, and then
space telescopes perform follow up observations of these targets. Exploratory and open-end
investigations are technically challenging and too expensive to do from space, and are
therefore always done with ground-based telescopes (atmosphere permitting). If
ground-based facilities are impacted, and interesting discoveries and targets are missed, this
means there will be a decreased number of follow-up observations with space telescopes. It
is difficult to estimate exactly how much science will be lost, but it is clear that the physics of
newly discovered phenomena in ground-based surveys cannot be understood without
followup using space facilities.

We note the decrease in efficiency of ground-based observatories due to LEOsats cannot be
mitigated by increasing the number of space telescopes. Due to the harsh conditions in
space, most space telescopes have a limited 5-year life expectancy. With upgrades and
maintenance their lifetime can be prolonged, e.g., the five service missions to the HST. It is
technically infeasible to launch self-servicing space telescopes in the near future, and
regularly sending astronauts to perform the servicing is expensive, dangerous, and
impractical. Service and maintenance must be regularly performed, even on ground-based
facilities. Putting the facility in space means either a new facility must be launched every five
years or so, or in-orbit service and repairs have to be provided by astronauts on a regular
basis. More generally, facilities in space cannot currently perform the mission of
ground-based telescopes, due to a wide variety of prohibitive technical challenges, ranging
from size and weight to instrumentation to data processing.

Broader impacts on astronomy that are without mitigations
Even if all mitigations above were implemented, astronomy will pay dearly — describing the
losses in a fiscal framework is a reduction into a system that simply cannot quantify the
issues. The exact damage is impossible to estimate: one cannot put a price on lost science
opportunities. How does one estimate the risk of stymying the utility of ground-based
telescopes? How does one calculate how public knowledge and appreciation of the universe
will suffer when we miss out on new exciting and unpredictable discoveries?
What we can say is that the presence of tens of thousands of satellites will decrease the time
available for uncontaminated, satellite-free observations across the world. All observatories
planet-wide will be affected, to varying degrees.
The upcoming contamination will degrade the legacy that each and every observatory leaves
to future generations: its data archives. The contamination of ground-based observations
(images and spectra) with LEOsats will lead to systematically biased data archives. For
example, cosmological simulations have to be calibrated against observations, and if the
observations are contaminated on a level that remains undetected, then the simulation
calibrations will also be wrong. This can lead to unforeseeable outcomes when testing and
interpreting simulations. Contaminated legacy databases like Rubin Observatory’s LSST will
affect astronomical science for decades to come. Several 30-meter class ground-based
telescopes (ELT, GMT, TMT) are under construction, each with a $2 billion price tag including
instruments. Their mission is mainly spectroscopy, and because of the large light collecting
area and long exposures, they will be disproportionately impacted (see S14).
Astronomy is its people, never just its telescopes. Professional telescopes have observing
time competitively assigned, and are oversubscribed. In state-of-the-art facilities such as
VLT, Keck, Gemini, Subaru, GTC, and many others, the competition for observing time is

already fierce. Decreasing the available time will mean that more observing proposals will
have to be cut from the selection. Astronomers worldwide will have fewer executed
observing proposals. Major community telescopes have always been the training ground for
observational science. This will disproportionately affect early-career astronomers, and that
will certainly hinder efforts to improve diversity and equity in the field. This long-term harm
to astronomy will be as globally apparent as the visibility of first-generation LEOsat
constellations in the current sky.
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Policy Recommendations: Introduction
A large, international and diverse team of astronomers, industry representatives, policy and
legal experts was assembled to study the impacts of satellite megaconstellations on
astronomy. As part of this overall Satellite Constellation Working Group, three sub-working
groups were established to study satellite observations, simulations, and mitigations.
A fourth “recommendations” sub-working group was charged with reviewing the findings
and recommendations from the observations, simulations and mitigations groups, and
additional relevant recommendations from the other main Working Groups, particularly the
Optical Astronomy and Radio Astronomy groups. The recommendations group also
incorporated findings and recommendations from the recent SATCON1 workshop.
In addition to collating and structuring recommendations from the other working groups,
the recommendations sub working group also considered how various recommendations
could be implemented and supported by a range of stakeholders including policymakers.
The recommendations are organised by the following tables by the main category of
stakeholder: observatories, industry, astronomy community, science funding agencies,
national and international policymakers. In each case, where applicable, supporting
stakeholders are identified in the right-hand column.
The Recommendations sub-Working Group has the following participation:
• Andrew Williams (Chair, European Southern Observatory)
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•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•

