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ABSTRACT 
 

Free-space optical communications offer the technology breakthrough required by future Earth 
Exploration Satellites for their High Rate Payload Telemetry, while they required clear sky 
propagation conditions leading to locate receiving optical ground stations on favorable sites in 
terms of atmospheric propagation and to use site diversity to reach classical system availability 
requirements. This paper presents a methodology that can be used to optimize such a network 
relying on experimental meteorological satellite data. It also presents quantitative results in terms 
of link availability over a European ground network and the associated downlink capacity 
considering possible future Low Earth Orbit satellites. 
 
 

INTRODUCTION 
 
In the framework of its roadmap for high data rates Payload Telemetry (PLTM), the French 
Space Agency (CNES) has performed studies highlighting the great potentiality of free-space 
optical communications for Earth Exploration Satellites (EES). Laser communications can indeed 
face the demand of the future Earth Observation missions by offering significant improvements 
compared to classical radio-frequency communications: increased data rates with reduced power 
consumption, mass and size.  
 
Optical communications links are however significantly impaired by the propagation through 
atmosphere and in particular through clouds. Consequently, they basically require clear sky 
propagation conditions, which lead to locate receiving optical ground stations on favorable sites 
in terms of atmospheric propagation. Moreover, to reach availability requirements, such a ground 
optical network should include “site diversity” configurations, which can increase the probability 
of successful transmission compared with a single site configuration. 
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In order to verify the feasibility of such optical telemetry links in terms of system availability and 
of downlink capacities, CNES has first decided to perform a meteorological study, which has 
been realized by French National Meteorological Agency (METEO FRANCE). This analysis 
aimed at providing identification and ranking of the more favorable European locations in terms 
of clear sky probability.  
 
Meteorological data have then been coupled with orbitography data for several possible future 
European EES missions. This analysis has provided the total communication durations and the 
corresponding data volumes that could be reached using optical downlink telemetry with 
optimized ground networks.  
 
This paper presents both the initial meteorological study and the mission analysis. The first part 
of the study is dedicated to the meteorological study that allows the computation of “clear sky” 
statistics over a particular zone of interest. A wide range of availability statistics enabling the 
choice of optimal positions of ground is given in this first part. A non exhaustive set of possible 
future Earth Observation missions is then presented including their orbitography. For each 
mission, the assessed downlink capacities are finally given for the different optimized. 
 
 

1. METEO STUDY 
 
The aim of the meteorological study performed by METEO FRANCE in 2009 for CNES was the 
determination of the best locations in Europe for optical ground stations. For that purpose the 
study consisted first in the calculation of "clear sky" frequencies over the geographical area of 
interest and then in the selection of a set of interesting places based on clear sky statistics. 
 
Experimental cloudiness data measured by satellites have been used since they are more accurate 
than data measured from ground. The cloud cover measured from satellite is indeed not 
dependent on the height of the observed clouds. It is computed for each pixel of the satellite 
measurement area by algorithms coupling various measurement channels. An opacity coefficient 
is then assigned to the pixel depending on the cloud classification. This study uses the cloud 
classification developed by the NWC SAF (Satellite Application Facilities Now Casting). Such 
an approach leads thus to a “small scale” analysis, which is compatible with the resolution of the 
orbitography analysis. Both small geographical (some tens of kilometers) and small temporal 
(some hours) scales are of great interest for the study of optical link capacities, since they give 
access to local phenomena and diurnal evolution that cannot be considered with global long-term 
climate-oriented statistics. 
 
The study is focused on Europe including the arctic island of Svalbard, which presents a great 
interest for polar Earth Exploration satellites in terms of visibility duration. The analysis of “clear 
sky” frequencies over the Svalbard is however treated separately from the rest of the Europe, 
where a selection of the best location is achieved. This is due to the fact that the more reliable 
data for Europe comes from a Geostationary satellite called MSG1 and that data from this 
satellite were not available over the Svalbard as shown in Figure 1. The only meteorological data 
available for this northern area come from a satellite with polar orbit: METOP. 
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Figure 1: MSG1 satellite coverage. 

