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1 - Introduction
This is the intermediate report for the 3rd work package of the GAMBLE project. It provides a first review of the present state of the art and of recent progresses in the use of altimeter data in oceanography, more specifically on the measurement of the sea state and related quantities. 

The report is built as the assemblage of the contributions by different partners of the project. With a partial overlapping, each contribution focuses on a different aspect of the problem, highlighting the present achievements and what we can expect in the future. Given the target, i.e. what the users would like to have available, the practical possibilities are discussed, showing what can be obtained and the trade-offs imposed by opposing requirements.

Section 2 summarises the various contributions, briefly discussing the problems presently faced by scientists and users, the possible proposed solutions, what can be expected and how to get the best out of the data. Section 3 provides a summary of the present state of the art of altimetry, both for the basic principles and implied accuracy, and for applications. Section 4 is devoted to an analysis of the practical use of the altimeter data, and how this could be best achieved with different scenarios. Section 5 focuses on the great potential offered by the innovative use of altimeter for the measurement of the two dimensional wave spectrum. Section 6 briefly describes the Jason mission and the plan for the use of the data. On a separate section we provide a description of the state of the art of radar altimetry and some new concepts for the future developments of this instrument.

2 – Key issues
Altimeter data, for both wind speed and wave height, have been collected for more than a decade, making available an unprecedented volume of data. Key advantages have been the capacity of providing data in areas where virtually no measurement was previously available, and independently of the local wind and wave conditions. This wealth of data drastically improved the knowledge of the conditions to be expected in the sea, and boosted the publication of wind and wave atlases (e.g., the one by Oceanor, Norway). The assimilation of these data into the numerical models operational at the major meteo-oceanographic centres caused a substantial improvement of their skill, both for analysis and forecast products.

While all this sounds very good, problems still exist. However abundant with respect to the previous situation, the altimeter data are still relatively scarce on a global scale, with large gaps in space and time. An orbit with a return period of, e.g., ten days implies at each visited location less than forty data per year, with a gap of 2.5° between adjacent tracks. The number can double if we consider both the up- and down-going parts of the orbit, but this is not always the case. Of course the data are more dense along the track (one every 7 km), but in practice the sampling variability suggests to average these data on much longer distances, providing the so-called, more reliable but less frequent, super-observations.

Also the accuracy of these measurements is still an issue, more for wind speed than for wave height. Both the parameters have strong uncertainties in extreme conditions. This is exactly one of the areas where the users are posing their most pressing demands, particularly for offshore operations.

In the application to forecast models, while for wind the altimeter is complementary to the scatterometer (but it provides high frequency data along the track), it has been the basic instrument for the supply of wave height information. However, the impact of the altimeter is appreciable in a relatively narrow band on the sides of  the ground track. The main drawback has been the lack of capability of singularly correcting, with data assimilation, the single wave systems that compose the two-dimensional spectrum at a given location.  SAR data have been used and useful in this respect, boosting the development of techniques for the assimilation of the measured spectra. Apart from the computer resources required, and the consequent simplifications introduced for practical applications, an underlying objection has been that the extraction of the spectral information from the original signal requires an a priori knowledge of the spectrum, which is obtained from the model where the data are to be assimilated.

The knowledge of the conditions in coastal areas present a particular challenge. On one hand the altimeter cannot provide information very close to the coasts, the minimum distance being in principle half the diameter of the area sampled by the radar. Besides, when flying offshore, a few seconds are required for the instrument to lock again on the sea surface. In this case data are available only from 20-30 km offwards. On the other hand the spatial variability that characterises the coastal environment cannot be adequately sampled by a single altimeter.

One of the key issues for the improvement of the numerical wave model is a better knowledge, hence formulation, of the physics of waves, and of their interaction with the atmosphere. Waves are the interface that controls the fluxes between the two large systems, ocean and atmosphere, that in turn control the earth climate. A better knowledge of the involved processes is clearly highly desirable. However, the basic difficulty in studying the physics of waves , p.e. their generation by wind, is the characteristic of the processes of taking place as a sequence of single, highly concentrated, events, but sparse in space and time. Therefore a satellite can only detect the integrated effect, and be used as the verification tool of a numerical model trying to represent the physical truth. While this approach can be very effective, it is potentially hampered by the  much larger distances over which  the altimeter data are presently available. It is also clear that the single knowledge of Hs is a rather crude information, and the availability of the two-dimensional spectrum is highly desirable.

From the above it is clear that there is still plenty to do. We need to improve the altimeter information both as quantity (number of satellites) and quality (wave spectra). As discussed later, ad hoc solutions, with synergy with other systems, are required in coastal areas.

GANDER, discussed in more details in section 4, is the obvious solution for quantity. The twelve proposed satellites imply a corresponding increase  of the available information, solving some of the points just discussed. The question becomes the optimisation of the orbits. The choice depends on the use of the data. For analysis and forecast purposes it is relevant to have the data covering all the oceans. However, no particular constraint exists about the return period and an exact determination of the orbit, provided no area is left unvisited for too long. If the focus is on climatology, we can choose sampling more frequently certain areas (short return period), providing highly reliable results at only part of the sea surface. Alternatively, a longer return period would provide less data per point or area, but with a very dense distribution. The number of satellite proposed for GANDER allows a trade-off between the two approaches. Three satellites on each of  four equally separated orbital planes, or six ones on each of two planes, would satisfy both the requirements.

The value of the information available from GANDER would be highly enhanced if coupled with information on the spectral distribution of energy, as it could be provided by SWIMSAT, without any a priori knowledge of the spectrum. Extensive tests, described in section 5, have clearly shown the advantage of assimilating into the operational wave models directional information rather the single wave heights. On one hand, in principle this allows a correction of the model first guess for every wave system that is part of the spectrum. Generated by different, and often distant, storms, each system is represented in the model with a different level of accuracy. As the tests have shown, a specific correction has a much longer lasting effect on the quality of the forecast. Perhaps the greatest impact will be on swell, frequently the most difficult part of the forecast because of its generation at previous times and often far distances. On the other hand the system, and the model, have a long lasting memory for swell. Therefore any correction in the frequency part of the spectrum will have a positive impact not only locally, but also in the areas where the swell is propagating.

Providing all the required information in coastal areas is quite a different matter. The spatial variability of the wind and wave conditions close to the coasts is such that no presently conceivable satellite system can supply the required data. On the other hand the narrow band of sea that borders the continents, with their full and complicated geometry, is where most of the economical and safety issues are concentrated. The solution can only be a synergy among complementary systems. The combined use of global or large scale meteorological and oceanographic models will supply the conditions offshore, where, although affected by the continents, the conditions do not show yet the variability that will characterise them once closer to coasts. This offshore information can be the input to local high  resolution models, possibly complemented with local measurements, e.g. radar or buoys. Clearly, in general this (especially the measurement part) is not possible  on the whole coastline, but it is certainly feasible for specific locations of interest. The vision we anticipate for the future  is a continuous sequence of local scale high resolution models all along the coasts, complemented here and there, where necessary or required, with local measurements. It is not excessive to stress the role of the altimeter data in such a system. A local model can provide correct results only as far as the input data are correct. Particularly in continental areas, the present global model results (U10 and Hs) are often underestimated. Altimeter data are essential to provide a necessary reference for their correction and assimilation.

The climatological use of altimetry requires continuity in the measurements. Given the limited time span of each mission (although ERS and especially T/P were successful beyond expectations), and to avoid multiple and complicated calibration campaigns, an overlap of the different missions is highly recommendable. The almost twelve consecutive years provided by ERS1-2 and T/P have been taken over by ENVISAT and by Jason-1, a follow up of T/P. Jason-1 has a similar set of instruments as T/P, but with a much reduced weight and volume. It is planned to be followed by Jason-2 in 2005.

While the conventional nadir looking altimeters have provided a wealth of data previously unknown, new concepts are being proposed that will greatly increase the possibilities offered by the instrument. The new concepts act both on quantity, the obvious example being the mentioned GANDER, and on innovative techniques. SWIMSAT has already been mentioned, and the availability of wave spectra will substantially improve the quality of the wave forecast. The delay doppler altimetry (the WITTEX proposal) will have the capability of sampling small cells within the altimeter footprint combining the signal from three mini satellites flying with a short separation along closely parallel ground tracks. Altika proposes a low cost Ka-band integrated altimeter/radiometer, with the capability of a noise reduction that would allow the detection on the ocean surface of shorter wavelengths than it is presently possible, and a better performance when approaching or leaving coastal boundaries. This would be extremely important for all the coastal studies, as we have discussed above. WSOA (Wide Swath Ocean Altimeter) aims at solving one of the main limitations of the present altimeter data concerning the ocean circulation. In order to map ocean mesoscale phenomena adequately, it is necessary to be able to resolves phenomena that are on the order of the Rossby radius of deformation (30 km or more). The corresponding lifetime is on the order of a month. A simple nadir looking signal would not be able to visit adequately a region to follow the evolution of such systems. WSOA proposes to supplement a conventional, although improved, altimeter with an interferometer. This would allow sampling the surface with between 100 and 670 m cross-track resolution, and 13.5 km in the along-track direction. Still reduced to the average every 15 km for noise reduction, the resolution would be sufficient for the detection of the small surface features, while the 200 wide swath would ensure visiting the same area frequently enough to follow the evolution of the circulation systems.

More futuristic concepts are the inclined swath altimeter and the GPS altimetry. The latter one would provide the same data of a conventional altimeter, but making use of the signals emitted by the GPS satellites and reflected by the sea surface. The echoes would be recorded by “parasitic” cheap satellites. The concepts are very promising, but still at the level of study, not feasible for a mission before 5-10 years from now.

3 - Wind and Waves

While the primary mission of altimeters over the oceans is the measurement of sea surface height, the measurement of ocean winds and waves by satellite altimeters is a major additional benefit. In addition, the effect of sea state on retrieval of sea surface height, so-called "sea state bias", requires consideration of the wave field for the primary mission. In this section, we summarise the many potential uses of wind and wave data, the characteristics and quality of altimeter data, and the main factors determining satisfaction of end-user requirements for both current missions and possible future missions.

3.1 - Background and Key Issues


The oceans are essential to mankind both for everyday commerce and for their role in moderating climate. Wind and waves directly affect both commerce (e.g., disruption of trade, oil production and fishing by storms) and climate forcing (through their relationship to atmosphere-ocean fluxes [Jones and Toba 2001]). Where accidents do occur due to storms, there is often a severe risk of pollution. The oceans are also increasingly seen as a source of renewable energy, with wave and offshore wind prominent in development plans.
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Figure 1. Mean significant wave height in the North Atlantic in each month (units: metres). Top row, left to right: January, February, March; continuing to December in bottom right. [Woolf et al. 2002a].


One of the main practical applications of wind and wave data derived from altimeter measurements is the production of reliable atlases of wind and wave climate [Young and Holland 1996]. An example is given in Figure 1. Scientific applications include validation of meteorological hindcasts [Sterl et al. 1998; Woolf and Challenor 2002] and as the basis for flux climatologies. Commercial applications include evaluation of wind and wave energy resource, and evaluation of risks to shipping, marine structures and coastal defences.

Applications of individual orbit data, especially real-time data, include assimilation into the forecasts produced by operational meteorological and wave models operational at various centres (e.g., the European Centre for Medium-Range Weather Forecast, Reading, UK) and as part of a weather warning system to shipping [e.g., http://www.satobsys.co.uk/WWWaves]
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Figure 2: The relationship of inter-annual variability in mean monthly wave heights during the winter months (December - March) to the North Atlantic Oscillation. The upper panel maps the apparent sensitivity of mean monthly wave height to the NAO index (units are metres/unit NAO index). The lower panel shows the measured anomaly in wave height (crosses) and that implied by the NAO index (squares) at the edge of the Hebridean shelf (57o-58oN, 8o-10oW). [Woolf et al. 2002b]

Where long-term altimeter records exist, e.g., the continuous 10 years dataset from Topex/Poseidon, altimeter wind and wave information can also serve to monitor inter-annual and decadal variability of the atmospheric forcing and the response of the ocean. As well as monitoring its temporal variability, the global capabilities of spaceborne altimeters allow changes in spatial distribution to be detected. Thus, it is possible (see Figure 2) to establish an association between variability in the North Atlantic wave climate and the North Atlantic Oscillation [Woolf et al. 2002a, 2002b]: 

3.2 - Measurement Principles

Estimates of wind and waves from altimeter data originate in analysis of the return from the sea surface. A purely theoretical analysis of altimeter return signals can lead to significant uncertainties, and calibration against in situ wind and wave data is recommended [Challenor and Cotton 2002]. The back scatter, (o, from the sea surface is mainly sensitive to small scale surface roughness (short ocean waves), and since these respond rapidly to the local wind, (o is the primary variable used in estimating wind speed [e.g., Witter and Chelton 1991] or wind stress. However, (o is also sensitive to much larger waves that are only related weakly to the local wind; therefore some recent algorithms for wind speed [Gourrion et al 2000; Gommenginger et al 2002a] also include the altimeter estimate of significant wave height.
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Figure 3: Theoretical SSB coefficient after Srokosz [1986] for NDBC directional spectra against (a) buoy wind speed, (b) buoy SWH (c) buoy rms slope in the case of an f-5 tail extension, and (d) in the “no-tail” case against rms slope. Key to symbols: ‘x’: G.Mexico (42002), ‘o’: Virginia Beach (44014), ‘(’: Hawaii (51026).