Sara Lucatello (co-Chair, European Astronomical Society / INAF Padova)
Martin Barstow (University of Leicester)
Piero Benvenuti (IAU)
Patricia Cooper (SpaceX)
Roger Davies (European Astronomical Society / Oxford University)
Richard Green (University of Arizona, Steward Observatory)
Jeffrey Hall (Lowell Observatory)
Chris Hofer (Amazon)
Kelsie Krafton (American Astronomical Society)
James Lowenthal (Smith College / AAS Committee on Light Pollution, Radio
Interference, and Space Debris
Robert Massey (Royal Astronomical Society, UK)
Tim Maclay (Celestial Insight)
Charles Lee Mudd Jr (Mudd Law)
Joel Parriott (American Astronomical Society)
Giuliana Rotola (European Southern Observatory)
Connie Walker (NOIRLab)
Jonathan Williams (National Science Foundation)

Recommendations: Observatories
Recommendation

Stakeholder

Observatory Mitigation Measures: Optical, Infrared
Development of software to manage impacts of satellite constellations
R1: Support the development of a software application available to the
general astronomy community to identify, model, subtract, and mask
satellite trails in images on the basis of user-supplied parameters. [Ref:
SATCON1 rec.1]

● Observatory Leadership
● Science Funding Agencies

R2: Support simulations of the effects on data analysis systematics and
data reduction signal-to noise impacts of masked trails on scientific
programs affected by satellite constellations. Aggregation of results should
identify any lower thresholds for the brightness or rate of occurrence of
satellite trails that would significantly reduce their negative impact on the
observations. [Ref: SATCON1 rec.3]

● Observatory Leadership
● Science Funding Agencies
● Industry (provision of data)

R3: Support development of a software application for observation
● Observatory Leadership
planning available to the general astronomy community that predicts the
● Science Funding Agencies
time and projection of satellite transits through an image, given celestial
● Industry (provision of
position, time of night, exposure length, and field of view, based on the
predicted ephemerides)
public database of satellite ephemerides. Current simulation work provides
a strong basis for the development of such an application. [Ref SATCON1
rec.2]

2

Recommendation
R4: Support the development of a predictive model for satellite brightness
versus orbit relative to an observatory, to create a predictive model of how
a given satellite will appear in astronomical images and data products. This
requires analysing observations of satellite trails, collecting satellite bidirectional reflectance distribution function (BRDF) measurements to
characterise how incident light is reflected, diffused, or absorbed by
exposed surface elements during the design process, and satellite
reflectance simulation analysis. [Ref: SATCON1 rec4; Mitigations report S8]

Stakeholder
● Observatory Leadership
● Science Funding Agencies
● Industry (provision of data)

Development of hardware / facilities to manage impacts of satellite
constellations
R5: For future facilities, consider measures to allow shorter time
exposures, minimising the effects of satellite trails (e.g. increase telescope
aperture). [Ref Mitigations report S10]

● Observatory Leadership
● Technology Development
Planners
● Science Funding Agencies

R6: Support the provision of additional telescopes to cover observing
losses for science cases requiring low elevation twilight observations (e.g.
Near Earth Objects), and to compliment spectroscopic observations with
simultaneous exposures to determine if satellite trails passed through the
FoV, and to support identification of noise subtraction or identification of
affected fibers. [Ref Mitigations report S10]

● Observatory Leadership
● Science Funding Agencies
● Industry (provision of
positional data)

R7: Support the development of “smarter instruments” designed for rapid
and flexible mid-exposure shuttering and invest in new CMOS detector
technologies allowing individual pixel shuttering and embedded signal
processing. [Ref: Mitigations report S16]

● Observatory Leadership
● Technology Development
Planners
● Science Funding Agencies

Observatory Mitigation Measures: Radio
Development of software to manage satellite constellation impacts
R8: Support the development of reliable and accurate simulations that
enable calculation of equivalent power flux density at radio observatory
locations. [Ref: Recommendation WG discussion]

● Observatory Leadership
● Science Funding Agencies
● Industry (provision of data)

Development of hardware to manage impacts of satellite constellations
R9: Support developments to increase the robustness of receiver
electronics and prevent saturation:
● Increase robustness of radiofrequency system’s low noise
amplifiers to tolerate higher input radiation power over a wide
band.
● Increase dynamic range of receivers within data processing tradeoff limits.
● Design radiofrequency and digital transport system to the highest
possible dynamic range.
[Ref: Radio Astronomy WG Report; Mitigations Report S12]

● Observatory Leadership
● Science Funding Agencies
● Industry (provision of data)
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Recommendations: Industry
Recommendation

