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1. Introduction 

The CRISTAL orbit characteristics to fulfil user requirements was preliminary analysed in the second 
work package of the Polar Monitoring study (WP2), among the “observation system” of CRISTAL. 
However, given the complexity of the task, ESA decided to set up a Contract Change Notice (CCN) 
to specifically address this problematic.  
 
The two main objectives of this CCN are to: 
1) Find another orbit candidate for the future CRISTAL mission.  
2) Evaluate the current orbit candidates suggested by ESA and CNES (see below), along with the 

potential new orbit candidate, to fulfil CRISTAL user requirements 
 

The orbit new candidate research and the evaluation is based on the orbit candidates capability to 
fulfil clear specifications made by the MAG members before the study:  

➢ Weekly sampling is first priority for sea ice thickness objective.  
➢ Monthly sampling is first priority for land ice objective.  
➢ For Antarctica, monthly sub-cycle will be sufficient; for Greenland, <30 days sub-sampling 

would be desirable.  
➢ Regular, homogeneous sampling is generally favorable.  
➢ Additional sub-cycles such as 4 days sub-cycle, and quarterly sub-cycles are nice to have.  
➢ The orbit must complement Sentinel-3 orbit pattern.  
➢ A 15 days sub-cycle for mid-latitude mesoscale is desirable for oceanographic purposes and 

objectives but the lack of such sub-cycle should not be a criterion to reject an orbit.  
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2. Summary of the study 

2.1. New orbit candidates research 

To fulfil user requirements, the CRISTAL orbit must possess 3 main characteristics: 

▪ northern and southern poles must be covered (+/- 88° at least) [MRD-040] 
▪ a yearly cycle 
▪ a sub-cycle < 10 days [MRD-050] 

 
6 orbits have been already proposed by ESA and CNES before this study. Below is a table 
summarizing the orbit sub-cycles of these 6 candidates: 

 

Figure 1: List of sub-cycles for the orbit candidates proposed by ESA & CNES. Indicated altitude 
is a mean value from the CLS orbit simulator.  

Orbit sub-cycle definition is highly important, as they indicate the repetition of an homogeneous 
sampling on-ground. As it can be noticed in the table above, geodetic orbits can have several sub-
cycles. Nevertheless, none of the current proposed orbit alone satisfy all the MAG requests listed 
before. 

As a first task of this CCN (WP2), intensive researches were made at CLS to assess if such an orbit 
could exist. Unfortunately, it is not the case, and a trade-off will have to be made. In particular, it 
is not possible to have a 4-days and a 7-days sub-cycle at the same time, given the others 
constraints (latitude coverage, yearly cycle). It is also challenging to find an orbit with both bi-
weekly and monthly sub-cycles. Lastly, quarterly sub-cycles are also not easy to match with the 
other requirements. 

Initially it was planned to add one single orbit to the exiting candidates. But 3 new interesting 
candidates were found at CLS, with different characteristics. As it was not possible to make a clear 
choice between them, given their different assets, these 3 orbits candidates were kept for the 
following of the study. The table below presents the orbit sub-cycles for these 3 candidates: 

< week weekly bi-weekly monthly quarterly annual others

Case 1
747km

2 7 / 30 / 365 67

Case G2
820km

5
/

14 33
/

372 113

Case 3
805km

4
/

/ 35
/

365 66

Case 5
609km

/ 7
/

29 / 363 167

ICESat-2
493km

4 / / 29 91 / /
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Figure 2: List of sub-cycles for the orbit candidates proposed by CLS. Indicated altitude is a 
mean value from the CLS orbit simulator. 

 

2.2. Orbit candidates evaluation 

2.2.1. Diagnoses definition 

To evaluate the orbits side by side, different diagnoses were performed over the three surfaces 
(WP1): 

➢ Ice charting sampling & weekly products capability for sea-ice  
➢ Ability to sample dynamic regions of the ice sheets at 30-day frequency for ice sheets (for 

monthly products capability). And in quarterly period additionally. 
➢ Decorrelation of mesoscale signals in space/time and polar ocean analysis for ocean. With a 

polar ocean strategy originating from G.Dibarboure (CNES)   
 

2.2.2. Analyses summary 

• Sea-Ice 
 

Ice charting  
  
To quantify the goodness of orbit candidates for ice charting, we calculated the ratio of polygons 
that were flown over to the total number of polygons. This hit rate was calculated for all orbits for 
all 52 weekly ice charts. Time series of hit rates, as well as average hit rates throughout the year 
can be found in appendix 2 (slide 15) 
 
The differences between orbit candidates are small. Average hit rates are between 70% and 76%. 
Hit rates for CRISTAL orbit candidates are higher during summer, when all of the ice lies high North 
where the CRISTAL ground tracks are dense. Sentinel-3 with its lower inclination orbit however 
misses most of the summer ice. During winter when there is ice further south, it is more likely for 
an ice polygon to fall between CRISTAL ground tracks. Orbit Case 3 seems marginally less suited for 
sea ice mapping. However, the difference between the best and the worst (case 5 and case 3 
respectively) is only 5%.  
 
