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Design of future altimeter missions : the end-to-end thematic simulator

Considering the conflicting requirements, constraints and issues driving the design of future altimetry missions and constellations, CNES need is to be able to evaluate the contribution of a new altimetry mission, and define some optimized altimetry constellation scenarii. In this frame, CNES has developed a decision-making tool, called “the altimetry thematic simulator”, that is meant to be simple, rapid and efficient, to be operated by engineers as a clearing tool before more dedicated studies can be performed by scientific experts (that will be more complete and exhaustive, but much longer thus lacking reactivity).
The tool has been designed to answer the following basic specifications and needs:

· compare the relative performances of different altimetry mono or multi-mission systems 

· choice of mission parameters : number of satellites / orbit (inclination, cycle, …) / instrumental noise level / altimeter type (nadir, wide-swath)

· choice of application field of interest (storm-surges, tides, …)

· quick execution (a few hours to a few days) and results analysis 

· scientific laboratories support and expertise

· development by industrial partnership

· tool expertise, implementation and use by CNES

Here we present the present prototype of this altimetry end-to-end thematic simulator.
Methodology - Basic technical description
The general methodology applied to the altimetry simulator comes within the framework of Observing Systems Simulation Experiments (OSSEs, Arnold and Dey, 1986). The idea is to diagnose the improvement brought through assimilation of pseudo-measurements provided by a specific  observation system into a physical model prediction.

This so-called “Twin-Experiment” method consists in the following steps:

1. generate a “true” ocean

The “true” ocean is generated from a “control” simulation of a chosen physical model (depends on the application to be tested: e.g. storm-surges, tides, …). The oceanic variable simulated in our case is the sea level anomaly (SLA).

In its present version, the simulator has been developed for the case study of two oceanic processes: storm surges first, and then adapted to ocean tides analysis. The altimetry simulator being especially designed for multi-mission configurations assessment, it makes sense to focus on oceanographic processes that occur at space and time scales hardly resolved by a single altimetry mission, such as storm-surges, tides or meso-scale processes (to be implemented in the simulator in the future).

A well-studied coastal zone (Bay of Biscay + English Channel + Celtic Sea) has been chosen as a privileged test zone, as high energetic processes with complex spatio-temporal characteristics occur there, and are hardly modelled today. These model errors are critical for altimetry product quality, as they lead to large errors in the geophysical correction fields (such as dynamical atmospheric correction or tides) applied to the altimetry-derived range.

For both storm-surge and tide processes, the barotropic, non-linear and finite element numerical model T-UGO-2D (Lyard et al., LEGOS) has been used here. For each oceanic process, a reference “control” simulation is thus computed over the region and period studied. 

2. simulate observations

The SLA pseudo-observations are then extracted (predicted in the tide case) from this “true” ocean (control simulation / tide solution) at times and locations of the specified altimetry mission system (defined by orbitography parameters specified by user). Observation errors are associated (instrumental noise level specified by user).

3. assimilate the synthesized observations

These SLA observations are then assimilated in “free” simulations of the physical model. The assimilation process takes advantage of “true” observations in order to correct, at each assimilation step, the predicted ocean state towards the “true” ocean.

As a prior requirement for data assimilation, model errors have to be known and precisely characterized. In the case of the storm surge model, the forecast errors are approximated from a 100 ensemble simulations of the model in response to atmospheric forcing errors (10m wind and surface pressure are perturbed). The errors statistics can thus be estimated by the ensemble variance of the model, in the form of ensemble EOFs computed off-line at each time step over the fixed 15-day simulation period. In the case of the tide model, the same methodology is applied, but here energy dissipation parameters (bathymetry, bottom friction, energy transfer towards barocline modes) are perturbed instead, and some freedom is kept about the simulation period (much longer ~ 1 year) so that on-line EOF computation is made at each time steps. 