Stakeholder

Industry and Satellite Operators
Raise awareness amongst key astronomy stakeholders
R10: Participate in astronomy conferences and educational workshops, and
likewise, should encourage astronomy stakeholders to participate in
satellite industry fora. [Ref: Recommendation WG discussion]

● Industry
● Satellite industry associations
● Astronomy community

R11: Include fundamental science and astronomy as considerations in
initiatives to increase corporate social responsibility and in the
development of best practices and standards. [Ref: Recommendation WG
discussion]

● Industry
● Satellite industry associations
● National regulators
● Investors

Design missions to minimize negative impacts on astronomical
observations
R12: Conduct missions from the lowest possible altitudes, in order to
minimize the time its satellites are illuminated. [Ref: S4 from Mitigations
WG report]

● Industry
● National regulators

R13: Minimize the number of satellites required to fulfil their missions. In
general, minimizing altitude should take priority over minimizing the
number of satellites. [Ref: S1 from Mitigations WG report; Simulations WG
report]

● Industry
● National regulators

R14: Minimize the time satellites spend in orbit when not in service. [Ref:
Simulations WG report]

● Industry
● National regulators

Design satellites to minimize negative impacts on astronomical
observations
R15: Design satellites to minimize overall brightness at all orbital phases,
● Industry
dynamic variations, and specular flares when observed from the ground.
● National regulators
All commercially reasonable design and operational measures to reduce
average brightness from diffuse reflection as much below the limit of 7
visual magnitude as possible should be investigated and implemented.
Reflected sunlight ideally should be slowly varying with orbital phase to be
fainter than 7.0 Vmag +2.5 × log(SatAltitude / 550 km), or equivalently, 44 ×
(550 km / SatAltitude) watts/steradian, as recorded by high etendue
(effective area × field of view), large-aperture ground-based telescopes.
[Ref: S2 and S3 from Mitigations WG report; S5 from SATCON1]
R16: Conduct reflectance simulation analyses on their satellite designs and
perform Bi-directional Reflectance Distribution Function (BRDF)
measurements on satellites as part of their development activities. [Ref: S4
in SATCON1]

● Industry
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Recommendation
R17: Provide greater detail on antenna power density fluxes, beam
patterns and out of band sidelobes across the range of operating
frequencies, than provided for ITU and regulator filings. Design satellites to
have sidelobe levels that are low enough that their indirect illuminations of
radio telescopes and radio quiet zones do not interfere, individually or in
the aggregate [Ref: Radio WG report; also discussed as part of general
radio recommendations in S12 Mitigations WG report]

Stakeholder
● Industry, manufacturers
● National regulators
● Observatories

Conduct satellite operations in a manner that minimizes negative impacts
on astronomical observations
R18: Provide astronomers with pre-launch predictions and timely postlaunch confirmations of the initial deployment orbits for satellites [Ref: S5
and S6 in Mitigations WG report; S9 SATCON1]

● Industry
● National regulators
● Space traffic management

R19: Maintain and make available to astronomers, satellite ephemeris
predictions with a sky location precision of arcseconds and a time precision
of a tenth of a second, up to 12 hours in advance. Ephemeris predictions
should be accompanied by covariance information and other (to be
determined) metadata necessary to support mitigation efforts by
observatories. (Note: these positional and timing requirements need
further analysis) [Ref: S10 in SATCON1; S5 in Mitigations WG report]

● Industry
● National regulators
● Space traffic management

R20: Support the development of software applications for astronomical
observation planning. [Ref: S6 SATCON1; S7 in Mitigations WG report]]

● Industry
● Astronomy community
● Space traffic management

R21: Minimize the possibility of specular reflections and flares interfering
with observatory activities through operational means (i.e., articulating
components, controlling orientation, etc.). If flares cannot be avoided,
operators should work with affected observatories to predict such
occurrences. [Ref: S6 in SATCON1]

● Industry
● Observatories
● Astronomy Community

R22: Provide predictive models for satellite brightness versus orbit, relative
to geographic locations [Ref: S8 Mitigations WG report]

● Industry
● Observatories
● Astronomy Community

Recommendations: Astronomy Community
Recommendation

Stakeholder

Astronomy Community Mitigation Measures
Raise awareness amongst key astronomy stakeholders
R23: Raise awareness of the increased overheads for conducting
astronomy in the future and work with national funding agencies to
develop funding instruments to support studying impacts and mitigation
measures. [Ref: Recommendations WG discussion]

● Astronomy Community
● Observatories
● National / Regional Astronomy
Societies
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Recommendation