 
The Europe domain is restricted between 32°N and 72°N in latitude and between 10°W and 30°E 
in longitude in order not to compute useless statistics on numerous sea pixels, and also to take 
into account resolution problems near the limits of the GEO satellite coverage. The “clear sky” 
statistics are performed over this area using MSG1 data based on observations with the following 
characteristics: 
 

• 3 years of daily data: 2006, 2007, 2008; 
• 16 daily images: four images spaced out by 15 minutes are taken four times a day at fixed 

time slots (3 a.m.; 9 a.m.; 3 p.m.; 9 p.m. in Universal Time) 
• Number of pixels by picture: 400x400=160 000 pixels 

 
Clear sky statistics have then been calculated by counting, for each pixel of an image, the number 
of occurrence of a cloudless coefficient of opacity in the desired time scale. These statistics are 
averaged over the three years of observation and over the four images of each time slot. Yearly 
and monthly clear sky statistics have been computed for each particular time slot (i.e. 3 a.m., 9 
a.m., 3 p.m. or 9 p.m.) (see Figure 2). From Figure 2, the seasonality of the cloudiness 
phenomenon can be clearly observed. Obviously, the clear sky probability is higher in summer 
(Figure 2-c) than in winter (Figure 2-b) in most of the European area. Clear sky probability can 
reach 90% and more in the south-east of Spain, in Greece or Turkey. When looking at yearly 
statistics, a zonal organization can be observed (see Figure 2-a): 
 

• Above 50°N, probabilities of clear sky below 30%; 
• Between 50°N and 40°N, values between 30 and 50%; 
• Below the 40°N, clear sky  probabilities exceeding 50%; 
• Whatever the latitude, coastal areas often have a better clear sky probability than inland 

territories. 
 

Europe 

Svalbard 
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Figure 2: Annual vs. monthly probabilities of “clear sky” in Europe (a- annual; b- January; c-July). 
 
In case of Svalbard, the experimental METOP dataset contains the cloudiness measured on every 
pixel within a geographical area extending between 81°N and 76°N in latitude and between 10°E 
and 30°E in longitude. The step is 0.1° in latitude and 0.5° in longitude. METOP data were only 
available for the year 2007 with four images a day at the following time: 9 a.m.; 12 a.m.; 3 p.m. 
and 9 p.m. Unfortunately, the sampling times of this METOP data are note exactly the same as 
MSG1 ones (loss of the 3 a.m. slot and addition of one at 12 a.m.).  
 

 
Figure 3: Example of monthly “clear sky” probabilit ies in Svalbard (January). 

 
Figure 3 presents the resulting Svalbard “clear sky” probabilities for January. The computed 
values for this month are generally greater than 60% for the whole island, which is better than 
most of places in Europe at the same period of time (cf. Figure 2-b). If site diversity must be 
considered, Svalbard appears thus as a good complement to bring additional transmission time 
especially during winter. 

a- Annual “clear sky” 
probability  (%) 

b- January “clear sky” 
probability  (%) 

c- July “clear sky” 
probabilit y (%) 
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2. OPTIMIZED GROUND NETWORK 
 
Clear sky probabilities computed from METOP and MSG1 data allow now to do a first selection 
of the most promising locations for the implementation of optical ground stations. It has been 
decided to consider a possible ground station in Svalbard in the following of the study because of 
its quite good clear sky probability during and also and mainly because of its high daily visibility 
duration when considering LEO polar satellites. The Svalbard station would be exactly located at 
78.23°N and 15.38°E, which is the current position of lots of ground stations belonging to the 
KSAT operator.  
 
The methodology used for the selection of other possible ground station sites in Europe is based 
on the distribution of the clear sky probabilities over iso-latitude domains. For each iso-latitude 
area, the best sites were chosen so that their clear sky probability belongs to the higher percentile. 
The main objective of this method is to identify points with a good clear sky probability and 
sufficiently spread on the longitude axis in order to increase the daily visibility time of the 
envisaged LEO satellites, whose tracks are distributed along the longitude axis. 
 
For each iso-latitude domain equal to 1°, the selected points are finally those whose yearly “clear 
sky” probability is above the 95% percentile of the probability values in this latitude band, for all 
the time slots. This selection illustrated by colored areas on Figure 4 (on the left side) is called 
Q95. 
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Figure 4: Selection of the best ground stations locations in terms of clear sky probability. 
 