Significant wave height (SWH) can be estimated due to the blurring of the leading edge of the return pulse by large waves, since the radar signal can be reflected from both the troughs and peaks of waves. The sea surface height is usually estimated from the centre point of the leading edge. Estimates of sea surface height can be affected by the statistics of wave elevation and slope, resulting in an error known as "sea state bias" (SSB). Due to the presence of non-linear ocean waves, the mean sea level is underestimated [Srokosz 1986]. This error (see Figure 3) is currently corrected for in operational altimeters using an empirical dependence on the altimeter wind speed and significant wave height data [Gaspar 1994; Gaspar and Florens 1998], although more recent findings relate SSB more closely to the surface rms slope [Gommenginger  et al. 2002b; Millet et al. 2002].


Additional wave properties that can be estimated directly by altimeter include wave period [Davies and Challenor 1997].

Calculation of wind and wave properties can also be affected by onboard processing of altimeter waveform data [Quartly 2000]. For wind speed and wave height, imperfections of the waveform and processing errors are generally not a major issue compared to other retrieval errors. However, some developments, e.g., study of the skewness of ocean waves, may require more precise waveforms and exact processing.


Each datum is a statistical value for an area of sea surface of approximately 10 km diameter. Overlapping of the footprint with land restricts use of data in coastal regions. There also tends to be a delay of tens of kilometres after the footprint leaves land before it satisfactorily "locks on" to the sea surface. Since each altimeter can only measure a single value at any one time (compared to many for an "imaging" sensor), a major issue is the sparse sampling by one or a few satellite altimeters. This is particularly significant for wind and waves (especially wind) which have short auto-correlation lengths (both spatially and temporally) making adequate sampling difficult. For climatology, the globe is divided into grid squares and for each orbit a single value of each variable is retained (the median of valid retrievals) for each grid square crossed. Grid square dimensions should not be larger than the auto-correlation length of the geophysical variable (otherwise the set of median values will not truly represent the climate), and particularly for wind speed this tends to lead to a very sparsely sampled climate for a single month or less.

3.3 - Expectations and Current Performance

Altimeter significant wave height (SWH) measurements have been shown to compare satisfactorily with collocated in situ buoy wave height estimates [Cotton 1998; Challenor and Cotton 2002]. Systematic bias is less than 0.1 metres and random bias on individual passes is ≈ 0.3 metres. There is a theoretical risk that a mismatch between the distribution of surface elevations assumed by the retrieval algorithm (gaussian) and the true statistics (non-gaussian in a steep sea) can produce an error in the estimated significant wave height. This error would be expected to require different calibrations between regions dominated by swell and regions dominated by steep wind-driven sea; but in fact, there is no convincing evidence that altimeter-buoy relations vary regionally. For SWH, the precision of current satellite radar altimeters is similar or better than that of wave buoys; both are sufficient for most purposes. Only the performance of both altimeters and buoys in extreme conditions is an outstanding concern. Calibrations against in situ data thus far have been limited to linear relations. There is some evidence of weak non-linearities. This may be an issue for extreme wave heights, and both the sparsity and reliability of calibration data for very large wave heights remains problematic. Systematic and random bias may be significantly greater than the general values for wave heights in excess of 10 metres. 

Estimated errors in wind speed or wind stress retrieval from the altimeter remain stubbornly high. There are two main reasons why the accuracy of altimeters is generally poorer than for scatterometers. Firstly, there is less calibration data for altimeters. Secondly, altimeter back scatter is far more sensitive to long surface waves than is scatterometer back scatter. The algorithm of Witter and Chelton [1991] is still widely used, but one extensive study [Gommenginger et al 2002a] estimates a systematic bias in wind speed ≈ 0.3 metres/second and RMS errors for individual passes ≈ 1.5 m/s for this algorithm of TOPEX compared to collocated buoy data. The systematic bias can be eliminated with newly fitted algorithms, but an algorithm fitted to data in one region may lead to substantial biases in another region. Incorporating the estimate of SWH in algorithms can slightly reduce RMS error, to ≈ 1.3 m/s. The relation between the altimeter back scatter measurements and the ocean surface properties are not entirely resolved. Altimeter wind speeds include residual sea state effects [Glazman and Greyshuk 1993; Gommenginger et al. 2002a] that may lead to seasonal and regional biases (Figure 4). Even recently proposed altimeter wind speed models that include SWH [Gourrion et al. 2000] nevertheless display a residual dependence on wave age (Figure 5). At the same time, the widely used relation between wind stress and the ocean wave age has been challenged [Taylor and Yelland 2001] in favour of a dependence on wave height and wave length, both of which may be extracted from altimeter data [Davies and Challenor 1997]. Meanwhile, the availability of dual frequency backscatter measurements from the TOPEX altimeter has resulted in a number of studies into the retrieval of for example wind stress [Elfouhaily et al 1998] or rain rate [Quartly 1998], using nadir altimeter measurements. However, there is no convincing statistical evidence that using dual-frequency data improves the accuracy of wind speed or wind stress retrieval from TOPEX [Gommenginger et al. 2002].
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Figure 4. Global monthly (February 1994) averaged altimeter wind speed gridded over 1.5x1.5 degree boxes. Subplots from top left to bottom right show respectively (a) number of Topex passes, (b) altimeter backscatter at Ku-band, (0Ku, (c) altimeter significant wave height at Ku band, (d) altimeter wind speed after Witter and Chelton [1991], (e) altimeter wind speed after Freilich and Challenor [1994], (f) altimeter wind speed after Gourrion et al. [2000], (g) = (d) - (e), (h) = (d) – (f), (i) = (e) – (f). In (i), see how the wind speed difference between the (0Ku-only model by Freilich and Challenor and the ((0Ku,SWH) model by Gourrion et al. [2000] reaches up to 1 m/s in the monthly mean. This SWH effect is in addition to the wave age effect see in Figure 5. [Gommenginger et al. 2002c].

Another, possibly more critical, application of altimeter wind and wave data, lies in the need to correct the altimeter mean sea level measurements for sea state bias (SSB) error. The SSB error is the largest remaining error in the altimeter sea surface height measurements, and can easily obscure genuine ocean circulation feature as the height error can reach several percent of the significant wave height (e.g. 4% of 3 m SWH =  12 cm). The error in SSB estimates using current algorithms is difficult to assess but should be ( 1% of SWH.

It is possible to retrieve zero-upcrossing period to an RMS accuracy of 0.5 seconds [Davies et al. 1997].
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Figure 5: Residual altimeter wind speed error against wave age for a number of altimeter wind speed retrieval models. The trend was observed using a dataset of collocated Topex/buoy measurements [Gommenginger et al. 2002a] with available in situ information on wave period.

In climatology, the accuracy of individual estimates is secondary to the accuracy of statistics for a given region and season. Tokmakian and Challenor [1999] described a simple method for estimating errors in climatologies and Woolf and Challenor [2002] have applied this to gridded climatologies of monthly SWH statistics. The estimated error in monthly mean SWH for individual 4.5x4.5 degree grid squares from a single satellite is typically ≈ 0.2 metres (Figure 6), but is higher for smaller grid squares and in relatively stormy regions. This error is generally slightly lower than a simple estimate of the uncertainty in the mean based on an estimate of population variance and gaussian statistics (Figure 7). Higher moments of SWH statistics (e.g. inter-month variance) are yet more adversely affected by sparse sampling. Most of the limitations in satellite climatologies of SWH appear to arise from sparse sampling rather than inaccuracy in individual measurements.

While individual estimates of wind speed are poor compared to those of SWH, sparse sampling is again the greater problem for wind speed. Related estimates, e.g., gas transfer velocity [Glover et al. 2001], will also be adversely affected by sparse sampling. Wind speed estimates from altimeter on their own are not particularly important, where scatterometer data is also available. However, the unique combination of measurements of short and long wave roughness has a number of applications.
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Figure 6. Errors in satellite and model climatologies: global study. (a) Systematic bias in monthly mean significant wave height between Topex/Poseidon and ERS-1 plotted against wave height (the average of the two estimates). (b) Systematic bias between WAM-ERA and ERS-1 plotted against wave height. (c) Histograms of estimated root-mean-square errors of each climatology from all grid squares common to all three climatologies. [Woolf and Challenor 2002].


[image: image9.wmf]
Figure 7. Estimates of root-mean-square error in ERS-1 values of mean monthly significant wave height in each grid square plotted against an estimate of "sampling uncertainty" calculated from the measured variability within each month and the number of samples of the particular grid square in each month. The diagonal line shows the 1:1 ratio of the quantities. [Woolf and Challenor 2002].

3.4 - Mission Characteristics

The outstanding characteristic for wind and wave climatology is the density of sampling. Sampling density can only be addressed substantially by increasing the number of satellite altimeters. There is a trade off between spatial and temporal sampling according to return period and therefore the period is not especially crucial for open ocean climatology. However, if the return period is reduced much below that of TOPEX/Poseidon (9 days 22 hours), there will be a large number of gaps in a gridded climatology. Nearer the coast, the sampling demand is much higher since wave climate will vary on much shorter scales. Gridded data is not suitable in this case and climatology must be calculated from repeated individual tracks. For coastal applications using a single satellite, a relatively short repeat cycle is more useful since at least a few locations are sampled adequately, but this leaves large unsampled swathes. A constellation ~12 altimeters uniformly spaced on a common orbit of repetition ~35 days would give reasonable spatial and temporal sampling. In the open ocean, an accurate orbit is not crucial, but nearer shore exact repetition (<5km) of orbits is fairly important.
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3.5 - Future Developments

Improvements or elaborations of the basic altimeter concept are of only secondary importance to increasing the number of satellite altimeters. It should be noted that wide swath altimeters such as WSOA do not measure wave height across the swath. However, some useful developments can be identified.

The quality of the waveform on current altimeters is generally adequate, but improvement may benefit relatively demanding wave applications such as estimating the skewness of sea surface elevation.

The measurement of RMS slope from altimeter would be useful, for example for SSB and gas transfer velocity applications. Elfouhaily et al (2001) have suggested a method relying on the Doppler-delay spectrum in GNSS bistatic configurations.

Validation data from meteorological buoys is a continuing need, and future deployments in more remote regions (e.g., Southern Ocean) would be helpful.

Development of a directional capability (suggestions include a rotating near-nadir beam, and a "knife-edge" beam) would open up new applications.

4 - Observations on the use of satellite altimeter wave measurements for offshore operations

4.1  - Introduction

We can separate the applications of altimeter wave data for offshore operations into two types – listed below with some suggested key issues:

· Near Real Time Applications

Combination with other data sources – models, HF Radar, in situ (buoys, ships).

Accurate representation of severe conditions.

Difficulties in monitoring high frequency small scale variability close to coasts.

Higher accuracy requirements from operational users.

· Climatological Applications

How to include year to year variability in statistics.

Including tropical cyclones etc in statistical data bases.

Need to estimate very low probability occurrences.

Accurate measurements and estimates of extreme values.

Near real time applications will typically involve data from a number of sources – possibly including assimilation into wave models. Users will use this information to aid short term planning and on site decision making. Climatological data are used for vessel, platform and operations design, and for longer term planning (e.g. to identify the likely occurrence of suitable “weather windows”). Again data from a variety of sources may be used, satellite data, ship/buoy data, and long term (> 10 year)  wave model hindcasts. 

The EC COMKISS study (Cotton et al, 2000c) considered how satellite data could be better used in both types of applications. Some of the recommendations will be discussed here, but the reader is referred to the project web site for more detailed information (http://www.satobsys.co.uk/Projects/Comkiss/index.html)

4.2 - Near Real Time Applications

The COMKISS study concluded that many offshore users require higher accuracy sea state forecasts than are provided by the present sources. Problems are encountered when unexpectedly severe conditions occur. Many forecast sources now have an impressive reliability, but the few occasions when they fail are often during severe events when the consequences are the most serious. It is perhaps surprising that it is difficult to find statistics on the level of reliability with which particularly severe conditions are predicted. 

The main requirements for improved provision, for offshore users, are:

· Improved resolution in coastal regions (ideally 3 hourly, < 10km – obviously cannot be satisfied by satellite measurements alone, but requires combination of techniques).

· Improved provision in semi-enclosed areas where wave models can be deficient.

· Increase temporal and spatial coverage offshore, by at least one order of magnitude.

· Separate information on wind sea and swell.

· Wave Direction and period information.

Grant et al. (1995) summarised the particular requirements of sea state and current information for floating platforms (perhaps one of the most important new developments in offshore exploration). Priorities are:

· wave period relationships (Tz (Zero upcrossing period) and Tp (peak period)

· wave steepness  

· wave spreading and directionality

· wave spectral formulations

· extended scatter diagrams (i.e. 2D histograms -  significant wave height against wave period).