Stakeholder

R24: Conduct outreach and advocacy campaigns with policymakers,
regulators, funders and industry to raise awareness of the value of
astronomical science and the impacts of satellite constellations.
Engage directly in regulatory and licensing proceedings through providing
public comments or writing position papers for regulatory authorities. [Ref:
Recommendations WG discussion]

● Astronomy Community
● Observatories
● National / Regional Astronomy
Societies
● European Committee on Radio
Astronomy Frequencies
● Committee on Radio
Frequencies

R25: Represent astronomy interests in satellite industry and professional
working groups by participating in satellite conferences and educational
workshops. [Ref: Recommendations WG discussion]

● Astronomy Community
● Observatories
● National / Regional Astronomy
Societies

Develop skill base to operate in the satellite constellation era
R26: Support development of educational materials and courses on how to
conduct astronomy in the era of satellite constellations, covering
observational strategies, mitigations, scheduling tools, image processing
and radio frequency interference management.
[Ref: Recommendations WG discussion]

● Astronomy Departments
● University Administrations

Organise professional development opportunities, collaborative research
and exchanges of experience, including:
● Developing proposals for conference sessions;
● Submitting applications for collaboration networks, workshops
and symposia;
● Identifying possibilities for grant funding to develop competencies
and knowledge.
[Ref: Recommendations WG discussion]

● Astronomy community
● Universities, Research
Institutes
● Observatories
● IAU
● National and Regional
Astronomy Societies
● Science Funding Agencies

Include satellite constellation considerations in strategic planning
R27: Take into account the issues of satellite constellations in the process
of conducting national strategic plans, decadal surveys and solicitation
processes for new instruments and telescopes. [Ref: Recommendation WG
discussion]

● Astronomy community
● National / Regional Astronomy
Societies
● IAU
● Science Funding Agencies

R28: Develop techniques to include satellite constellation considerations in
developing science cases for telescopes and instruments. Using a
combination of predictive models of location and brightness, support the
development of simulations to determine the broad impacts on science
cases. [Ref: Recommendation WG discussion; Mitigations WG report
Simulations WG report]

● Astronomers
● Observatories
● Project / Instrument Scientists
● Science Funding Agencies

Support collection of observational data (partnership with Industry and
observatories)
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Recommendation

Stakeholder

R29: Support an immediate coordinated effort for multiple spectral bands
in optical and infrared observations of LEOsat constellation members, to
characterize both slowly and rapidly varying reflectivity and the
effectiveness of experimental mitigations. Such observations require
facilities spread over latitude and longitude to capture Sun-angledependent effects.
In the longer term, support a comprehensive satellite constellation
multispectral observing network with uniform observing and data
reduction protocols for feedback to operators and astronomical programs.
Mature constellations will have the added complexity of deorbiting of the
units and on-orbit aging, requiring ongoing monitoring. [Ref: Satellite
Observations WG report]

● Astronomy community
● Observatories
● Science Funding Agencies
● Industry (provision of data)

R30: Support “citizen science” campaigns to involve the astrophotography
community and amateur astronomy community in supporting data
collection understanding of impacts. [Ref: Recommendation WG
discussion]

● Astronomy community
● Observatories

Recommendations: Science Funding Agencies
Recommendation

Stakeholder

Science Funding Agencies
Provide support for understanding impacts on astronomy and the
increased overheads in terms of additional observing time or science loss
[Ref: Recommendations WG discussion]
R31: Support provision of funding instruments to help astronomy
communities and observatories develop software, hardware and facility
mitigations. [Ref: Recommendation WG discussion]

● Observatory Leadership
● Science Funding Agencies

R32: Identify necessary technological developments in telescopes,
instruments, detectors, receivers, etc, required to mitigate impacts.
[Ref: Recommendation WG discussion]

● Science Funding Agencies
● Observatories
● Astronomy Community

R33: Take steps to evaluate and formalise the impacts on funding
instruments (i.e. astronomy grant funding) and capital investments (i.e.
telescopes and instruments) and report to political levels of governments.
[Ref: Recommendation WG discussion]

● Science Funding Agencies
● Observatories
● Astronomy Community
● National / Regional Astronomy
Societies

Recommendations: National Policymakers and Regulatory Agencies
Recommendation

Stakeholder

National Policymakers and Regulatory Agencies
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Recommendation