The second stage of this selection is to select about thirty points where the cloud fraction will be 
coupled with orbital characteristics. This selection, which is represented by red and black points 
on Figure 4 (on the right side), has been done in order to keep: 
 

• some points in the north (Sweden) to offer latitude diversity 
• some points on the East-West axis to offer latitude diversity 
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• some points in France to analyze the service availability in CNES country 
• one or two points per block of 5° by 5° 
• the absolute best points in terms of clear sky probability. 

 
Finally, considering the monthly and yearly statistics of all these points, six final locations have 
been chosen for the end of the study. These 6 points are represented with red points and numbers 
on the right side of Figure 4. Their clear sky probabilities are given in Table 1: they all offer a 
yearly availability greater than 75% except for one location, which is only at 65% (site number 
6). For this analysis, clear sky conditions correspond to a cloud fraction value lower than 25 % 
for at least one of the 4 daily time slots. 
 

Number lat (°) lon (°) jan feb mar apr may jun jul aug sep oct nov dec year
6 46,75 -1,95 52,8% 50,0% 54,8% 70,0% 61,8% 76,7% 72,8% 78,5% 78,4% 64,5% 63,3% 65,6% 65,9%

17 42,35 1,05 78,7% 72,6% 75,3% 68,9% 64,0% 82,2% 92,4% 95,7% 79,6% 74,2% 77,8% 79,6% 78,5%
19 43,15 6,25 68,5% 70,2% 66,7% 75,6% 66,3% 88,9% 98,9% 94,6% 83,0% 72,0% 67,8% 66,7% 76,7%
20 41,75 12,35 64,0% 63,1% 67,7% 73,3% 84,3% 88,9% 98,9% 96,8% 92,1% 78,5% 76,7% 69,9% 79,6%
25 39,45 -7,35 75,3% 75,0% 76,3% 72,2% 80,9% 94,4% 95,7% 98,9% 90,9% 82,8% 80,0% 83,9% 84,0%
29 36,65 22,95 73,0% 61,9% 78,5% 77,8% 96,6% 98,9% 100,0% 100,0% 97,7% 83,9% 71,1% 64,5% 83,8%  

Table 1: Clear sky probabilities of the selected most favorable sites. 
 
This analysis has thus provided a selection of the more favorable European locations in terms of 
clear sky probability based on quantitative and qualitative criteria using experimental cloud 
coverage datasets. 
 
 

3. MISSION ANALYSIS: ORBITOGRAPHY 
 
The objective of the mission analysis was to simulate one year of orbital characteristics of future 
Earth Explorations Satellites in Low Earth Orbit considering ground stations locations selected 
during the meteorological analysis. These simulations have been performed for the European 
GMES (Global Monitoring for Environment and Security) missions with its Sentinel satellites, 
the post-EPS mission, which is part of a joint European/US polar satellite system, and SWOT 
(Surface Water Ocean Topography) a joint project including NASA and CNES. The orbital 
characteristics of the satellites corresponding to these missions are presented in Table 2. SWOT is 
the only satellite that does not have a Sun Synchronous Orbit (SSO). The satellites altitudes vary 
from 693 km to 950 km depending on the mission. Two satellites among the same mission can be 
phased together on the same orbital plane, but two different missions are not phased together: this 
“fleet” of satellites is not phased. 
 
In the simulations, the orbits are generated with analytical extrapolations taking into account 
earth potential up to J6, without friction. There is thus no semi-major axis decreasing, which 
maintains consequently the relative phasing between the satellites (this is realistic for all the 
orbits that are to be maintained). The relative differences in orbit position are generated through 
differences in semi-major axis (from 693 km to 950 km). The differences between orbital planes 
are due to the diversity of local times and in the case of SWOT the local time is drifting (mainly 
due to J2). For the considered simulations there is no orbital phasing: the satellites are considered 
to be active for a period of their mission, which is common to the entire fleet. The calculations of 
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periods of time during which the satellites are visible from ground stations and the statistical 
analysis are achieved on the basis of these full orbit simulations. 
 