· assessments of the joint occurrence of winds, waves and currents.

They also noted that the lack of long term simultaneous wind, wave and current data was a problem, because there was a requirement for joint probability statistics. In particular there was a noted lack of surface current data.

Satellite data in Operational Wave models

Many operational wave models now incorporate altimeter wave data through assimilation schemes – e.g. UKMO, ECMWF, Méteo-France and NCEP (USA). See various papers by Bauer et al. (1992), Guillaume and Hansen(1993), Hauser(2001), Komen et al. (1994), Lefevre and Cotton (2001), Lionello et al (1992), and many others.   All agree that assimilation of wave data has a beneficial impact on wave models, improving the analysis and forecast close to the time and location of the assimilated data. However, the significance of the impact is limited in time and space, by the nature of the sea state – it appears that swell is more affected by assimilation than locally generated wind sea, and also by the type of assimilation scheme that is used.

Lefevre (1992) found that the impact of assimilation was significant for short range forecasts (up to 2 days) in windy areas and for medium range forecasts (3-10 days) in areas dominated by swell. Komen et al. (1994) assessed that impact of assimilation was reduced in one day by a factor of three in the tropics and a factor of four on the whole globe. Impact is reduced by a factor of 10 after 5 days in the tropics and after two days globally. 

Guillaume and Hanssen (1993) analysed the spatial extent of the impact of assimilating ERS-1 data during a  single 6 hour period. They found an impact ~5° either side of the altimeter track.

Thus it seems that a single satellite can only impact a very limited area of the world’s oceans in a wave model assimilation scheme, and that this impact will be lost significantly (if not completely) by the time the altimeter revisits ( > 3 days).

GANDER 

Satellite Observing Systems (SOS) proposed the GANDER multi-satellite mission as a way to provide a global operational near real time monitoring system for ocean sea state. As part of the feasibility study for the GANDER satellite proposal SOS initiated studies with Environmental Systems Science Centre (ESSC) to determine the best orbital arrangement for a constellation of satellites to capture variability in sea state fields (Cotton et al, 2000a).

Orbits Study

Specifications for the study were.

· 12 operational satellites.

· 4 orbital planes maximum.

· Sampling must at least reach 70°N.

· 800 km orbit assumed for this study - acceptable range 600-1000 km.

The study was based upon an analysis of orbital patterns and sampling of the ECMWF model hindcast wave fields, 6 hourly intervals, 1° x 1° grid 1993-94, and 1997-98.

The study analysed the sampling of the wave fields within 5 scenarios:

1) 2 planes, 
6 per plane 
180° plane separation 
72° inclination.

2) 12 planes,  
1 per plane 
evenly separated
72° inclination.

3) 2 planes, 
6 per plane 
90° plane separation   sun synchronous.

4) 4 planes,
3 per plane
90° plane separation   72° inclination.

5) 4 planes,
3 per plane
90° plane separation 
sun synchronous

Characteristics of wave fields associated with Northern Hemisphere storms

[image: image10.wmf]
Figure 1 ECMWF 1 degree 6 hourly modelled wave height data.

The regions of high significant wave heights (  >5m) are shown in red.

Figure 1 gives an example of the significant wave height field at one model forecast time step. General characteristics are:

· High significant wave heights ( > 5m) cover large areas.

· Significant variability exists on short time scales (6-24 hours). (Note with a 6 hr time step it is not possible to assess variability on time scales less than 6 hours)

· Highest variability occurs in the 40°-60° latitude band.

· Winter storms are more intense and quicker moving (but not more numerous).

Sampling Patterns

[image: image11.wmf][image: image12.wmf]
Figure 2 (a) 6 hour  propagation of scenario 1, 2 planes, 6 satellites in each, (b) 6 hour  propagation of scenario 4, 4 planes 3 satellites in each.

Figure 2 shows the ground track coverage of two of the orbit scenarios proposed for GANDER (1 and 4). Scenario 4 gives the better coverage, scenario 1 leaves large regions un-sampled in the 6 hour interval.

Indicative Sampling Characteristics for Multi-Satellite constellations

Table 1 gives an overview of the time and space sampling characteristics of various 12 satellite constellations:

No. Planes
Sats per plane
Plane spacing
Sat spacing
Track spacing at equator
Track spacing at 45°
Mean time between planes

1
12
360°
2.1°
233 km
163 km
12 hrs

2
6
90°
4.2°
466 km
326 km
6 hrs

4
3
45°
8.3°
921 km
645 km
3 hrs

6
2
30°
12.5°
1387 km
971 km
2 hrs

12
1
15°
25°
2775 km
1943 km
1 hr

Table 1. Indicative ground track spacing characteristics for a 12 satellite constellation

N.B. If 2nd plane is interleaved, then ground track spacing is halved for 12 hour sampling. Satellite spacing assumes ~ 100 min orbital period.

We note from Figure 2 and Table 1: 

· More satellites per plane gives smaller spatial separation between satellite tracks - but a longer gap between revisit times.

· 12 satellites per plane gives best one-off representation per pass, but 12 hours before revisit. 

· 3 satellites on each of 4 planes gives more even coverage in time and space and are able to capture more of the variability than other options.

For the purposes of the GANDER proposal (Jolly et al, 2000), which aimed to provide an operational near real time global sea state monitoring service, it was concluded that the best solution was given by:

6 satellites in each of two planes, ~90° apart, with an inclination of ~80°

One plane would give inadequate revisit interval to ocean regions (12 hours). Four planes would significantly add to launch costs, or delay to reach operational configuration, not justified by improvement in sampling.

GANDER and Wave Models

A constellation of 12 operational satellites, 6 each in two orbit planes would, in a period of 6 hours provide measurements at track separations of 4° over the globe (see Table 1). If we interpret this in terms of Guillaume and Hansen’s (1993)  findings for assimilation into wave models, this means that assimilation of these data into an ocean model will have an effect on every part of the world’s oceans – and that this impact will be refreshed every 6 hours, before the impact of the previous observations (6 hours ago) has been lost.

This simplistic approach would indicate that, if used in conjunction with wave models, a 12 satellite constellation would provide an improvement to the analysis and forecast wave field (effective for more than 3 days in the case of swell dominated regions) at all ocean locations. 

Coastal Studies

Monitoring sea state in near real time over coastal regions provides a significant challenge, because so much important variability occurs at high frequency (of the order of hours or less) and on small spatial scales (kms). 

We have suggested that 12 or more satellites carrying (nadir) radar altimeters would be required to supply an effective monitoring service over the offshore ocean. The coastal requirements are even more demanding (~10 km every three hours), implying a requirement of 60 satellites in each of four planes – 240, all told. Even if a wide swath wave measuring radar were available with dual sided 100 km swath, it would take 10 or more such instruments to provide the required coverage. Thus it is not realistic to expect that satellite altimeter data alone can meet the coastal data requirements. The present state of the art scatterometers (e.g. Quikscat) provide wind fields with a daily coverage at 25 km resolution, and so even these instruments would not provide wind fields at the necessary resolution (<10km).  Another option may be SAR image data. These data have been seen to provide highly detailed information of wind wave variability near the coast (see e.g. Alpers et al, 1998). However, there are associated processing and cost problems and coverage is again limited. The ERS-2 SAR has a swath width of 100 km (giving a latitudinal coverage of 2800 km per day, so one such satellite would take approximately 15 days to provide complete global coverage. 

Therefore in the short term the best practical solutions are tailor made solutions for any given area, making use of the infra structure and capabilities that are locally available. 

The ability of HF wave radar to measure ocean waves has been demonstrated by a number of researchers (see. e.g Wyatt 1999). Other developments have demonstrated how a modified ship’s  X-band radar can measure local wave fields  (Reichert et al., 1999). A series of EC projects have carried out trials of combined operational wave models and surface radar  (EUROROSE, SCAWVEX).

A combination of such measurements with local wave models (validated by in situ  and altimeter data) should be able to provide an adequate monitoring service in coastal waters. In this case altimeter would provide a validation / verification role, rather than through direct input to forecast/nowcast systems.

4.3 - Climatological Applications

Various data sources have been used to generate ocean wave climatologies, which are put to use in a wide range of applications. 

Wave Climate Databases

Visual observations of winds and waves by commercial ships have been archived for a century and a half. The most well-known compilations of these observations are the OWS (Ocean Wave Statistics, Hogben & Lumb, 1967) and the more recent Global Wave Statistics (GWS, Dacunha and Hogben, 1989). The main advantages are the length of the collection period and their suitability to shipping applications, because they incorporate the effect of bad weather avoidance and are well-documented for the major shipping routes. The main drawbacks are the lack of information outside the main routes, the poor accuracy for wave periods (poorly estimated even by experienced observers), the lack of wind information, and some deficiencies in seasonal representation and in reporting extremes.

Hindcasts compute wave heights from historical wind databases. The computer codes which simulate the physical wave processes have reached a good level of maturity, but errors and uncertainties in the input wind fields are amplified by this process, as wave heights are roughly proportional to the square of the wind speed. The quality of the results is thus often impaired by the lack of accuracy or of validation of the wind data, especially for regions where few observations are available, such as in most of the southern hemisphere. The main advantages of hindcasts are that they provide world-wide, long-duration histories of waves. The main drawbacks are that they are proprietary and costly, that they depend on the personal skills of the analysts who verified and corrected the wind fields, and that they have limited accuracy in extreme conditions. However, it should be noted that the availability of satellite scatterometer measurements of winds during the last decade has significantly improved the accuracy of the wind field. Cotton et al., (2000b) compare three types of wave climatology: one derived from visually observed ship data, one from a 15 year hindcast and one from satellite altimeter data. They show that the visually observed data tend to overestimate low waves and underestimate high waves, as do the hindcast model output (though to a lesser extent). Interestingly, they also found that the hindcast and visually observed climatologies show different patterns of long term trends in the North Atlantic. The altimeter data do not provide a long enough time series to consider decadal patterns of variability.

In comparison to “conventional” databases, satellite information brings in the advantages of better quality and accuracy, especially in areas where there are few reliable field measurements to calibrate hindcast models. If SAR wave mode data and radiometer data are also included, they could in principle provide a more detailed characterisation of sea conditions (directional spectra, sea surface temperature). Of course satellite data provide complete global coverage (for instance GWS provides no coverage in the seas off West Africa). One of the main drawbacks of satellite data is that the length of record, though now over 10 years, is still too short to take into account long-term variability or decadal trends. In addition, satellites (in their present mode of operation) may under-sample small and fast moving storms such as tropical cyclones. Finally, it is not possible to reconstruct histories for use in Monte Carlo simulations because of the sparseness of the time-space sampling. 

IMDSS (Integrated Marine Decision Support System) – OceanWeather.

Perhaps the state of the art hindcast derived data base is IMDSS, generated from a 40 years re-analysis wind field (ERA40 see Swail and Cox, 2000). The grid is 2.5° x 2.5°, and directional wave spectra are available, represented by 12 parameters. Each gridpoint has 45 normalised scatter diagrams, under 5 time categories (long time average, four three-month seasons) and 9 directions. For other purposes all the forecast data are also separately archived and available (useful for Monte Carlo simulations).

Comparison of Wave Climate Databases

A comparison of wave climate data bases was carried out within the COMKISS project (Brugghe et al, 2000). Key findings were:

· The visual observations database consistently gave higher waves (by about 30%), than the hindcast and satellite  databases, which were in good agreement.

· Areas affected by cyclones give different results for the hindcast and satellite data bases. This is probably because the databases cover relatively short time periods and may contain different numbers of such events. This anomaly should diminish as databases cover longer periods of time. Differences were noted between databases because of different representation of the monsoon season (i.e. the seasonal separation was not consistent between databases).

· The input data used in the visual observations database covers a longer period than the hindcast and satellite data, and so should have a better representation of cyclones.

Year to Year Variability 

Anderson et al (2001) carried out a study into the important effect of year to year variability on the accuracy of estimates of extreme values (e.g. 100 yr return values for significant wave height). 

Estimates of extremes for use in the design of offshore structures are often obtained by analysing only one or two years of data from a nearby location, so long-term variability is not present in the data set. Even when longer periods of data or hindcast estimates are available, the analysis rarely considers temporal variability and takes no account of spatial variability.  Thus estimates in extremes can be sometimes significantly in error. There are further difficulties in detecting any increase in extreme waves, associated with man-induced changes in storm activity, because of the shortage of data and the lack of knowledge of the natural variability.

This analysis therefore emphasises the need for a long time series of consistent data.

Climatology Requirements 

Requirements of data bases for design, and operational planning were:

· Wave climate data bases with joint distributions of wave height and period.

· Availability of directional and wavelength information.

· Distribution functions with data into tails of distributions – for accurate estimates of extremes (implying higher sampling rate).

· Accurate representation of seasonal variability.

· An understanding of the characteristics of inter annual variability, and the consequences on the extrapolation of extreme values from a limited time series of data.

· Time ordered (or time registered) data bases.

A question to ask for this study is – How would we design future altimeter missions to make the best contribution to climate databases.

Other questions :

· How well do the data bases capture/represent inter-annual variability?