Stakeholder

Licensing Requirements
R34: Formulate satellite licensing requirements and guidelines that take
● National space regulators
into account the impact on stakeholders, including astronomical activities, ● Industry
and that coordinate with existing efforts in relation to radio astronomy and
space debris mitigation. [Ref: Recommendation WG discussion]
R35: Develop inquiries and recommendations that encourage flexible
technology that can better share spectral resources while ensuring
protection of sensitive radio astronomy operations. Consider study of and
incentives for new transmitter requirements toward a dynamic approach
where coordination could be automated and based on the frequency of
the scientific observation being taken and the direction in the sky where
the radio telescope is pointed. Coupled with dynamic spectrum hopping
and other techniques, these types of dynamic models could enhance
spectrum efficiency and replace the current static model of quiet zones
that assume fixed transmitter requirements based on a given set of
parameters

● International
Telecommunications Union
● Committee on Radio
Astronomy Frequencies
● National Communications
Regulators
● National radiofrequency
managers

Satellite operators should be encouraged to share the details of their radio
systems to a much greater extent than contained currently in public filings
with the International Telecommunications Union or radio spectrum
regulators that support their authorization or licensing.
[Ref: Recommendation WG discussion]
R36: Formulate licensing requirements that take into account the location
of radio quiet zones and radio telescopes, such that satellites can avoid
direct illumination of these areas. [Ref: Recommendation WG discussion
and Radio Astronomy WG report S 5.5.2]

● National Communications
Regulators
● International
Telecommunications Union
● Committees on Radio
Astronomy Frequencies

National Standards Agencies
R37: Develop spacecraft systems and operational standards that take into
account the impacts on astronomical science. Areas include reflectivity of
surface materials, brightness of space objects, telemetry data, and
spurious antenna emissions. [Ref Recommendation WG discussion]

● National Standards
Organisations
● International Standards
Organisation
● National regulatory agencies

National economic and space policymakers
R38: Support the development of space domain decision intelligence
collecting data of proposed satellite constellations and existing orbiting
space objects, modelling satellites, their operations in the space
environment, and estimate uncertainties to assess the impact of satellite
constellations on ground-based astronomical observations. [Ref:
Mitigations WG report rec S11]

● National space regulators
● Industry
● Space traffic management
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Recommendation
R39: Investigate policy instruments that account for negative externalities
of space industrial activities, including on astronomical activities, and
develop incentives and inducements for industry and investors. [Ref:
Recommendation WG discussion]

Stakeholder
● National economic policy
makers
● National space regulators
● Industry

Recommendations: International Policymakers
Recommendation

Stakeholders

International Policymakers
Explanatory Note on Existing International Law
International law applicable to astronomy is scarce, with international law addressing light pollution and visual
appearance of and access to the night sky nearly non-existent.
Of the five United Nations space treaties (only four of which have been adopted by most countries), only the
Outer Space Treaty (“OST”) and the Liability Convention can arguably apply to the impacts of reflected sunlight
from satellites. As to the OST, the language relating to freedom of scientific exploration, non-interference,
cooperation, and the environment can arguably be interpreted to implicitly include astronomy and dark skies
(Articles I and IX). As to the Liability Convention, it only sets a framework for addressing disputes. (Ref: UN
Space Treaties, Outer Space Treaty, Liability Convention).
However, the foregoing arguments remain theoretical because of their implicit aspects and the absence of any
judicial cases where such arguments have been applied to astronomy. That being said, there do exist
international regulations and guidelines (e.g., ITU) and national laws protective of radio astronomy (“RA”) in the
context of avoiding harmful interference in applicable radio frequencies (Ref https://www.itu.int, ITU Reports on
RA, ITU Handbook on RA)
Additionally, there do exist laws regulating space advertising through, in particular, the use of satellites. (Ref
U.S. (51 U.S.C. § 50911)), and international guidelines on and national laws for mitigating space debris, which is
a related topic. UNOOSA Compendium. And yet, there exist no known domestic or national laws addressing the
impacts of reflected sunlight or reflected or emitted thermal radiation from satellites.
Recommendations for Development of International Law
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R40: Policymakers are encouraged to contemporaneously develop
international agreements, on the one hand, and national laws within their
respective legal frameworks, on the other hand, relating to reflected or
emitted electromagnetic radiation from satellites, its impacts on science
(particularly, but not exclusively, astronomical science), and efforts to
mitigate (if not eliminate) the deleterious aspects of such impacts.

● National space regulators
● National space agencies
● Astronomy Community
● Industry
● National licencing agencies
● COPUOS

At both international and national levels, efforts can build upon
frameworks in radio astronomy and space debris, informed by this report
and by capacity-building and outreach efforts that bring stakeholders
together for purposes of discussion and moving policy development
forward, such as this international workshop.

10