Mission Altitude (km) Inclination (°) Local Time Phasing 
Sentinel-1a 693 SSO 6:00 AM Descending Node 
Sentinel-1b 693 SSO 6:00 AM Descending Node 

S1a & S1b at 180° 

Sentinel-2a 786 SSO 10:30 AM Descending Node 
Sentinel-2b 786 SSO 10:30 AM Descending Node 

S2a & S2b at 180° 

Sentinel-3a 814 SSO 10:00 AM Descending Node 
Sentinel-3b 814 SSO 10:00 AM Descending Node 

S3a & S3b at 180° 

Sentinel-5 P 800 SSO 1:30 PM Descending Node - 

Post-EPS 800 SSO 9:30 AM Descending Node - 

SWOT 950 78 - - 

Table 2: Orbital characteristics of the missions. 
 
Concerning ground stations, a minimum site angle of 20° was assumed to consider a given 
satellite as visible. This value results from link budgets considerations considering optical 
communications. Under this elevation value, systems are currently not expected to transmit with 
the sufficient margin and with the board-to-ground trade-offs. 
 
 

4. MISSION ANALYSIS: DOWNLINK CAPACITY 
 
Orbital data provided by simulations carried out during the first phase of the mission analysis are 
then coupled to the cloudiness time series used to compute clear sky statistics. The main 
objective is to assess the average data volume that can be transmitted by optical telemetry 
systems on a daily basis. Figure 5 shows an example of concurrent elevation (blue line) and 
cloudiness (green curve) data for a French station and the SWOT mission. The dashed line 
represents the minimum elevation (20°) above which the satellite visibility is considered. 
 
Clouds are roughly assumed to stop waves’ transmission at optical frequencies. Consequently, 
the atmospheric propagation channel is considered to basically have an ON-OFF behavior 
depending on the presence of clouds on the Space-to-Earth link. For the purpose of this analysis, 
the yearly visibility time is obtained by integrating 1 – cloudiness/100 over time during periods 
where at least one ground station is visible. The elementary time step is given by the orbitography 
data and is equal to 10 seconds. Cloud cover data are linearly interpolated to get such a 10 
seconds sampling time. If site diversity is implemented, several ground stations can be visible 
from the satellite at the same time. This situation is illustrated by Figure 6: 2 Earth stations are 
considered (number 25 and 20 according to Figure 4) during the SWOT mission. Red crosses 
correspond to satellite positions where only the Portuguese station (number 25) is geometrically 
visible, blue crosses correspond to a period where only the Italian station (number 20) is visible 
and magenta crosses correspond to satellite positions where both stations are visible. For this 
analysis, the assumption was made that it is possible to indicate to the satellite which ground 
station is better in terms of cloudiness on a global basis during the continuous periods of time 
where several stations are visible (fro example magenta crosses on Figure 6). Moreover, no 
latency was considered when changing the station where to download satellite data which should 
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be quite optimistic. Other assumptions are possible like considering two telescopes on-board the 
satellite transmitting exactly the same content (with 3 dB loss due to the split between both 
chains): in that case, the choice of the best satellite-to-Earth link would be done every 10 seconds 
and not globally over a given visibility period. Nevertheless, for the analysis presented in this 
paper, only the first assumption was considered. 
 

Figure 5: Concurrent cloudiness and elevation data for SWOT mission 
(left : one week, right : one visibility period) 

 

 
Figure 6: Example of satellite visibility in site diversity configuration. 

 
The global visibility time computed by integrating cloudiness data has then been multiplied by 
the elementary data rate. A realistic data rate at optical frequencies with small aperture terminals 
should be 10.5 Gbit/s (see �[1]) (or even 42 Gbit/s if 4 channels are multiplexed with Wavelength 
Division Multiplexing (WDM) techniques). In order to assess the interest of optical 
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communications with classical X-band systems, a reference data volume corresponding to a polar 
station (Svalbard) with a 1 Gbit/s data rate and a minimum elevation angle equal to 5° was also 
computed for each mission. It provides the reference data volume that must be at least reached or 
even significantly exceeded to demonstrate the feasibility and the interest of optical solutions 
with or without site diversity, because it is based on a ground station offering currently the 
maximum duration of PLTM transmission and on a data rate that is foreseen to be reached in a 
few years with Radio Frequency (RF) links, typically in X-Band. No effect of cloudiness has 
been considered at X-band. 
Different site diversity configurations have been studied, Svalbard having the number 0: 

• with 2 ground stations: (17, 19) ; (26, 29) ; (26, 20) ; (0, 19) ; (0, 26) 
• with 3 ground stations: (6,17,19) ; (17,20,25) ; (17,20,29) ; (17,25,29) ; (20,25,29) 
• with 4 ground stations: (17,20,25,29) 

 
The average daily global data volumes assuming a data rate equal to 10.5 Gbit/s are presented on 
Table 3. The X-band references on Svalbard are provided by Table 4. 
 