· How well do they capture extreme events (e.g. tropical cyclones)?

· Do they contain all the important parameters (significant wave height, direction, period, separate wind sea and swell)?

· Are the data easy to use and affordable (important factors!)?

Coastal Climate

A similar problem confront those trying to develop near coast climatologies as do those developing coastal applications of near real time wave data – that of small scale spatial variability. The wave climate can vary on very small spatial scales (~ km) following variability in coastline, bottom topography and exposure to dominant wave fields.

Generally, a hybrid approach is required (as for near real time), whereby various data sources are combined with input from hindcast models, and then used as input to shallow water, gridded or ray tracing, models. Examples are the  EUROWAVES project (Cavaleri et al, 1999) which provides a solution for the whole European coastline, or the  JERICHO study (Cotton et al, 1999) which investigated wave climate variability at a number of locations on the UK coastline

It is important to note here the value of high resolution along track measurements of significant wave height that are available from altimeters – particularly where the satellite track lies orthogonal to the coast. Often these measurements provide the only accurate measurements of decay in wave heights as land sheltering, and bottom shelving come into play.

4.4 - Conclusions

Satellite radar altimeter data are now widely accepted and used by offshore operators. It is recognised that they provide reliable, global, significant wave height data information that would otherwise not be available. In addition they have helped to identify problems to enhance the reliability of other data sources (through assimilation / validation). 

Some final summary points:

· More intense sampling is required, for both near real time (to give up to date local information on conditions) and climatological applications (to provide information in the tails of distributions, and to get a better chance of sampling small fast moving features such as tropical cyclones.

· Ideally, directional, and wave period information are required. Separate information on wind sea and swell is especially requested.

· Long consistent time series of data are required to capture inter-annual reliability.

· High spatial resolution ( ~5 km) data are required close to the coast.

· A constellation of 12 satellites, distributed evenly across two orbital planes, would provide measurements within ± 233 km of any ocean location every 6 hours. 

Appendices

Appendix A. Offshore Operator’s Requirements

EUROGOOS questionnaire

Fischer and Flemming, (1999) report on a detailed EUROGOOS Requirements Survey (ERS). There were a wide range of respondents (155 data using agencies) from 6 countries. Although only a subset of countries were represented, the replies were found to be stable and are so representative of the general European community of users. 


Most chosen
Ranked by no of sectors, then by no of respondents
Research
Transport
Environment
Building
Defence
Food
Energy

Variable
rank
No
rank
No sectors / respondents
rank 

 
rank 

 
Rank 

 
Rank 

 
rank 

 
Rank 

 
Rank 

 

current vel.
1
94
2
7/34
4
2
8
2
8
2
2

current dir.
2
93
1
7/35
3
1
7
1
7
1
1

wave Hs
3
85
6
7/23
12
10
-
4
11
5
4

wave period
4
81
7
7/22
19
7
-
5
12
7
5

wave dir. spectrum
6
75
5
7/25
11
6
-
3
1
4
3

wind stress
7
71
4
7/26
5
5
10
8
10
6
-

wave spectrum
8
68
8
7/21
13
8
-
7
2
11
-

wave swell
9
67
9
7/20
-
9
-
6
13
12
6

surface currents
14
55
 14
5/17
-
-
-
-
4
15
7

hourly mean sea level
15
48
 12
6/16
-
-
13
11
15
-
-

oceanic tides 
19=
38
16=
5/13
-
11
-
-
-
-
-

geostrophic currents
20=
35
33=
4/11
-
-
-
-
-
-
-

precipitation
20=
35
30=
4/12
18
-
-
-
-
-
-

meteorological forcing
24=
34
39=
4/10
-
-
17
-
-
-
-

monthly mean sea level
24=
34
39=
4/10
-
3
-
-
-
-
-

sea level anomaly
29
33
33=
4/11
-
-
-
20
-
-
-

Eddies, fronts and jets
34
30
30=
 4/12
-
-
-
-
-
-
10

Table A1. Oceanographic parameters requested in the Eurogoos Requirements Survey. 

Fischer and Flemming (1999) list priorities of data types according to sector, ranked according to the number of respondents who showed an interest in each data type. There is no ranking according to economic value or scientific importance. Table A1 provides a summary of the interest in sea state fields and sea surface topography variables. 

The survey does not tell us whether the users are already satisfied with the provision of the “most popular” parameters, or which data sources they would prefer to use. The list does not tell us where the provision of marine variables is insufficient to meet user needs, nor does it give an indication of the scientific or economic importance of any of the variables. However, with all this in mind we find that, out of 134 possible variables, current velocity and direction consistently appear as the two most requested parameters. Wave measurements (including direction, period, and spectrum) are the next most popular group. 

Applica-tion
Parameter
Optimum requirements
Threshold  requirements



Spatial res (km)
Time res 
latency 
accuracy
Spatial res (km)
Time res 
latency 
accuracy

near real time
surface currentA,B
2.0
15 min
15 min
0.05 ms-1 / 1°
10
1 hr
1 hr
0.1 ms-1 / 5°

climate
surface current B
1
1 mon
3 mon


0.05 ms-1 / 1°
4


1 mon


6 mon


0.1 ms-1 / 5°

near real time
current profile B
2.0
30 min
30 min
0.05 ms-1 / 1°
10
1 hr
1 hr
0.1 ms-1 / 5°

climate
current profile B
1
1 mon
3 mon


0.05 ms-1 / 1°
4


1 mon


6 mon


0.1 ms-1 / 5°

near real time
sig. wave ht. A,B
10
20 min
1 hr
0.1 m
30
1 hr
3 hr
0.5 m

climate
sig. wave ht.A,B
10
6 hr
years
0.1 m
1° x 1°
1 mon
Years
0.1 m

near real time
wave period1A,B
10
20 min
1 hr
0.1 s
30
1 hr
3 hr
0.5 s

climate
wave period1A,B
10
6 hr
years
0.1 s
1° x 1°
1 mon
Years
0.2 s

near real time
wave dir.A,B,C
10
20 min
1 hr
±5°
30
1 hr
3 hr
±10°

climate
wave dir.A,B
10
6 hr
years
±5°
1° x 1°
1 mon
Years
±10°

near real time
swell swh A,B
10
30 min
1 hr
0.1 m
30
1 hr
3 hr
0.5 m

climate
swell swhA,B
10
6 hr
years
0.1 m
1° x 1°
1 mon
Years
0.1 m

near real time
swell periodA,B
10
30 min
1 hr
0.1 s
30
1 hr
3 hr
0.5 s

Climate
swell periodA,B
10
6 hr
years
0.1 s
1° x 1°
1 mon
Years
0.5 s

Near real time
swell dir.A,B
10
30 min
1 hr
±5°
30
1 hr
3 hr
±10°

Climate
swell dir.A,B
10
6 hr
years
±5°
1° x 1°
1 mon
Years
±10°

Near real time
dir. wave spectrum 2 A,B,C
10
30 min
1 hr
1% max energy 
30
1 hr
3 hrs
1% max energy

Climate
dir. wave spectrum 3,D
 



100 km
7d
3hr
15° dirn, 10% wavelength

Joint  swh/period prob. dist fns. 4,E
 


 
1° x 1°
1 mon
Years
0.1 m / 0.2 s

Joint  wind/wave prob. dist fns. 4,E




1° x 1°
1 mon
Years
0.1 m /2 ms-1

Table A2. Offshore industry data requirements for ocean waves and currents.

Footnotes: Requirements are derived from Fischer and FlemmingA, questionnaires sent to representative usersB, ,IORDII C, Hauser et al (2002)D and Grant and Shaw (2001)E 
1 Average wave period, Ta– or equivalent (e.g. zero up-crossing period Tz)

2 Accuracy requirement for maximum energy in spectrum. 

3 Assimilation test for the Swimsat proposalE, demonstrated that SWIMSAT data products would make a measurable impact on accuracy. The SWIMSAT specifications are given as the threshold requirements.

4  Joint probability distributions functions (pdfs) require the different parameters to be gathered simultaneously at the same location.

Table A2 provides a summary of requirements for ocean waves and surface currents (data which could in principle be supplied by, or derived from, altimeter data). It has been generated from discussions with representative members of the operational offshore community and analysis of the Eurogoos Requirements Survey Data Base.

Glossary/Links

COMKISS:
http://www.satobsys.co.uk/Projects/Comkiss/index.html
ECMWF:
European Centre for Medium range Weather Forecasting.

ESSC:

Environmental Systems Science Centre, Reading, UK . 

EUROGOOS:
European Contribution to the Global Ocean Observing System.

EUROROSE:
 http://ifmaxp1.ifm.uni-hamburg.de/EuroROSE/index.html, 
GANDER:
Proposal for a constellation of wave measuring altimeters on    

Microsatellites (http://www.satobsys.co.uk/GANDER/)

GWS:

Global Wave Statistics (Wave Climate data base)

HF Radar: 
Surface High Frequency Radar, for remote sensing of waves and surface currents

IMDSS:
Integrated Marine Decision Support System (Wave Climate data base).

JERICHO
http://www.satobsys.co.uk/Projects/Jericho

NCEP:

(US) National Center for Environmental Prediction

OWS:

Ocean Wave Statistics (Wave Climate data base)

SCAWVEX:
 http://www.shef.ac.uk/~sceos/environmental/scawvex/home.html.

SOS:

Satellite Observing Systems

UKMO:
United Kingdom Meteorological Office

5 – SWIMSAT – the use of altimeter for the measurement of the 2-D wave spectrum

5.1 - Objectives

SWIMSAT (Surface Wave Investigation and Monitoring by Satellite) is a mission concept proposed with the general objective of improving knowledge and modelling of sea-surface processes related to the presence of surface ocean waves: sea-state evolution, role of waves in atmosphere and ocean, sea-ice properties and evolution in marginal ice zones, coastal processes, determination of ocean surface parameters by remote sensing.

The first main objective of SWIMSAT is to contribute to the improvement of wave prediction and sea-state monitoring by providing spectral observations of ocean surface waves and wind estimates. The second objective of SWIMSAT is to provide information on sea-state to better account for surface ocean wave effects in atmospheric and oceanic circulation models. Although theoretical and numerical studies have shown that waves have a significant impact on both the atmospheric boundary layer and the ocean mixed layer, and hence on the atmospheric and oceanic general circulation, there is presently a lack of observations to take those effects into account. 

In addition, secondary objectives related to surface ocean waves also exist. The first one is to complement the observations of ocean ice-covered regions by estimating ice-thickness in marginal ice-zones of the ocean. The second one is to provide spectral information on waves necessary to improve the estimate of other parameters from microwave remote sensing, in particular topography and wind estimates in certain conditions from radar altimeter missions. The third objective is to improve our knowledge of the statistics of waves, in particular the wave slope probability distribution function. This is needed on the one hand to better describe the physics of the waves (in particular non-linear interactions and breaking) and the atmospheric/surface interaction (relation between wind-stress and wave statistics), and on the other hand to better understand the effect of roughness on various remote sensing signals. 

5.2 - Basic principles and characteristics

Mission requirements

The SWIMSAT mission consists of a polar orbiting system at about 500 km altitude. The payload is a real-aperture radar (RAR) system at Ku-band (13.6 GHz), with the radar beam scanning both in incidence (0-10°) and in azimuth (0-360°). 

The choice of the orbit altitude (450 to 500 km) is guided by the main objective of SWIMSAT (estimate of directional spectra of ocean waves) and is the result of a trade-off between constraints related to the power link budget of the instrument and to the swath. Hence, in the context of examining the synergy with the other missions discussed in GAMBLE, this parameter cannot be changed too much.

The choice of the orbit inclination is presently about 97°, in order to cover the oceans up to latitudes of 83 S to 83 N. This is required in the context of wave prediction applications, and also for the objective of estimating ice-thickness in marginal ice-zones (by analysing the wave spectra modifications at the boundary of ice-covered regions). 

The repeat cycle is still an open choice. Presently, the proposal is to get a global coverage of the ocean for latitudes higher than 35° (N or S). A cycle of 8 days is thus proposed, but this choice remains open. Indeed, for operational objectives (wave forecast) the impact of assimilation will be basically insensitive to the choice of cycle length (from 8 to 35 days). However for climate purposes, this choice has an impact on the time requested to cover the oceans on a global scale.  The final choice may depend on the weight put on the climate aspects, and also on the complementarity with other missions.

Instrument characteristics 

The nadir looking mode of the instrument has characteristics and requirements similar to radar altimeters used in the standard altimeter missions in terms of range resolution, and accuracy on significant wave height and wind speed. The observations at nadir will be used in a way similar to other radar-altimeters (ERS-2, Topex-Poseidon, JASON) for estimating wind speed and significant wave height. 

The off-nadir looking observations are defined to fulfil the objective of measuring the directional ocean wave spectra, and statistics of wave slopes. In particular range resolution is 0.47 to 0.75 m (depending on the incidence angle). The off-nadir observations will be used to i) estimate the spectral properties of the wave field ii) estimate the profile of the radar cross-section with incidence (0-10°) and as a function of azimuth. 

