










4.3 EFFECTIVE ALBEDO MODEL 
 
The simplest satellite brightness models simulate satellites as gray diffuse reflecting spheres 
[17]. To calculate the expected satellite brightness one supplies the satellite’s range, phase angle, 
size, and albedo. The relatively simple formula calculates the amount of light reflected by the 
satellite and visible to an observer. These simple models do not accurately predict satellite 
brightness in many scenarios because satellites are not diffuse spheres but structured objects with 
many specular features. More complicated models attempt to model these specular reflections 
but often fall short of being universally useful.  
 
Although a simple diffuse sphere model does not consider the structural features of the satellite 
and specular reflections, it does allow us to create a metric for orientation specific brightness as 
compared to the diffuse sphere model. We measured the real observed brightness and calculated 
the geometric variables from the ephemeris, leaving albedo as the only unknown2. We 
reconfigured the diffuse sphere model to calculate the albedo given the other values. If the 
diffuse sphere model worked in all scenarios we would expect the calculated albedo to be the 
same for all measurements. Deviations of the calculated albedo indicate when the satellite’s 
brightness matches the model and when it doesn’t, i.e. when the satellite’s brightness is diffuse 
reflection dominated vs specular reflection dominated. We call this metric the effective albedo 
since this calculated albedo is not the real satellite albedo, but rather a measure of the reflection’s 
specularity. 
 
Below we present plots of the calculated effective albedo plotted against various parameters. 
 
 
 

 
2 We estimate the satellite size from images and published dimensions. 
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Figure 11. As expected, brighter measurements correspond to higher effective albedo. The 

typical effective albedo is on order of ~0.1 which matches well with typical real satellite albedo. 
Higher effective albedo indicates the satellite brightness is dominated by specular reflection and 

no longer follows the diffuse sphere model. 
 

 
Figure 12. The effective albedo does not show a strong correlation with range like the as-

observed brightness did in Figure 8. Interestingly, each distribution shows a vague trapezoidal 
arrangement with a sparse number of high effective albedo measurements at larger ranges. This 
is because a bright specular reflection at far range corresponds to a very high effective albedo. 
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Figure 13. The most interesting correlation with effective albedo is with solar elongation. 

Contrary to expectation, the highest effective albedo is at low elongation angles. This is due to 
sunlight reflecting off the nadir facing surface of the satellite bus at very low glancing angles.  

 

 
Figure 14. There is a clear increase in effective albedo at specific azimuth angles which 

correspond to the Sun’s position below the horizon (in the East during morning observations and 
in the West for evening). This effect is strongly coupled with the specular reflections correlated 

with low solar elongation. The dense clustering of standard Starlink satellites is a residual effect 
from the initial summer 2020 observations and the non-random sampling. The dense clustering 

of OneWeb satellites is because of their high inclination orbit. 

Standard Starlink

Visored Starlink

OneWeb

40 60 80 100 120 140 160
10-4

0.001

0.010

0.100

1

10

Solar Elongation Angle (deg)

E
ffe
ct
iv
e
A
lb
ed
o

Standard Starlink

Visored Starlink

OneWeb

0 50 100 150 200 250 300 350
10-4

0.001

0.010

0.100

1

10

Azimuth (deg)

E
ffe
ct
iv
e
A
lb
ed
o

Copyright © 2021 Advanced Maui Optical and Space Surveillance Technologies Conference (AMOS) – www.amostech.com 



4.4 HIGH-FIDELITY TRACKED MEASUREMENTS 
 
Below we present examples of high-fidelity measurements from our tracked observations. 
 
 

4.4.1 ONEWEB 
 
A typical OneWeb track is shown in Figure 15. The OneWeb satellites are generally >8th 
magnitude though consistently increase in brightness near zenith when at closest range. The 
increase in brightness near zenith is asymmetric with brighter measurements when opposite the 
Sun, a manifestation of the opposition surge effect. The lightcurve shown in Figure 16 reveals 
many discrete flares in brightness which are likely due to the irregular and multi-faceted surface 
of the satellite bus. The effective albedo plotted in  
Figure 17 shows that the OneWeb satellites are predominantly diffusely reflective with little 
variation in the effective albedo. 
 

 
 

Figure 15. The brightness of a OneWeb satellite as it passed overhead showing an increase in 
brightness near zenith. 
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Figure 16. The lightcurve of a OneWeb satellite as it passed overhead. There are many flares in 
brightness which are likely due to the irregular and multi-faceted surface of the satellite bus. 

 
 

 
 

Figure 17. The effective albedo “lightcurve” of a OneWeb satellite as it passed overhead. 
Although there are many flares in brightness, the effective albedo is relatively constant 

indicating the satellite brightness was dominated by diffuse reflection. 
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4.4.2 STARLINK 
 
Like the OneWeb satellites, the Starlink satellites also increase in brightness and exhibit the 
same opposition surge effect when opposite the Sun near zenith. However, the Starlink satellites 
display additional geometry dependent increases in brightness away from zenith. 
 