Ground station(s) SWOT Sentinel-1a Sentinel-2a Sentinel-3a Post-EPS 
6 8107,1 4830,2 6047,9 6342,8 6139,1 

19 9510,7 5807,3 7046,4 7380,4 7169,3 

29 9830,1 6073,8 7313,4 7698,7 7487,1 

20 9563,6 5854,6 7184,8 7549,8 7340,4 

25 9741,9 6007,3 7353,1 7770,6 7613,4 

17 8983,3 5483,0 6756,1 7100,4 6974,8 

0 14518,1 13037,9 15267,0 15716,9 15407,8 

17, 19 12256,3 7705,3 9189,3 9629,0 9403,2 

25, 29 18638,9 11913,5 14167,4 14790,5 14451,4 

25, 20 16387,8 10553,9 12429,6 13004,9 12667,2 

6, 17, 19 14830,9 9468,9 11209,2 11708,6 11423,2 

17, 25, 20 17934,3 11743,7 13734,8 14329,5 14024,7 

17, 25, 29 20976,7 13896,1 16246,7 16889,1 16567,9 

20, 25, 29 21437,8 14277,8 16604,8 17282,7 16944,9 

17, 20, 25, 29 22708,0 15356,6 17739,5 18438,1 18123,6 

0, 19 24028,8 18845,2 22313,4 23097,3 22577,1 

0, 25 24260,0 19045,2 22620,1 23487,4 23021,2 

Table 3: Average daily transmitted data volume for optical links at 10.2 Gbit/s (in Gbits). 
 
 

Ground station SWOT Sentinel-1a Sentinel-2a Sentinel-3a Post-EPS 
Svalbard 
X-band 

9493,5 8297,9 9123,5 9351,4 9239,0 

Table 4: Reference average daily transmitted data volume in RF at 1 Gbit/s (in Gbits). 
 
A first conclusion is that ground stations located in the South of Europe hardly reache the 
reference daily data volume when single station network is considered. At the opposite, Svalbard 
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data volumes at optical frequencies exceed the reference ones despite the effect of cloud 
coverage. Then, site diversity configuration generally enables to exceed the RF (X-Band) 
reference especially when Svalbard ground station is used. Even site diversity with only two 
Southern ground stations sufficiently distant on the longitude axis provides very interesting daily 
data volume. Moreover, if an elementary data rate equal to 42 Gbps is considered, these results 
are obviously multiplied by 4 which emphasizes very significantly the interest for such optical 
telemetry solutions. 
 
 

CONCLUSION 
 
This paper presents a methodology that can be used to optimize a ground network for possible 
optical telemetry satellite-to-Earth links relying on experimental cloudiness data. This 
optimization is based on both quantitative and qualitative requirements. 
 
Then, an analysis of the average daily data volume that can be transmitted considering optical 
telemetry and such an optimized ground network has been detailed. Basic assumptions for 
downloading strategies have been made and several missions have been considered. The 
comparison of obtained results with a reference case in RF, at X-Band, has roughly demonstrated 
the potentiality of high rate downlink optical communications for future LEO Earth Explorations 
Satellites with increased rates. This study has furthermore shown the feasibility of optical 
telemetry links in terms of mean system availability and its great interest in terms of transmitted 
data volumes. 
 
A similar analysis could be repeated considering more realistic technological assumptions such as 
given latencies when the satellites changes the ground station to which it transmits data. Other 
download strategies could also be considered such as the one including two telescopes on-board 
the satellite. Finally, statistics of the duration of continuous periods without any possible 
transmission could also be computed to complete the average daily analysis and asses the 
required satellite storage capacity. 
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