To study how different candidate orbits complement the Sentinel-3 measurements, we also 
calculated how many polygons were hit by either CRISTAL orbit candidate or the Sentinel-3A and B 
orbits. The time series of hit rates over one year is shown in appendix 2 (slide 17). Now the 
differences between CRISTAL orbit candidates become negligible, and all of the cases catch on 
average between 90% and 91% of the polygons. However, it should be noted that Sentinel-3AB 
measurements are expected to benefit from the snow on sea ice estimates CRISTAL will provide. 

< week weekly bi-weekly monthly quarterly annual others

CLS1
751km

2 7 19 31 / 367 112

CLS2
820km

5 / 19 33 85 373 /

CLS3
794km

3 7 / 31 86 368 /
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Thus even when CRISTAL will complement the Sentinel-3 mission, an orbit pattern covering 
maximum number of ice polygons is preferable.   
 

Weekly sampling 
 

When looking at CRISTAL alone, 7 day repeat is better for weekly ice charting than a 4 or 5 day one. 
However, the difference is small: On average 78% vs 72% of polygons caught.  

However, if we assume that Sentinel-3 satellites will provide dense measurements for areas south 
of 82 N, difference between CRISTAL orbit candidates becomes negligible: ~ 90% of the polygons are 
caught regardless of CRISTAL orbit.  

 

• Ice-sheet 

The assessment of the candidate orbits over land ice consisted of analysis over Greenland and 
Antarctica. In line with MRD-350, we focused our evaluation on the sampling of ‘outlet glaciers and 
boundaries of Greenland and Antarctica’, where major changes occur and therefore monthly to 
seasonal sampling is required. Specifically, we evaluated (1) the proportion of these regions 
sampled, on average, over monthly, quarterly and annual epochs, and (2) the consistency of this 
sampling over multiple monthly and quarterly epochs. The domain was defined as follows: 

1. Antarctica: outlet glaciers where the surface velocity exceeded 100 m/yr. 
2. Greenland: the union of the ablation zone and regions in a state of dynamical 

imbalance. 
 

The assessment was undertaken considering the CRISTAL orbit in isolation, and the CRISTAL orbit in 
combination with the Sentinel-3A/B nominal acquisition scenario. 

In the case where each CRISTAL orbit was assessed in combination with Sentinel-3A/B, there was no 
standout ‘optimal’ candidate; all CRISTAL candidate orbit configurations performed very well. 
When the candidate CRISTAL orbits were considered in isolation, there was greater differentiation, 
with 5 options offering ‘optimal’ coverage. These were ICESat-2, Orbit 5, CLS-1, CLS-2 and CLS-3. 
Between these 5 ‘optimal’ scenarios, there were small variations, and so the decision of which to 
favour depends upon the prioritisation of the epoch sampling length; essentially whether the 
priority is to optimise monthly, quarterly or annual sampling coverage: 

➢ If total coverage over an annual cycle is deemed to be not important, then the ICESat-2 
orbit is marginally better, offering a ~2-3% improvement in coverage over monthly and 
quarterly time periods, as compared to the other 4 scenarios. 
 

➢ If annual coverage is important, then one of the other 4 orbits should be chosen, because 
they provide ~ 5% (Antarctica) and 13% (Greenland) better coverage than the ICESat-2 orbit 
over an annual cycle. Between these 4 orbits: 

o If annual + monthly sampling is to be optimised, then Orbit 5 is the best choice. 
o If annual + quarterly sampling is to be optimised, then CLS1, CLS2 and CLS-3 should 

be favoured; with all 3 provide broadly equivalent sampling statistics. 
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• Ocean 
 

Oceanic mesoscale  

To evaluate the orbits with regards to their capabilities to sample mesoscale signals, we adopted 
the approach from Dibarboure et al. [2018]. The objective is to represent the space and time 
distribution of the orbit tracks, to analyse the orbit capacity to decorrelate oceanic mesoscale 
signals. More details, illustrations and results can be found in appendix 2 (slides 41 – 43) 

The analysis shows 3 orbit candidates can efficiently sample oceanic mesoscale signals: Case 
G2, CLS1 and CLS2. While the other candidates are not adapted. This is notably explained by the 
lack of a bi-weekly sub-cycle for these candidates. 

 

Polar mesoscale  

Oceanic eddies spatial scales are much smaller at high latitude compare to mid-latitude. Typical 
eddy radius is 5 - 15km over polar ocean [Timmermans et al., 2008 ; Nurser & Bason, 2014]. 
Subsequently only a yearly (sub)-cycle is capable to reach these spatial scales (5-15km). The orbit 
strategy for polar ocean must therefore be considered as CRISTAL part of a global constellation. 