[image: image1.jpg]


A scheme of the geometry of observation is shown in Figure 1 for two incidences (nadir and 10°). For an orbit altitude of 500 km, the footprint will be about 18 km x 18 km. This footprint will sweep a pseudo-circle with a diameter ranging from 18 to 90 km for incidence angles ranging from 2 to 10°. The surface pattern described by the instrument for the [2-10°] incidence angles is shown in Figure 2 for two successive scans over 360° in azimuth, for a satellite motion of 7 km/s, and for a scan rate of 6 rotations per minute.
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Figure .1: Geometry of observations of SWIMSAT for 2 incidence beams (0 and 10°)
Figure .2: Surface pattern described by the beams at incidences from 2 to 10°. Each symbol on the lines represent the centre of the footprint, plotted here every 15° in azimuth.

Wave spectra retrieval
The validity of the principle to derive the spectra of ocean waves from a real-aperture radar has been demonstrated several times using airborne systems developed at NASA (ROWS system, Jackson et al, 1985 a-b) and in France (RESSAC radar at CETP/CNRS, Hauser et al, 1992, Hauser et al, 1995, Hauser and Caudal, 1996, Pettersson et al, 2001). Recent studies supported by the French Space Agency CNES and performed at ALCATEL SPACE INDUSTRIES and CETP/CNRS have proved the feasibility of the proposed space-borne system (Hauser et al, 2001a). 

At low incidence, the backscattering mechanism is dominated by quasi-specular reflection from facets oriented perpendicular to the radar look direction. Facets with wavelengths larger than three to five times the electromagnetic wavelength contribute to this process. The normalised radar-cross section 0 is related to the probability density function of the slopes of short waves forced by the wind stress. Within the footprint (of the order of 18 x 18 km for SWIMSAT), this normalised radar-cross section is modulated by the local slope of the surface due to the long waves. This is the so-called "tilt modulation". This modulation is maximum for look directions aligned with the wave propagation direction and minimum in perpendicular directions.

It is recognised (Jackson et al, 1985 a,b, Hauser et al, 1992) that in the configuration of low incidence angle, and large footprint with respect to the wavelength of the waves to be measured, the density spectrum of the modulation of the backscattered signal Pm(k,) is linearly related to the slope spectrum k2F(k,) of the waves, for wavelengths larger than about 40 m:


[image: image13.wmf]
(1)

where Ly is the width of the footprint in the azimuth direction, k is the wavenumber of the waves,  their travelling direction, and  is related to the fall-off of the normalised radar cross-section 0 with incidence angle :
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(2)

In , the derivative of 0 is dependent on the mean square slope of the surface; i.e. mainly wind-conditions. With the multi-incidence configuration of SWIMSAT it can be estimated directly from the observations (see also Hauser et al, 1992). 

If there are no perturbing noise sources, the wave-height spectrum F(k,) in the look direction  can be inverted from the modulation spectrum Pm(k,) using Equation (1). To retrieve the full spectral information, scanning of the radar beam over 360° in azimuth provides the wave spectrum F in all directions  (with however an 180° ambiguity in the propagation direction).

Perturbation noise sources are the thermal noise and speckle noise (see Hauser et al, 2001a for details). Thermal noise corrections can be applied by estimating the noise level from appropriate radar sequences and correcting the received power. In addition, simulation studies have shown that with a transmitted power of at least 100 watt, this effect remains very small. In opposite, the effect of speckle noise must be taken into account. For that, speckle is assumed to have a Gaussian statistics and the following equation can be used:

Pm(k)≈ Pc (k)+Ps(k)
(3)

where Pm(k) is the measured spectral energy of the backscatter modulation, Pc is the modulation spectrum which would be observed in absence of speckle and Ps(k) is the spectral energy density of speckle. This latter is given by:
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(4)

where Nint in the number of independent samples (of the order of 100 for SWIMSAT) and x is the intrinsic horizontal resolution (3 to 14 m depending on the incidence angle). After subtracting the speckle contribution, Eq.(1) can be used to retrieve the energy density of the waves, for wave-numbers k smaller than a certain threshold. This threshold corresponds to the wavenumber where the density spectrum of speckle is of the order of that of the modulation spectrum. 
Figure 3 illustrates the expected performance at incidence 10°, for a fully-developed wind sea case following a Pierson-Moskowitz shape (with a 13 m/s wind speed) and for a swell case (Hs= 4 m peak wavelength peak=200 m, 13 m/s wind-speed). These results show the inverted radial spectrum Pc(k) when the radar look direction is aligned with the wave propagation direction. The full solid line shows the reference. The line with symbol correspond to the inverted product, after averaging over 16 individual estimates and where correction of thermal noise and speckle noise have been taken into account. The heavy horizontal line shows the speckle noise level. This shows that both the shape and the level of the spectrum can be correctly retrieved.
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Figure .3: Modulation spectra for a look direction aligned with the wave propagation direction (lines with square symbols). Left plot: Pierson-Moskowitz spectrum at a wind speed U=13 m/s. Right plot: swell spectrum with Hs=4m, peak=200 m, U=13 m/s. Thin line without symbols: reference spectrum. Solid line with symbols: simulated SWIMSAT product, after correction of thermal and speckled noises and averaging over16 individual samples . Heavy horizontal line: Speckle noise level.

As concerns the 180° ambiguity, several methods are envisaged: the first one could be a scheme similar to what has been developed to process the ASAR wave mode data (Engen an Johnson, 1995), which is based on the analysis of the inter-correlation of successive samples. Alternative processing schemes based on singular values decomposition methods or to analysis of the skewness of reflectivity can also be envisaged. 
The combination of several incidence angles is proposed first to optimise the spatial scale for the retrieval of the wave spectral properties. As seen in Figure.2 a complete spectrum may be obtained at a scale of 50 x 50 km to 90 x 90 km. The multi-incidence observations will be used to obtain information at the smaller scale, to increase the number of estimates in a given area, and to balance the advantages and drawbacks of the very small (2-6°) and larger (8-10°) incidence angles (a better spatial resolution can be obtained at very small incidence, but with less accuracy in terms of wave spectral density). 

In addition, to the estimate of the directional wave spectrum at a scale of about 50 x 50 km up to 90 x 90 km, the significant wave height will be estimated from the nadir-looking beam, as for conventional altimeter missions.
5.3 - Expected geophysical parameters

SWIMSAT is designed to provide at the global scale, observations of directional energy spectra of ocean waves, significant wave height, steepness of long waves, wind, and parameters characterising the statistics of wave slopes. The mission is designed to get a global full coverage (on a complete cycle) of these parameters for latitudes from 35° to 83° (N or S), where the main ocean storms develop, propagate and decay.

5.4 - How SWIMSAT will contribute to answer to the key issues

Better knowledge of global climate

By providing continuous observations over several years, SWIMSAT will provide wave climatology (significant wave height, dominant wavelengths and directions). There are three important areas which would benefit from applications of directional wave climatologies derived from SWIMSAT: climate research, wave model development, and operational applications. Analysis of global wave climatologies derived from satellite altimeters (significant wave height only) has demonstrated the existence of significant and important year to year variability in wave climate and demonstrated links with major climate indices, such as the North Atlantic Oscillation (Woolf et al., 2002). However, the exact nature of this variability (directional and spectral character) remains uncertain until reliable measured directional and spectral climatologies are available (from SWIMSAT). The availability of such climatologies, derived directly from measurements, is particularly important because the analyses of altimeter derived wave climatologies also highlighted shortcomings in wave model fields, in particular an underestimation of variability and range (Sterl et al , 1998,  Cotton et al, 2001). Measurements of wave climate are also important for coastal management and for estimation of air-sea fluxes. In shallow water, long waves feel the bottom earlier and provide energy to sediment transport processes in the near-shore zone. A better representation of the energy at low frequencies in wave climatology will therefore improve the wave input to sediment transport models.

Modern ocean wave atlases all nowadays integrate satellite data as a primary data source (Barstow et al, 2000). In these atlases, the satellite data also complement in situ measurements and global wave and atmospheric mod​el data, thus resulting in increasingly more reliable deep water long term offshore wave statistics. Further more, efforts are undertaken to develop easy-to-use software package on a European scale, containing both an offshore wave atlas and all the tools necessary to calculate wave conditions anywhere in coastal Europe (bathymetry, coastline, shallow water wave models and statistical tools) (Barstow et al, 2000). The SWIMSAT mission will provide wave spectra measurements of significance importance for such applications.

Altimeter measurements can already be exploited in these fields, but both the direction and period of waves are critical to both air-sea fluxes and coastal impacts. Directional and spectral wave climatologies derived directly from satellite measurements are therefore required to develop a more complete understanding of wave climate, and to continue improvements in global wave models. To illustrate the importance of this, we can mention that within the EU Fourth Framework Programme the project COMKISS asked offshore operators what improvements they wish to see in satellite provision of wave data (Cotton et al, 2000). One of the highest priorities was better provision of spectral and directional wave information, which are of particular importance for design and operational planning.

Real-Time data for forecasting systems

Wave prediction at the global scale

Knowledge and prediction of the sea-state is a necessity for many applications over the ocean (navigation, offshore activity, coastal applications, ship routine, wave energy installation, etc). For this reason, most meteorological centres run wave prediction models (Bidlot and Holt, 1999). The performance of wave models has significantly improved in the last decade (Janssen et al. 1997, Janssen, 2001), due to improved accuracy in the wind forcing fields, and to the assimilation of altimeter data (observations of significant wave height). However improvements are still needed, in particular for high sea-state conditions, and for providing accurate prediction not only in terms of wave height but also in terms of peak wavelength and direction (important for swell). The accurate prediction of low frequency swell, propagating great distances from the generation regions, has become a priority for wave prediction models. We are now at a stage where the most effective means of decreasing errors in wave prediction will need assimilation of spectral and directional observations of wave energy with global coverage. SWIMSAT will be a demonstrator that will provide observations, which will be used on one hand to improve the physics of the models and validate them, and on the other hand to constrain the models through assimilation techniques. It will also be a tool for short-term forecast of high sea-state. 

Presently, operational assimilation in wave prediction models is based upon observations of the total energy (or significant wave height) of the wave spectrum, ignoring their spectral properties (Janssen et al, 1989, Lionello et al, 1992, Breivik and Reistad, 1994). The main drawback of these methods is that they need certain assumptions about the characteristics of the wave field, and in particular the separation between swell and wind-sea. This generates errors and reduces the positive impact of assimilation. Only in recent studies attempts have been made to include spectral observations in the assimilation process (De La Heras et al, 1994, Voorrips et al, 1997, Breivik et al, 1998, Hasselmann et al,1997, Herbash et al 1998, Dunlap et al, 1998), but these studies remain limited to methodological developments, to case studies or to the application to small geographical zones. The relatively small impact in assimilating Synthetic Aperture Radar (SAR) data (Breivik et al, 1998, Dunlap et al, 1998) can be attributed to the limits of wave information provided by SAR (large cutoff in wavelength, sampling every 200 km,…). A poor angular resolution in the wave directional spectrum as well as a poor signal-to-noise ratio in the ERS fast delivery products may have also hampered these studies. 

Recent work based on wave data assimilation simulating the SWIMSAT configuration at the global scale (Hauser et al, 2001b, Aouf et al 2002) show that the impact of assimilating wave data is quite significant, and that it is larger when spectral information is used than when only using the significant wave height. The main characteristics and results of the assimilation study performed in this context is presented here below.

The scheme is based on a sequential assimilation method. It uses the wave model forecast at a certain time at which observations are available and it combines the model state at that time (first guess) with the observations to compute an analysed model state. This latter is used as an initial condition for a new model run until a new observation is processed. The observations are assimilated simultaneously over a certain period called “assimilation window” typically 3 or 6 hours. The assimilation scheme is an adaptation of the scheme developed by Vooripps et al (1997) and is based on Optimum Interpolation method and on the partitioning concept. This scheme originally developed by Hasselmann et al (1997) has been adapted for buoy data by Vooripps (1997). The idea is to assimilate details of the spectrum and in particular mean parameters (energy, frequency, direction) of all separate wave systems which can be identified in observed and modelled wave spectra. To reduce the number of free parameters in a wave spectrum, the concept of “spectral partitioning” is applied. This consists in decomposing the wave spectrum in a few distinct partitions, which correspond to the various peaks in the spectrum. They represent independent wave systems corresponding to a certain meteorological event (for example swell generated by storms or wind waves generated by local strong wind). Each partition is characterised by its mean parameters (energy, direction, frequency). The first step of the scheme is to cross-assign each partition of the observed spectrum to the equivalent partition of the first guess spectrum. To this aim, a criterion based on the distance in the spectral space between the mean parameters of the observed and model partitions is used. If the estimated distance is less than the assumed “threshold” value then the partitions are cross-assigned and they are ready for the optimal interpolation (OI) procedure. On the other hand, if the distance is more than the threshold, the model partition remains unchanged. The error correlation function used in the statistical interpolation is of a Gaussian form and is dependent on the error correlation length and the radius of influence of the observations. By choosing appropriate values of these parameters, the optimal interpolation procedure combines mean parameters of the cross-assigned model and observed partitions to obtain an analysed field of partition parameters. For wind-sea partitions the driving wind velocity is corrected by using some empirical relations obtained from a growth curve relation (Lionello et al, 1992, Vooripps et al, 1999). 