One characteristic example is shown in Figure 18 where a visored Starlink satellite flares in 
brightness low in the sky and with very low solar elongation just above the setting Sun. This 
~1.5 magnitude increase in brightness is apparent in the lightcurve in Figure 19. The flare is 
even more evident in the effective albedo plotted in Figure 20 where the effective albedo is 
significantly higher than the remainder of the measurements, indicating a strong specular 
reflection. We see this characteristic behavior from all Starlink satellites, visored or not. We 
suspect this is a low angle glancing specular reflection off the nadir face of the satellite bus. It is 
not clear if the attitude of the satellite in this geometry impedes the visor’s ability to block 
sunlight hitting the satellite bus. 
 

 
 

Figure 18. The brightness of a visored Starlink satellite as it passes overhead. There is a notable 
increase in brightness near the beginning of the pass near the Sun. 
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Figure 19. The brightness lightcurve of a visored Starlink satellite as it passed overhead. There 
is a ~1.5 magnitude flare in brightness at the beginning of the pass. 

 
 

 
 

Figure 20. The effective albedo “lightcurve” of a visored Starlink satellite as it passed overhead. 
The flare in brightness seen in Figure 19 corresponds to a massive increase in effective albedo 

indicating a strong specular reflection at the beginning of the pass at low solar elongation. 
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4.5 DARKSAT 
 
During the course of our observation survey we recorded 19 measurements of the Starlink 
DarkSat satellite. We also made several tracked observations of DarkSat. On average DarkSat 
appears 0.7 magnitudes dimmer than the standard Starlink satellites but not as dim as the visored 
Starlink satellites or the OneWeb satellites. 
 
 

Constellation n Measurements Population 
Mean V-mag 

Population 
Std Dev 

Brightest 
Observed 

 Starlink DarkSat 19 7.7 1.2 5.3 
 

Table 2. General statistics for the as-observed brightness of the DarkSat satellite 
 

 

  
 

Figure 21. Histogram of the as-observed brightness for the Starlink DarkSat satellite. 
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Figure 22. The brightness of DarkSat (44932) as it passed overhead. Like the other Starlink 
satellites there is an increase in brightness near zenith, an opposition surge effect, and the 

characteristic flare at low solar elongation. 
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Figure 23. The brightness lightcurve of DarkSat (44932) as it passed overhead. The brightness 
ranges from 5th to 8th magnitude during the pass with multiple glints and discrete variations in 

brightness. 
 

 
 

Figure 24. The effective albedo “lightcurve” of DarkSat (44932) as it passed overhead. The 
effective albedo is relatively constant around 0.10 during the second half of the pass, but surges 

to high values during the first half. This is due to specular reflection coming from the nadir 
facing surface reflecting sunlight at low solar elongation angles. 

 

03:10 03:12 03:14

4

6

8

10

4

6

8

10

Observation Time (UTC)

V
M
ag

44932 2021-05-05

03:10 03:12 03:14
0.001

0.010

0.100

1

0.001

0.010

0.100

1

Observation Time (UTC)

E
ffe
ct
iv
e
A
lb
ed
o

44932 2021-05-05

Copyright © 2021 Advanced Maui Optical and Space Surveillance Technologies Conference (AMOS) – www.amostech.com 



5. CONCLUSIONS 
 
Starting in May 2020 we began a comprehensive observation survey of mega-constellation 
satellites in order to characterize their brightness and inform the astronomy community regarding 
their potential impacts.  
 
With thousands of measurements sampled across the entire sky we report the as-observed 
brightness distributions of three populations of satellites: standard Starlink, visored Starlink, and 
OneWeb. The addition of Sun visors to the Starlink satellites reduced the typical brightness by 
1.0 magnitude. The OneWeb satellites are typically an additional 1.0 magnitude dimmer than the 
visored Starlink satellites. This is likely due to their higher orbit and increased range. 
 
Constellation Mean V-Magnitude Typical Range 

 
Standard Starlink 7.0 5th to 9th magnitude 

Visored Starlink 8.0 6th to 10th magnitude 
OneWeb 9.1 7th to 11th magnitude 

 
Accurately modeling satellite brightness is challenging and the common diffuse sphere model 
does not consider geometry-based specular reflections. However by reconfiguring the diffuse 
sphere model we utilize the observed brightness to calculate the effective albedo. This serves as a 
measure of the specularity of the reflected light.  
 
Calculating the effective albedo from brightness measurements over a variety of scenarios reveal 
a relatively consistent effective albedo around 0.1 but with notable exceptions where the 
effective albedo significantly increases to values as high at 10. This indicates a geometry where 
the satellites produce specular reflections rather than diffuse. In particular, this happens at low 
solar elongation where the satellites appear just above the Sun which is below the horizon. 
 
With this comprehensive data set we intend to develop a unique model for predicting satellite 
brightness utilizing the effective albedo calculations. Furthermore, we intend to develop 
meaningful metrics for determining the potential impact on astronomy observations accounting 
for satellite brightness, apparent motion, and frequency of visibility.  
 
We intend to make this dataset publicly available in the fall of 2021 after we complete 
verification of the data. Interested parties can contact the author to be notified when the dataset is 
available. 
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