G.Dibarboure already transmitted a detailed approach to find the optimal orbit for polar oceanic 
mesoscale. The objective is to determine the sub-cycles suiting different applications: 

• First sub-cycle : 2 to 4 days: To collect independent (decorrelated) L3 measurements 
every 1 to 5 days for CMEMS model assimilation ; and to assemble low spatial resolution L4 
maps for rapid signals 

• Second sub-cycle : ~15 days: To collect denser homogeneous (albeit insufficient) sampling 
for slower eddies in bimonthly to monthly maps 

• Third sub-cycle : ~30 days: Same purpose as before 

• Other sub-cycles (60 days or more) can be added 
 

Based on the candidate’s sub-cycles (Figure 1), we considered three orbits as “sub-optimal” to 
reach these specifications: G2, CLS1 & CLS2. In particular because these orbits have a bi-weekly 
sub-cycle. 

Four candidates are considered average: Case-1 ; CLS2 ; Case-3 ; ICESat-2. Because these orbits 
lack a bi-weekly sub-cycle. 

One candidate is considered not adapted: Case-5. Because it has neither a bi-weekly sub-cycle 
and a 2-4 days sub-cycle. 

Finally, we also consider that this polar mesoscale strategy, with CRISTAL part of an altimetry 
constellation, must be refined and matured. This was out of scope for this study. 

 

 

 

 

  



Polar Monitoring CCN: CRISTAL Orbit study 

CLS-ENV-NT-20-0241   V1.1 2020,Jun.15 6  

 

Proprietary information: no part of this document may be reproduced divulged or used in any form without 
prior permission from CLS.   F

O
R
M

-N
T
-G

B
-7

-1
 

2.2.3. Results summary 

The orbit candidates were ranked in the table below as optimal (dark green), sub-optimal (light 
green) ; average (yellow) and not adapted (red).  

 

Figure 3: Orbit evaluation summary table 

 

The complementarity with Sentinel-3 was also analysed. When Sentinel-3 is added in the orbit 
analyses, all orbit candidates are optimal for ice sheet & sea ice surfaces and thus fulfil the user 
requirements. 

All orbit candidates are well designed to address mission requirements over ice surfaces.  

➢ For sea-ice, best candidates are Case-1 ; Case-5 ; CLS1 & CLS3, thanks to the 7 days sub-cycle 
➢ For ice-sheets, best candidates are: 

▪ ICESat-2 if total coverage over an annual cycle is deemed to be not important 

▪ Case-5, CLS1, CLS2, CLS3 if annual coverage is important. Case-5 providing the best 

performances for monthly sampling. CLS1, CLS2, CLS3 very close with a better quarterly 

sampling 

➢ For ocean, best candidates are Case G2 ; CLS1 & CLS2 as they provide the most efficient 

sampling of oceanic mesoscale signals, and are adapted for a polar mesoscale multi-mission 

strategy. Case-5 is the worst.  

 

Overall, the orbit CLS1 seems to perform best from all the orbit candidates when the 
requirements for oceanography (polar mesoscale and global mesoscale) is taken into account. 
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Appendix 1: orbits technical parameters 

The following table shows the parameters used to generate the orbit candidates with the CLS orbit simulator. Please note that 
the eccentricity chosen remains arbitrary, and does not have any impact on the cycle / sub-cycles durations. Please note also 
that it was out of scope to assess all the Kepler parameters in details in the frame of this study.  

 

 

 

 

 

 

 

 

 

 

 

 

 Input Output 
Orbit additional 

information  

 Inclination eccentricity 
N 

revolutions 
per day 

P 
fraction 

Q 
cycle 

duration 
(days) 

mean 
altitude 

(km) 

orbit 
semi-
major 
axis 
(km) 

exact nb of 
revolutions 

per day 

nb of 
revolution 
per cycle 

Case-1 92° 0.001 14 158 365 747 7109.780 14.43287 5268 

Case 
G2 

92° 0.001 14 79 372 820 7183.147 14.2123 5287 

Case-3 92° 0.001 14 94 365 805 7167.964 14.25753 5204 

Case-5 92° 0.001 14 313 363 609 6972.150 14.8623 5395 

ICESat-
2 

92° 0.001 15 22 91 493 6855.917 15.2418 1387 

CLS1 92° 0.001 14 154 367 751 7114.138 14.4196 5292 

CLS2 92° 0.001 14 79 373 820 7183.339 14.2118 5301 

CLS3 92° 0.001 14 107 368 794 7156.847 14.2908 5259 
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Appendix 2: Slides presented to the MAG members, showing all the analyses & 
results 
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