To illustrate these recent developments, results of assimilation based on the global wave prediction model WAM and on synthetic SWIMSAT data are presented here. The spatial resolution of the model is of 1x1 degrees in longitude and latitude, while the wave spectrum is discretised in 24 directions and 25 frequencies starting from 0.041 to 0.41 Hz. The simulation consisted at first to running the wave model without assimilation and with analysed wind fields from the ECMWF atmospheric model as input. The obtained directional wave spectra at the observation locations were considered as synthetic SWIMSAT data. Secondly the wind fields were disturbed to make a small change in the wave field. Several wind perturbation were tested. The results presented here below were obtained by using wind fields corresponding to the forecast of several days before (4 days) instead of the last analysis. Assimilation of the synthetic SWIMSAT data was applied to the wave field generated by the wave model forced by the perturbed wind fields. The wave model with assimilation was run for a period of 4 days starting from October 22, 2000 until October 25, 2000 at 21:00. After this date a forecast period was analysed to estimate the effect of the assimilation with time. The assimilation time step was chosen as 3 hours. The observation locations follow an orbit track for SWIMSAT chosen here with a repeat cycle of approximately 17 days. Other cases were tested with an ERS-2 orbit track. Assimilation was also performed with data corresponding to an altimeter (significant wave height), i.e. without spectral information.
The main results are summarised as follows :

1. During the period of assimilation (4 days) the impact of assimilation on the wave height is significant (not shown). In some cases it exceeds 2 metres. During this analysis period, the correlation coefficient for the significant wave height between model and synthetic observations is much larger for the results with assimilation compared with the first guess (not shown). This shows the efficiency of the assimilation method.
2. During the period of forecast, the impact of assimilation on significant wave height is quite significant: 3 days after stopping the assimilation it reaches more than 1 m (Fig 4a) and decreases progressively until it reaches about 0.3 m, 6 days after the end of assimilation (Fig 5).

3. The comparison with assimilation of the significant wave height only (as given by an altimeter) shows that the spectral information increases the impact on wave height and consequently much better corrects the sea state (compare Figures Fig4a and 4b).

4. The statistical analysis of the wave parameters over all grid points confirms the significant correction of sea state in the analysis period and the progressive damping of the assimilation effect in the forecast period (Fig 7). This analysis also confirms the larger impact of the assimilation of spectral data with respect to the assimilation of significant wave height only. Results obtained on the mean period (not shown)  indicate that the impact of assimilation in the forecast period decreases less rapidly for the mean wave direction than for the wave height. 

5. The use of a 35 days repeat cycle (not shown) instead of a 17 days repeat cycle (as illustrated here) qualitatively induces the same results.
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Figure 4: Difference in the forecasted significant wave heights (in meters) between the cases with and without assimilation, 81 hours (3.375 days) after the end of assimilation. (a) with assimilation of spectral data  (b) with assimilation of significant wave height only.
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Figure 5: Difference in the forecasted mean wave period (in seconds) between the cases with and without assimilation, 81 hours (3.375 days) after the end of the assimilation
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Figure 6: Difference in the forecasted significant wave heights (in meters) between the cases with and without assimilation, 129 hours (5.375 days) after the end of assimilation.
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Figure 7: Mean bias (left plot) and standard deviation (right plot) for the significant wave height between forecast (or analysis) and synthetic observations. Squares: assimilation of significant wave height only; Circles: assimilation of the spectral information. The analysis period (with assimilation) lasts for 4 days. Then the model fields evolve without assimilation.

In summary, this assimilation study, (based on synthetic data) has shown that there is a significant impact of assimilation and that this impact is larger when parameters derived from the full spectral information (wave height, mean period, mean direction for several wave trains) are used, compared to the case where only significant wave height is assimilated. These results were obtained with “synthetic observations” generated with the WAM model. Hopefully, the recent availability of the ENVISAT SAR data will make it possible to assess these conclusions with real data.
Coastal studies

Voorrips et al (1997) have demonstrated the benefits of assimilating wave spectra in a wave prediction system for the North-Sea for applications near the Dutch coast. Although the assimilated information came from pitch-and-roll buoys, the underlying reason for the success was the availability of information when several wave systems were present at the same time. In particular the timely detection and assimilation of swell had a positive impact up to around 24 hours in the forecast.  Not all coastal regions however can rely on the availability of directional buoy information at the right moment and at the right location.  The information that SWIMSAT can provide, will be particularly useful in these regions. Assessing the impact of assimilation needs adequate wave information in the region of interest. Therefore this assessment can best be done in a region that is well covered with instruments.  

In regions under the influence of strong surface currents (e.g. Gulf-Stream), sudden changes of the wave spectrum have been detected (Beal et al, 1986, Hauser and Caudal, 1992). These changes depend on the relative direction of wave propagation and surface current structure. SWIMSAT will be able to provide information on wave spectra in the region of such currents and hence improve the analysis and forecast of waves approaching coastal regions affected by these currents.

Define wave characteristics for the evaluation of electromagnetic bias

Ocean waves influence the microwave signal backscattered or transmitted from the surface to the various sensors developed for oceanic applications. In particular the major remaining source of error in the estimate of the electromagnetic bias, which affects the retrieval of ocean topography from radar altimeter observations from satellite is due to ocean waves (Gaspar et al, 1994, Chapron et al, 2001). Recent theoretical studies by Elfouhaily et al (2001) show that the bias due to hydrodynamic processes on the surface depend not only on the elevation variance (or significant wave height), but also on orbital velocity variance, which is affected by the long wave components of the wave spectrum. By providing spectral information on the long waves, it is expected that SWIMSAT will help to better estimate the contribution of sea-state in the electromagnetic biais. 

Define wave characteristics to improve the estimate of wind speed from conventional altimeter missions 

Recent results obtained from altimeter missions also show that wind-speed estimated from nadir radar observations at low sea-state condition is influenced by the sea-state development (Gourrion et al, 2000). By providing information on sea-state in conjunction with altimeter observations, SWIMSAT will help to improve wind estimates from radar altimeter missions.

5 -  Relation with other missions concerned by the GAMBLE project

Synergy of objectives and complementarity of parameters to be measured

There is a synergy of objectives and of parameters to be obtained, with those of the other missions analysed in this GAMBLE project. 

First, SWIMSAT will provide the directional spectra of ocean waves which provide a more complete information on sea-state that the sole significant wave height provided by the conventional radar altimeter missions. Indeed, this information is quite important i) for marine applications (wave forecast, wave monitoring), ii) for wave climatology, iii) for decreasing the errors in the estimate of ocean topography, by providing a detailed description of long waves which influence the electromagnetic bias in the topography estimate. 

Secondly, information on statistics on short waves should be accessible to SWIMSAT. This is a new information which should complement the analysis of conventional radar altimeters data which is presently based on the hypothesis of a Gaussian statistics. Furthermore, SWIMSAT should be able to provide the wind direction which will also complement data from conventional radar missions which provide only the wind speed. 

Finally, the data acquired with the nadir-looking beam of SWIMSAT will provide an information on the topography of the ocean surface as done by conventional altimeters, except that a precise determination of the orbit and estimate of atmospheric corrections are not planned at this stage. Further work is required to estimate how the topographic information provided by SWIMSAT can be used in this context.

Complementarity in terms of orbit and sampling

As mentioned here-above, the proposed orbit for SWIMSAT covers high latitude regions. Hence, SWIMSAT may complement other altimeter missions of the type of JASON 2 which do not cover high latitude regions.

For wave forecasting objectives, the repeat cycle of SWIMSAT is not a critical parameter and hence the final choice could take into account requirements from other missions to obtain optimal multi-mission coverage for marine and topography applications. 

For climate studies of the wave state, the choice of this cycle has more impact. Presently, the proposed cycle of 8 days allows to get a global coverage of the ocean for latitudes higher than 35° (N or S). Inreasing the length of this cycle would allow to have a better coverage but on a longer time duration.  

So, the final choice will depend on the weight put on the climate aspects, and also on the complementarity with the characteristics of other missions.

The requirement for the orbit altitude is more important for SWIMSAT. With respect to altimeter missions devoted to topographic measurement (sea surface height) the proposed altitude (450-500 km) is rather low and could make it difficult to obtain precise orbits and precise topographic measurements. However, the recent advances in the knowledge of the earth gravity field thanks to missions like GRACE or CHAMPS will make it possible in the future to obtain precise orbits and topographic measurements even with low orbit satellites. In addition, one could envisage the addition of accelerometer measurements on board the SWIMSAT mission, which would largely improve the orbit determination. In any case, as shown by the synergetic use of TOPEX-POSEIDON and ERS-2, data from high- and low- orbit altitudes can be used to obtain very useful information.

Common characteristics  of instrument  and data processing

In its principle, SWIMSAT has several common points with existing or planned radar altimeter missions. It will use a radar system derived from previous altimeter missions (POSEIDON2 on JASON 2). Specification of part of the instrument, of the data acquisition and of the data processing for the nadir looking beam is also derived from existing altimeter missions. 

6 -  JASON-1 

6.1 - The Jason-1 mission

 
The Jason-1 satellite was launched on December 7, 2001 from the Vandenberg launch facilities in US (California). This satellite has been developped jointly by CNES and NASA to follow up the TOPEX/POSEIDON mission. The payload has been designed to meet the pre-launch specifications, identical to the post-launch T/P specifications (see table I). The instruments (figure 1) provided by CNES include a solid state bi-frequency (Ku and C bands) altimeter (developped by Alcatel Space Industries) and a DORIS Precise Orbit Determination system (developped by Thales) (Escudier et al.,2000). The payload provided by NASA includes the TRSR/GPS receiver (developped by JPL, built by Spectrum Astro Inc.) and the laser retroreflector (from ITE inc.) for POD support, and the JMR radiometer (developped by JPL). The new mini-satellite (500 kg) platform, named PROTEUS, has been jointly developped by Alcatel Space Industries and CNES as a multi-mission platform. It was launched by a Boeing-Delta II rocket. The satellite has been designed for a minimum life time of 3 years with the potential for an additional 2 years.

As for TOPEX/POSEIDON, the main objective of the Jason-1 mission is the precise monitoring of the sea surface ocean topography for large scale ocean circulation and climate-related studies (Y. Menard et al., 2000) However, even if Jason-1 was not specifically designed for sea-state applications, its contribution in  this field is very useful. In addition to the sea surface height, the radar altimeter on-board Jason-1 measures the significant wave-height (derived from the waveform shape) and the wind speed (derived from the returned echo power) at the nadir of the satellite. The corresponding accuracy for a sampling of 1 Hz is indicated in table I. These data can then be used for many applications including sea-state climatology studies (satellite provides a unique global coverage), improvement of sea-state models forecast, release of warning bulletins for ship routing and offshore activities...

Jason-1 is exactly on the same orbit as TOPEX/POSEIDON, with an inclination of 66° and an altitude of 1336 km. This makes the orbit repeating on the same ground-tracks at exacly 9.985 days and an inter-tracks separation of about 350 km at the equator. Thus, the whole ocean surface is sampled by the satellite, but clearly with a sampling not dense enough fo sea-state related objectives. In this regard, combination of Jason-1 sea-state data with other satellite data sets (e.g. ERS2, ENVISAT) and existing sparse in-situ data is very useful for adjusting at the best the forecast sea-state models.
6.2 - Jason-1 products and ground segment

As mentioned in table I, three different types of products will be delivered to the users when the verification phase will be completed (i.e. end of 2002). Interim Geophysical Data Records (IGDR) and Geophysical Datat Records (GDR) products are identical to T/P products. They will be released respectively within 3 days (95% of the time) and within 30 days (95% of the time), the GDR being the final fully validated products. These products contain all needed measurements to analyse the data, including environmental and geophysical corrections, precise orbit coordinates. Ku band significant wave-height, Ku and C bands sigma-naught plus wind speed (derived from the adjusted algorithm recommended after the end of the verification phase) will be provided in IGDR and GDR. In terms of accuracy, IGDR and GDR wind speed and wave-height performances are the same.

In addition to IGDR and GDR, a new Operational Sensor Data Record (OSDR) product has been defined for Jason-1 in order to satisfy the near-real time requirements. Indeed this product is delivered within 3 hours (75% of the time) to 5 hours (95% of the time) to the users, after on-board acquisition, and is based entirely upon the on-board processing. It comprises the main usual parameters, i.e. time, altimeter range, real-time orbit position (a new Doris function) accurate within less than 30 cm for the radial component, the Ku band wave-height, the Ku and C bands sigma-naught and the wind speed (from Ku band). The wind speed accuracy is slightly degraded with respect to IGDR and GDR, but it is still very acceptable for near-real time marine meteorology applications.

As for TOPEX/POSEIDON, IGDR and GDR products will be made freely available to users. They just need to register at one of the two data production and distribution centers, i.e. the AVISO facilities in CNES and the PODACC at JPL. Also, the OSDR will be made available upon request to these two centers. The media support will be CD-Roms for GDR, when IGDR will be ftp site accessible. OSDR will be either ftp site or GTS accessible (OSDR will be directly put on GTS network by Météo-France during the routine phase). 