For analysis step, the sequential Reduced-Order data assimilation code SEQUOIA was selected and implemented in concertation with experts (P. De Mey, LEGOS), and used with the Optimal Interpolation MANTA kernel (De Mey, 2005). The whole is set up in an Ensemble Reduced Order data assimilation configuration: error statistics are computed in the form of ensemble EOFs and used to perform analysis steps over the 100 ensemble simulations as mentioned previously. 

For a given analysis step, innovations (differences observations-model proxy) are computed in a window around the analysis time (smoother mode). Analysis steps are performed daily for stormsurge, every 2 minutes for tides.

In a first step study, it was chosen to perform Simplified Ensemble Twin-Experiments, i.e. the methodology involves no sequential control of the model. 
4. assess the impact of the synthesized observations 

At the end of the assimilation process, the predicted ocean state is closer to the “true” ocean than if no data assimilation had been performed. The system performance diagnostic thus consists in quantifying the error reduction of the model prediction brought by the assimilation process.

This methodology allows then to compare the relative performances of various altimetry mission systems, and thus to discriminate among them, in the particular case of the chosen oceanographic application.

The definition of analysis diagnostics of interest depends on the oceanic process studied:

· in the case of storm-surges: the model error reduction brought by the assimilation process of pseudo-altimetry-observations is estimated by the ensemble variance reduction between before and after assimilation. For example a gain, space averaged value for the ensemble variance reduction at each analysis time (
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· in the case of tides: as we work on harmonic signals here, the objective is to compare, for each tidal wave,  the optimal tide solution deduced from an harmonical analysis of states series (both after and before assimilation) with the reference tide solution. Thus the diagnostic provides the performance of the tested altimetry configuration in terms of relative reduction of error (a posteriori versus a priori) of the analysed tide wave.
DiagTide(
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Sa posteriori : optimal complex tide solution after assimilation

Sa priori : complex tide solution before assimilation

Scontrol : control complex tide solution

For both cases, regional and/or temporal evolution of the diagnostics, as well as mean synthetic diagnostic are proposed.

Case studies results – Systems performances
Here we present one results case for each application field: storm-surges and tides. 
1. Analysis of the relative Jason-1 / Jason-2 phasing choice with respect to stormsurges processes.

After a 7 months tandem phase with Jason-2 following Jason-1 on exactly the same orbit (same ground track, ~1 minute behind), end of January 2009 Jason-1 was moved to an interleaving orbit in order to optimize the spatial coverage of the altimetry multi-mission system.

If the consensus on this spatial phasing was acquired within the OSTST community, the temporal phasing of Jason-1 and Jason-2 has been being widely discussed: the different possible options have strong impacts on the temporal sampling and thus on the different application fields. 

Here we tested and compared two temporal sampling options with the CNES simulator:  

  (1) “Jason-1+T/P” is the configuration that was chosen when T/P was moved to its new orbit, i.e. with a zero temporal shift between two Jason-1 and T/P adjacent ground tracks. 

  (2) “Jason-2+Jason-1” is one option proposed for the new Jason-1 orbit choice, with a 5-day offset between two Jason-1 and Jason-2 adjacent ground tracks.

Results are shown in Fig.1. For storm-surge applications, it appears clearly that the second option (5-day offset between two adjacent tracks) is far better than the historical Jason-1+T/P configuration. Configuration (2) was finally selected by the OSTST during its last meeting (Nice, Nov.2008), after a bunch of debates and most presentations in favour of this option. The CNES simulator is intended to use as an additional decision-making element in this kind of context.
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Fig.1 Analysis and comparison of the impact of two different temporal phasing options for the choice of the new Jason-1 orbit. Time-averaged maps of model error reduction are shown on the left, time evolution of spatial-averaged error reduction on the right, and synthetic error reduction gains are summed-up in the bottom table.

2. Analysis of SWOT orbit configurations in a multi-mission context with respect to the tide problematic: the sun-synchronous orbit assessment.