The ground network designed for the down and up link data transmission between the satellite and the data control and processing centers (located in Toulouse, CNES and in Pasadena, JPL) comprises two telemetry stations, one in Poker Flat (Alaska) and another one in Aussaguel (France) (figure 2). The Wallops station (USA) is also used as a backup station.

Based on expected improvements in ground processing algorithms, a more ambitious error budget  is indicated in table I for GDR products. The improvement for significant wave height, sigma-naught and wind speed should be significant (specially for wave-height). 

6.3 - Jason-1 CALVAL phase

Soon after the launch of the Jason-1 satellite, end of March 2002, the first IGDR data have been released to the Principal and Co-investigators of the mission for calibration and validation purpose (cf. Jason-1 CalVal plan). On June 10-12, 2002 in Biarritz, at mid-term of the verification phase, the Science Working Group was convened to discuss the first results and establish a preliminary error budget and performance status of the mission (cf. minutes of this meeting).

Regarding the Jason sea-state data, it has been demonstrated that their accuracy is compliant with the prelaunch objectives. Three kind of analysis have been conducted by different teams. One is by directly comparing the T/P and Jason data (the fact that they are following the same tracks just separated by one minute, make it easy), another way is by comparing model outputs (VAG, WAM, ECMWF models) and Jason data and a third one is by comparing them with in-situ buoy data and other satellite data (ERS2 and GFO). All these preliminary comparisons have shown a very good consistency of Jason-1 data with the other data sets (J.M. Lefevre et al., D. Cotton et al., P. Queffeulou et al., presented at the June 2002 SWT meeting). As illustrated on figures 3 and 4, observed differences are not significant and stay within the pre-launch specifications.

Of course these results need to be consolidated with the extension of the time series and further final adjustments of sigma naught biases and algorithm coefficients. One action to proceed with is the evaluation of the various wind speed algorithms and their adjustment before the GDR production. These on-going analysis should still improve the results. All these investigations as well as a complete error budget will be presented at the final SWT verification workshop in New Orleans, october 21-23, 2002. This will mark the end of the verification phase and the beginning of the routine phase with the systematic production of GDR, in adddition to IGDR, and the near-real time release of the OSDR.

6.4 - The Jason 2/OSTM mission to follow up Jason-1 

In order to maintain the continuity of the Jason mission beyond 2006, the CNES and NASA space agencies have already proposed the follow-on Jason-2 (part of the Ocean Surface Topography Mission on US side). This new mission, to be launched in 2006, is based on the same PROTEUS platform and the same payload as Jason-1, providing at least the same performances. Orbit characteristics will be the same. Only a new instrumental concept, the wide swath altimeter developped by JPL, is being studied as an option on-board the satellite to demonstrate its capabilities. If Jason-1 was considered as a pre-operational mission, operational applications will be enterely part of the Jason-2 mission. This is reinforced by the implication of two operational agencies in the project. Indeed, Eumetsat on European side and NOAA on US side will be the two other partners of this mission.
Table I. JASON-1 PerformanceS AS A FUNCTION OF LATENCY and products.

Measurement
3 hours (OSDR)
3 days (IGDR)
30 days (GDR)
 30 days (goal)

Range to surface (cm, corrected)
4.5
3.3
3.3
2.3

Radial orbit height (cm)
30
4.0
2.5
1.0

Sea-surface height (cm)
N/A
5.0
4.2
2.5

Significant wave height (cm), 
 whichever is greater
50 or 10%
50 or 10%
50 or 10% 
25 or 5%

Sima-naught (dB)
0.7
0.7
0.7
0.5

Wind speed (m/s)
2
1.7
1.7
1.5
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Figure 1: The Jason-1 satellite on its orbit

[image: image28..pict]


Figure 2 : The Jason-1 ground segment


Figure 3 : Comparison of SWH measured by T/P (IGDR), Jason-1 (IGDR and OSDR) 
with WAM model for 11 simultaneous cycles (Lefevre et al., 2002) :
- T/P IGDR: bias     =    - 0.12,  rms = 0.38 m,  cc = 0.97
- Jason IGDR: bias  =    - 0.01,  rms = 0.37 m,  cc = 0.96
- Jason OSDR: bias  =   - 0.19,   rms = 0.48 m,  cc = 0.96


Figure 4 : Comparison of wind speed measured by T/P (IGDR) and Jason-1 (IGDR and OSDR) with ECMWF model,  for 11 simultaneous cycles (Lefevre et al., 2002) : 
T/P IGDR: bias       = -0.38,  rms = 1.54 m/s,   cc = 0.92
Jason IGDR: bias    = 0.20,   rms = 1.49 m/s,   cc = 0.91
Jason OSDR: bias   = -0.14,  rms = 1.55 m/s,   cc = 0.91
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Figure 2 : The Jason-1 ground segment
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Feuil1

		dk		ref(0°)		P(4m,13m/s,0°)		ref(0-15°)		P(4m,13m/s,0-15°)		speckle				nrj ref0°				nrj(Pm0°)				nrj rf15°				nrj PM15°

		0		1.58E-07		0		1.35E-07		0		0.0046				0		0.66		0		0.74		0		0.57		0		0.52

		0.0031		4.72E-06		0.0018227		4.04E-06		0.00084314		0.0046				0.0015227419				0.5879677419				0.001304129				0.2719806452

		0.005625		4.98E-05		0.0027479		4.27E-05		0.0055969		0.0046				0.0088588444				0.4885155556				0.0075870222				0.9950044444

		0.0084375		0.00032745		0.014883		0.00028044		0.0072884		0.0046				0.0388088889				1.7639111111				0.0332373333				0.8638103704

		0.01125		0.0015633		0.02189		0.0013389		0.009254		0.0046				0.13896				1.9457777778				0.1190133333				0.8225777778

		0.014062		0.0057763		0.011156		0.004947		0.0065663		0.0046				0.4107737164				0.7933437633				0.3517991751				0.4669534917

		0.016875		0.017054		0.0065198		0.014606		0.0085031		0.0046				1.0106074074				0.3863585185				0.8655407407				0.5038874074

		0.019687		0.040981		0.018785		0.035097		0.014374		0.0046				2.0816274699				0.9541829634				1.7827500381				0.7301264794

		0.0225		0.081083		0.14488		0.069442		0.058962		0.0046				3.6036888889				6.4391111111				3.0863111111				2.6205333333

		0.025313		0.13312		0.13146		0.114		0.094243		0.0046				5.2589578477				5.1933788962				4.5036147434				3.7231067041

		0.028125		0.18233		0.10091		0.15615		0.1333		0.0046				6.4828444444				3.5879111111				5.552				4.7395555556

		0.030938		0.20917		0.24853		0.17914		0.16461		0.0046				6.7609412373				8.0331631004				5.7902902579				5.3206412826

		0.03375		0.2016		0.20368		0.17265		0.15722		0.0046				5.9733333333				6.034962963				5.1155555556				4.6583703704

		0.036562		0.1636		0.12932		0.14011		0.11453		0.0046				4.4745911055				3.5370056343				3.8321207811				3.1324872819

		0.039375		0.11199		0.16665		0.095911		0.076441		0.0046				2.8441904762				4.2323809524				2.4358349206				1.9413587302

		0.042188		0.064756		0.057405		0.055459		0.045074		0.0046				1.5349388452				1.3606949844				1.3145681236				1.0684080781

		0.045		0.031666		0.038761		0.02712		0.018803		0.0046				0.7036888889				0.8613555556				0.6026666667				0.4178444444

		0.047812		0.013108		0.014897		0.011226		0.015245		0.0046				0.2741571154				0.3115745001				0.2347946122				0.3188530076

		0.050625		0.0045964		0.0080502		0.0039365		0.0037106		0.0046				0.0907930864				0.1590162963				0.0777580247				0.0732958025

		0.053438		0.0013663		0.0047351		0.0011701		0.003083		0.0046				0.0255679479				0.0886092294				0.0218964033				0.0576930274

		0.05625		0.00034446		0.00064617		0.00029501		0.0043755		0.0046				0.0061237333				0.0114874667				0.0052446222				0.0777866667

		0.059062		7.37E-05		0.0048029		6.31E-05		0.0028002		0.0046				0.001247655				0.0813196302				0.0010685381				0.047411195

		0.061875		1.34E-05		0.0012305		1.15E-05		0.00050502		0.0046				0.0002162586				0.0198868687				0.0001852121				0.0081619394

		0.064687		2.06E-06		0.00080079		1.77E-06		0		0.0046				0.0000318951				0.012379458				0.0000273162				0

		0.0675		2.70E-07		0.0019634		2.31E-07		0.0032177		0.0046				0.0000040031				0.0290874074				0.0000034284				0.0476696296

		0.070312		3.01E-08		0		2.57E-08		0		0.0046				0.0000004276				0				0.0000003662				0

		0.073125		2.84E-09		0		2.43E-09		0		0.0046				0.0000000389				0				0.0000000333				0

		0.075938		2.28E-10		0		1.96E-10		0.00071787		0.0046				0.000000003				0				0.0000000026				0.0094533699

		0.07875		1.56E-11		0		1.34E-11		0		0.0046				0.0000000002				0				0.0000000002				0

		0.081562		9.05E-13		0		7.75E-13		0		0.0046				0				0				0				0

		0.084375		4.47E-14		0		3.83E-14		0		0.0046				0				0				0				0

		0.087187		1.88E-15		0.0018909		1.61E-15		0.0013291		0.0046				0				0.0216878663				0				0.0152442451

		0.09		6.69E-17		0		5.73E-17		0		0.0046				7.437E-16				0				6.36933333333333E-16				0

		0.092813		2.03E-18		0.0020127		1.74E-18		0.0017091		0.0046				2.18859427019922E-17				0.0216855397				1.87441414457026E-17				0.0184144463

		0.095625		5.24E-20		0		4.49E-20		0		0.0046				5.48235294117647E-19				0				4.69521568627451E-19				0

		0.098438		1.29E-21		0.00077315		1.10E-21		0.0015894		0.0046				1.30752351734086E-20				0.0078541823				1.11979113756883E-20				0.0161462037

		0.10125		5.56E-22		0.0020605		4.76E-22		0		0.0046				5.48671604938272E-21				0.0203506173				4.69896296296296E-21				0

		0.10406		5.56E-22		0		4.76E-22		0		0.0046				5.33855467999231E-21				0				4.57207380357486E-21				0

		0.10688		5.56E-22		0.00065638		4.76E-22		0.00048102		0.0046				5.19769835329341E-21				0.0061412799				4.45144086826347E-21				0.0045005614

		0.10969		5.56E-22		0		4.76E-22		0		0.0046				5.06454553742365E-21				0				4.33740541526119E-21				0

		0.1125		5.56E-22		0		4.76E-22		0		0.0046				4.93804444444445E-21				0				4.22906666666667E-21				0

		0.11531		5.56E-22		0		4.76E-22		0		0.0046				4.81770878501431E-21				0				4.12600815193825E-21				0

		0.11812		5.56E-22		0		4.76E-22		0		0.0046				4.70309854385371E-21				0				4.02785303081612E-21				0

		0.12094		5.56E-22		0.0029646		4.76E-22		0.00057127		0.0046				4.59343476103853E-21				0.0245129816				3.93393418223913E-21				0.0047235819

		0.12375		5.56E-22		0		4.76E-22		0		0.0046				4.48913131313131E-21				0				3.84460606060606E-21				0

		0.12656		5.56E-22		0		4.76E-22		2.24E-05		0.0046				4.3894595448799E-21				0				3.75924462705436E-21				0.000177086

		0.12937		5.56E-22		0.001989		4.76E-22		0		0.0046				4.29411764705882E-21				0.0153745072				3.67759140449872E-21				0

		0.13219		5.56E-22		0		4.76E-22		0		0.0046				4.20251153642484E-21				0				3.59913760496255E-21				0

		0.135		5.56E-22		0		4.76E-22		0		0.0046				4.11503703703704E-21				0				3.52422222222222E-21				0

		0.13781		5.56E-22		0		4.76E-22		0		0.0046				4.0311298164139E-21				0				3.45236194760903E-21				0

		0.14063		5.56E-22		0		4.76E-22		0		0.0046				3.95029510061864E-21				0				3.38313304415843E-21				0

		0.14344		5.56E-22		0		4.76E-22		0		0.0046				3.87290853318461E-21				0				3.31685722253207E-21				0

		0.14625		5.56E-22		0		4.76E-22		0		0.0046				3.79849572649573E-21				0				3.2531282051282E-21				0

		0.14906		5.56E-22		0		4.76E-22		0		0.0046				3.72688850127465E-21				0				3.19180195894271E-21				0

		0.15188		5.56E-22		0		4.76E-22		0		0.0046				3.65769028180142E-21				0				3.13253884645773E-21				0

		0.15469		5.56E-22		0		4.76E-22		0		0.0046				3.59124701014933E-21				0				3.07563514125024E-21				0

		0.1575		5.56E-22		0		4.76E-22		0		0.0046				3.5271746031746E-21				0				3.0207619047619E-21				0

		0.16031		5.56E-22		0		4.76E-22		0		0.0046				3.46534838749922E-21				0				2.96781236354563E-21				0

		0.16312		5.56E-22		0		4.76E-22		0		0.0046				3.40565228052967E-21				0				2.91668710152035E-21				0

		0.16594		5.56E-22		0		4.76E-22		0		0.0046				3.34777630468844E-21				0				2.86712064601663E-21				0

		0.16875		5.56E-22		0		4.76E-22		0		0.0046				3.29202962962963E-21				0				2.81937777777778E-21				0

		0.17156		5.56E-22		0		4.76E-22		0		0.0046				3.23810911634414E-21				0				2.77319888085801E-21				0

		0.17437		5.56E-22		0.0015455		4.76E-22		0.00064003		0.0046				3.18592647817859E-21				0.0088633366				2.72850834432529E-21				0.0036705282