SWOT nominal orbit (option proposed today: 965km, 74°, 22d) has been designed to meet the common and specific requirements of its two applications: hydrology and oceanography. Concerning ocean applications, the strongest specific requirement is about optimizing ocean tidal aliasing: this excludes being on a sun-synchronous orbit, as solar tides (12h, 24h) can not be observed in such a configuration, and because such orbits have bad aliasing properties (diurnal and semi-diurnal harmonics aliased to long undesirable period ~seasonal, annual & long-period climate-like signals).

However, being on a non sun-synchronous orbit has great impacts in terms of system design and achievement: it implies the need for larger solar panel size (→ impact on the launcher), continuous solar panel rotation disturbing the spacecraft attitude (leading to measurement errors), battery size increase… 
Thus the following question is asked : Is a sun-synchronous SWOT mission – in a multi-mission context, especially with a Jason-XX flying at the same time – still worth it for ocean applications, or is a non sun-synchronous orbit mandatory (mono and multi-mission cases)? 
Here we use the altimetry end-to-end thematic simulator to test and compare five observation networks: 4 altimetry systems of a JASON, a SWOT on a nominal orbit (SWOTa), a SWOT on a sun-synchronous orbit (SWOTh), a SWOTH + a JASON flying together, and a reference tide gauge (1 OBS).

In the present studies, focus is given to the main energetic tidal waves, and those presenting the larger errors: among them we focus on M2, S2 and M4. The SWOTh has theoretically very bad aliasing properties for S2 (Palias~infinite) and M4 (Palias~1098days), but good for M2 (Palias~45days). 
Some of the results are shown in Fig.2.  We find that:
· For M2: Over the first 60 days, the 4 altimetry systems are well discriminated. The best performance is obtained by SWOTh with an error reduction of 20% converging rapidly thanks to its short alias period. After 60 days, SWOTh and SWOTa present the same level of performance (~18% of error reduction), better than JASON (~10%), showing the improvement brought by a swath thanks to a better and more frequent control of tide errors.
· For S2: This wave is not observable by SWOTh. As expected, this is confirmed by the simulator diagnostic that shows quasi no impact of assimilating SWOTh observations in the tide model. 

· For M4: SWOTa presents a faster convergence of error reduction (towards ~20%) than SWOTh, but after 120days both configurations are equivalent, at the same level of performance than the tide gauge.
Generally, we observe that the configuration SWOTh+JASON has degraded performances (versus SWOTh for M2 and M4, versus JASON alone for S2). This is probably due to the complexity introduced by the double repetitivity, and its perturbing impact on the harmonic analysis process, although the configuration has overall a better spatio-temporal observation coverage.

Finally, we note the very good performances of the tide gauge observations network, showing that a high repetitivity observation system, specifically located in a region of large tide model errors, is the best way to constrain a tide model.
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Fig. Analysis and comparison of various altimetry systems performances for some of the main energetic tidal waves (M2, S2 and M4): focus on the SWOT sun-synchronous orbit option (SWOTh). Theorical alias period for JASON, SWOTa and SWOTh are shown in dashed lines. Time evolution of spatial-averaged error reduction by data assimilation are displayed for each system (a tide-gauge type observation network is displayed in pink color as a reference).

Conclusion - Perspectives
In its current version, the simulator (storm-surges and tide modes) allows to analyze rapid oceanic processes, presenting characteristic period of hours (tide) to days (atmospheric forcing).  Quantitative and objective performance diagnostics have been implemented so that different altimeter constellations configurations can be discriminated quite easily and rapidly by CNES engineers. Such a quick and simple tool has been made possible thanks to some simplifications assumed in the pseudo-observations generation and data assimilation processes. When performance scores between configurations appear hardly discernible, then it will be necessary to complement the simulator results by a dedicated OSSE studies performed by oceanography scientific laboratories.
A next step in the simulator development will be to implement slower processes, such as oceanic circulation (especially meso-scale variability). Improving the pseudo-observation realism (data unavailability, realistic observation error budget, …) is also needed to improve the simulator capacity. Implementing more advanced but still cheap analysis methods will also be pursued.
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