		0.17719		5.56E-22		0		4.76E-22		0		0.0046				3.13522207799537E-21				0				2.68508380834133E-21				0
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ref(0-15°)

P(4m,13m/s,0-15°)

wave number (rd/m)

spectrum of signal modulation
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P(4m,13m/s,0-15°)

speckle

wave number (cpm)

Density spectrum of signal modulation (m/rd)
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		wave number (rd/m)		ref(0°)		P(13m/s,0°)		ref(0-15°)		P(13m/s,0-15°)		speckle		B/dk		C/dk		D/dk		E/dk		c-b		d-e

		0		4.86E-22		0		4.64E-22		0		0.0046

		0.0028125		5.56E-22		0		5.30E-22		0		0.0046		1.97521777777778E-19		0		1.88529777777778E-19		0		5.56E-22		5.30E-22

		0.005625		4.86E-18		0		4.64E-18		0		0.0046		8.63342222222222E-16		0		8.24035555555556E-16		0		4.86E-18		4.64E-18

		0.0084375		9.58E-11		0		9.15E-11		0		0.0046		0.0000000114		0		0.0000000108		0		9.58E-11		9.15E-11

		0.01125		2.04E-07		0		1.95E-07		0		0.0046		0.0000181733		0		0.0000173458		0		2.04E-07		1.95E-07

		0.014062		1.30E-05		0.001952		1.24E-05		0		0.0046		0.0009271796		0.1388138245		0.0008850092		0		-1.94E-03		1.24E-05

		0.016875		0.00015387		0.000806		0.00014686		0.00065557		0.0046		0.0091182222		0.047762963		0.0087028148		0.0388485926		-6.52E-04		-5.09E-04

		0.019687		0.00071629		0		0.00068368		0		0.0046		0.0363839082		0		0.0347274851		0		7.16E-04		6.84E-04

		0.0225		0.0019291		0.00046964		0.0018412		0.0021206		0.0046		0.0857377778		0.0208728889		0.0818311111		0.0942488889		1.46E-03		-2.79E-04

		0.025313		0.0037132		0.002601		0.0035441		0.0038052		0.0046		0.1466914234		0.1027535259		0.1400110615		0.1503259195		1.11E-03		-2.61E-04

		0.028125		0.0057703		0.0042558		0.0055076		0.0066581		0.0046		0.2051662222		0.1513173333		0.1958257778		0.2367324444		1.51E-03		-1.15E-03

		0.030938		0.0077878		0.0032958		0.0074332		0.011425		0.0046		0.2517228004		0.1065291874		0.2402611675		0.369286961		4.49E-03		-3.99E-03

		0.03375		0.0095511		0.0071643		0.0091163		0.013995		0.0046		0.2829955556		0.2122755556		0.2701125926		0.4146666667		2.39E-03		-4.88E-03

		0.036562		0.010959		0.0088297		0.01046		0.014176		0.0046		0.2997374323		0.2414993709		0.2860893824		0.3877249603		2.13E-03		-3.72E-03

		0.039375		0.011992		0.021955		0.011446		0.013357		0.0046		0.3045587302		0.5575873016		0.2906920635		0.3392253968		-9.96E-03		-1.91E-03

		0.042188		0.012682		0.013139		0.012104		0.017696		0.0046		0.3006068076		0.3114392718		0.2869062293		0.4194557694		-4.57E-04		-5.59E-03

		0.045		0.013077		0.010035		0.012482		0.013546		0.0046		0.2906		0.223		0.2773777778		0.3010222222		3.04E-03		-1.06E-03

		0.047812		0.013235		0.028908		0.012633		0.018963		0.0046		0.2768133523		0.6046180875		0.264222371		0.3966159123		-1.57E-02		-6.33E-03

		0.050625		0.013209		0.0156		0.012608		0.011388		0.0046		0.2609185185		0.3081481481		0.2490469136		0.2249481481		-2.39E-03		1.22E-03

		0.053438		0.013044		0.010388		0.01245		0.010982		0.0046		0.2440959617		0.1943935028		0.2329802762		0.2055091882		2.66E-03		1.47E-03

		0.05625		0.012778		0.017897		0.012196		0.015305		0.0046		0.2271644444		0.3181688889		0.2168177778		0.2720888889		-5.12E-03		-3.11E-03

		0.059062		0.012442		0.01406		0.011875		0.013037		0.0046		0.2106599844		0.2380549253		0.2010599032		0.2207341438		-1.62E-03		-1.16E-03

		0.061875		0.012057		0.0090897		0.011508		0.012503		0.0046		0.1948606061		0.1469042424		0.1859878788		0.2020686869		2.97E-03		-9.95E-04

		0.064687		0.011644		0.014307		0.011114		0.012534		0.0046		0.1800052561		0.221172724		0.171811956		0.1937638165		-2.66E-03		-1.42E-03

		0.0675		0.011215		0.012333		0.010705		0.013569		0.0046		0.1661481481		0.1827111111		0.1585925926		0.2010222222		-1.12E-03		-2.86E-03

		0.070312		0.010781		0.0092348		0.01029		0.010388		0.0046		0.1533308681		0.1313403118		0.1463477074		0.1477414951		1.55E-03		-9.80E-05

		0.073125		0.010349		0.011765		0.0098774		0.0072032		0.0046		0.1415247863		0.1608888889		0.1350755556		0.0985052991		-1.42E-03		2.67E-03

		0.075938		0.0099233		0.0060232		0.0094715		0.0086188		0.0046		0.1306763412		0.0793173378		0.1247267508		0.1134978535		3.90E-03		8.53E-04

		0.07875		0.009509		0.0030111		0.009076		0.0081693		0.0046		0.1207492063		0.0382361905		0.1152507937		0.1037371429		6.50E-03		9.07E-04

		0.081562		0.009108		0.012497		0.0086933		0.0097009		0.0046		0.1116696501		0.1532208627		0.1065851745		0.1189389667		-3.39E-03		-1.01E-03

		0.084375		0.0087221		0.011147		0.008325		0.005843		0.0046		0.103373037		0.1321125926		0.0986666667		0.0692503704		-2.42E-03		2.48E-03

		0.087187		0.0083521		0.011033		0.0079718		0.0092647		0.0046		0.0957952447		0.1265440949		0.0914333559		0.1062624015		-2.68E-03		-1.29E-03

		0.09		0.0079985		0.0072095		0.0076343		0.0067809		0.0046		0.0888722222		0.0801055556		0.0848255556		0.0753433333		7.89E-04		8.53E-04

		0.092813		0.0076613		0.0036742		0.0073125		0.0093625		0.0046		0.0825455486		0.0395871268		0.0787874543		0.1008748774		3.99E-03		-2.05E-03

		0.095625		0.0073403		0.0084783		0.0070061		0.0056751		0.0046		0.0767613072		0.0886619608		0.0732664052		0.059347451		-1.14E-03		1.33E-03

		0.098438		0.0070352		0.0044843		0.0067149		0.0087848		0.0046		0.0714683354		0.0455545623		0.0682145107		0.0892419594		2.55E-03		-2.07E-03

		0.10125		0.0067454		0.0047421		0.0064382		0.0039396		0.0046		0.0666212346		0.0468355556		0.0635871605		0.0389096296		2.00E-03		2.50E-03

		0.10406		0.0064703		0.0061366		0.0061757		0.0038182		0.0046		0.0621785508		0.0589717471		0.0593474918		0.0366922929		3.34E-04		2.36E-03

		0.10688		0.0062093		0.0063176		0.0059266		0.0064881		0.0046		0.0580959955		0.0591092814		0.0554509731		0.0607045284		-1.08E-04		-5.62E-04

		0.10969		0.0059618		0.0030187		0.0056903		0.0023467		0.0046		0.0543513538		0.0275202844		0.0518761966		0.0213939283		2.94E-03		3.34E-03

		0.1125		0.0057269		0.0046584		0.0054662		0.0037684		0.0046		0.0509057778		0.041408		0.0485884444		0.0334968889		1.07E-03		1.70E-03

		0.11531		0.0055042		0		0.0052536		0.0011208		0.0046		0.0477339346		0		0.0455606626		0.0097198855		5.50E-03		4.13E-03

		0.11812		0.0052929		0.002252		0.0050519		0.003389		0.0046		0.0448095157		0.0190653573		0.0427692177		0.0286911615		3.04E-03		1.66E-03

		0.12094		0.0050924		0.0074428		0.0048606		0.004171		0.0046		0.0421068298		0.0615412601		0.0401901769		0.034488176		-2.35E-03		6.90E-04

		0.12375		0.0049021		0.0054275		0.0046789		0.0011134		0.0046		0.0396129293		0.0438585859		0.0378092929		0.0089971717		-5.25E-04		3.57E-03

		0.12656		0.0047214		0.004943		0.0045064		0.0037774		0.0046		0.0373056258		0.039056574		0.0356068268		0.029846713		-2.22E-04		7.29E-04

		0.12937		0.0045497		0.0095718		0.0043426		0.0035254		0.0046		0.0351681224		0.073987787		0.0335672876		0.0272505218		-5.02E-03		8.17E-04

		0.13219		0.0043866		0.0045043		0.0041869		0.0036237		0.0046		0.0331840533		0.0340744383		0.031673349		0.0274128149		-1.18E-04		5.63E-04

		0.135		0.0042315		0		0.0040388		0.0026675		0.0046		0.0313444444		0		0.029917037		0.0197592593		4.23E-03		1.37E-03

		0.13781		0.0040839		0.0036454		0.003898		0.0015005		0.0046		0.0296342791		0.0264523619		0.0282853204		0.0108881794		4.39E-04		2.40E-03

		0.14063		0.0039435		0.0020545		0.003764		0.0010178		0.0046		0.0280416696		0.0146092583		0.0267652706		0.0072374316		1.89E-03		2.75E-03

		0.14344		0.0038098		0.0023475		0.0036363		0.0014716		0.0046		0.0265602342		0.0163657278		0.0253506693		0.0102593419		1.46E-03		2.16E-03

		0.14625		0.0036824		0.0019796		0.0035147		0.0010507		0.0046		0.0251788034		0.0135357265		0.0240321368		0.0071842735		1.70E-03		2.46E-03

		0.14906		0.003561		0.0019626		0.0033988		0.0020238		0.0046		0.0238897088		0.0131665101		0.0228015564		0.0135770831		1.60E-03		1.38E-03

		0.15188		0.0034452		0.0032501		0.0032883		0.0025055		0.0046		0.0226836977		0.0213991309		0.0216506452		0.0164965762		1.95E-04		7.83E-04

		0.15469		0.0033346		0.00050095		0.0031828		0.00E+00		0.0046		0.0215566617		0.0032384123		0.0205753442		0		2.83E-03		3.18E-03

		0.1575		0.0032291		0		0.0030821		0.00015141		0.0046		0.0205022222		0		0.0195688889		0.0009613333		3.23E-03		2.93E-03

		0.16031		0.0031283		0.00026487		0.0029859		0.00060016		0.0046		0.0195140665		0.0016522363		0.0186257875		0.0037437465		2.86E-03		2.39E-03

		0.16312		0.003032		0.0015722		0.0028939		0.0012759		0.0046		0.0185875429		0.0096383031		0.0177409269		0.0078218489		1.46E-03		1.62E-03

		0.16594		0.0029399		0.0036893		0.002806		0.001383		0.0046		0.0177166446		0.0222327347		0.0169097264		0.0083343377		-7.49E-04		1.42E-03

		0.16875		0.0028517		0		0.0027219		0		0.0046		0.016898963		0		0.0161297778		0		2.85E-03		2.72E-03

		0.17156		0.0027673		0.0034439		0.0026413		0.001393		0.0046		0.0161302168		0.0200740266		0.0153957799		0.0081196083		-6.77E-04		1.25E-03

		0.17437		0.0026865		0		0.0025642		0.0025152		0.0046		0.0154068934		0		0.0147055113		0.0144244996		2.69E-03		4.90E-05

		0.17719		0.0026091		0.0045379		0.0024903		0.0031637		0.0046		0.0147248716		0.0256103618		0.0140544049		0.0178548451		-1.93E-03		-6.73E-04
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