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Project Summary

Highlights...

— Found tandem observations highly consistent across all analysis.

— Uncertainties in tandem data (J3, S6 LR & HR F06 reprocessing) are 

small (0.01 m mean bias; 0.06 m RMSD), compared with moored buoys 

and models (0.04 m; ~0.29 m).

— Triple Collocation suggests that S6-MF HR exhibits the lowest errors 

(0.18 m) but sampling limits the robustness of results.

— Due to challenges with the use of Triple Collocation, we focused on the use of in situ collocation 

methodology and how to implement this in “nearshore” regions.

> An ensemble of buoys is a collection of independent and often inconsistent observing systems;

> Those uncertainties dominate intercomparison with tandem data.

— Consequently, we have focused on “Offshore” and “Nearshore” in the eastern North Pacific:

> Identified impacts of sea state gradients on collocation sampling on a site-by-site basis;

> Identified problematic buoys (statistical outliers) and make recommendations as to their use.



Triple Collocation Analysis

The Triple Collocation (TC) method is a powerful means of estimating 

systematic and random error in observations where three 

simultaneous observations of the same quantity can be made. See, 

Vogelzang & Stoffelen (2012) who, in particular, identify several key 

assumptions, including:

Assumptions

— Linear calibration is sufficient over the whole range of 

measurement values;

— The measurement errors are uncorrelated with each other (except 

for representation errors);

Meeting these requirements can be challenging, and 

interpretation of results from TC is fraught, or 

impossible, where these are violated.



Study Location

— Offshore (OS) buoys shown by 

large diamonds;

— Nearshore (NS) buoys shown by 

small diamonds;

— Colour denotes operating agency;



Data characteristics

— Differences between tandem data are 

small!

— (0.01 m mean bias; 0.06 m RMSD), 

compared with moored buoys and models 

(0.03 m mean bias; ~0.25 m RMSD)

— HR bias correction via linear modelling:

> LR vs HR has high 
correlation

> Model of the form:



Triple Collocation Analysis

Assumptions

— Several assumptions required 

(Vogelzang & Stoffelen):

> Data must be linearly related;

> Errors must be uncorrelated;

> Error variance must be 

constant throughout the value range.

Results

— Altimeters all the same!

— Buoy uncertainty and ERA5 uncertainty 

affected by collocation error.

Is this the right “tool for the job”?



Triple Collocation Analysis

Jason-3 (2017-2021)

— Uncertainty reduction due to increased sampling:

> 535 (tandem phase)

> 3002 (Jason-3)



TCA Summary

Results suggest that S6-MF HR shows small improvement in TCA error...
— May be more evident closer to the coast?

Sampling uncertainty is always going to be challenging for tandem experiments
— What options are there to increase collocations / sampling?

— Can we dispense with using buoys entirely?

Can we perform analysis closer to the coast?
— Requires a more refined collocation methodology...

Can we better understand the sources of error that contribute to TCA?
— Probably requires a site-by-site analysis.

Can we say that the consistency of the Jason-3 and Sentinel-6 data motivates a 

more refined approach?



Jason-3 (2017-2021)

— 100 km sampling;

— Notice that 46246 is an extreme outlier;

— Notice that sampling distribution is 

offset from zero;

— Notice other buoys are statistically 

questionable (4002, 46085).

Assess buoy reliability by 

Hs mean bias



Assess buoy reliability by 

Hs mean bias

Jason-3 (2017-2021)

— 50 km sampling;

— Notice that 46246 is still an extreme 

outlier;

— Notice that sampling distribution is 

close to zero;



Assess buoy reliability 

by spatial analysis

46246

Jason-3 (2017-2021)

— Along-track statistics 10 km bin size;

— Notice that mean bias is not a 

function of local sea state gradient;

— Notice that correlation behaves as 

expected;



Assess buoy reliability 

by spatial analysis

46246

Jason-3 (2017-2021)

— Along-track statistics 10 km bin size;

— Notice that mean bias changes sign 

with season!;

— Correlation behaves approximately 

as expected;



Assess buoy reliability 

by spatial analysis

46098 (left)

46244 (right)



Project Summary: Publications

Paper #1: Remote Sensing

Title:

Uncertainties in sea state observations from satellite 

altimeters and buoys during the Jason-3/Sentinel-6 MF Tandem 

Experiment

Key points:

1. In the north east Pacific, on scales of 10 - 100 km, we find that discrepancies between J3 and 

S6-MF LR collocated Hs are small compared to differences with moored buoys. Stability of the long term record 

appears to be maintained.

2. S6-MF HR data is found to be affected by a strong sea state dependent bias, that can be 

explained robustly through regression modelling based on wave height.

3. Making use of detailed along-track altimetry information, we evaluate local spatial gradients in 

sea state variability and show how this introduces uncertainty into collocation methodology.

4. We identify specific buoys that exhibit the largest uncertainties w.r.t. altimeters, and show 

how these are likely linked to both buoy-specific issues and local sea state gradients.

5. We make recommendations about the use of specific buoys as reference data, which has 

important consequences for validation of observations and the study of sea state variability.

Status:

Submitted



Project Summary: Publications

Paper #2: JTech(?)

Title:

Uncertainties in nearshore sea state observations and 

collocations of buoys and satellite altimeters during the Jason-

3/Sentinel-6 MF Tandem Experiment

Key points:

1. For ~50 sites along the North American Pacific coast, we evaluate local spatial gradients in 

sea state variability and explain how this introduces uncertainty into collocations with models and moored 

buoys.

2. We intercompare different sampling methods for altimeter 1 Hz data, to illustrate the impact of 

inappropriate sampling in nearshore regions, when performing observation intercomparisons.

3. Based on considerations of random error and bias between datasets, we select the most 

appropriate sampling method and conduct aggregate analysis using an ensemble of ~25 buoys on the full 

nearshore domain to evaluate the properties of the tandem data.

4. Based upon spectral buoy data, we partition results by sea state, in order to determine 

whether there exist sensitivities in the altimetry to local sea state conditions.

5. Using statistical methods, we identify buoys that exhibit the largest uncertainties w.r.t. 

altimeters, and show how these are likely linked to both buoy-specific issues and local sea state gradients.

Status:

Analysis underway, submission mid-2024.



Follow-on studies

Reseach Topic #1: Global ocean collocation study to evaluate sea 

state uncertainty for tandem and model / reanalysis data.

Description:

A direct extension of our triple collocation study, potentially quite “low-hanging fruit”, 

consisting of a modified collocation analysis based upon a large-scale global analysis of S6-JTEX data. 

Development of this method was reported during PM5 & 6 but could be progressed due to lack of resources.

The method proposes to obtain the same uncertainty measures as a TC approach but by using 

only two datasets, thus without the need for moored buoys, and leveraging abundant tandem observations 

over global oceans to improve statistical robustness. A synthetic "proof of concept" case was examined (PM5 

& 6) and appeared fruitful. May be related to the method of Jiang (2023). Removing the limitation of buoys, and 

use of reanalysis, may provide a better opportunity to examine the sea state dependence of altimeter 

observations.

Depending on level of funding, an extension to this could involve the use of drifting buoys (e.g. 

Sofar ocean “Spotter” buoys).

Key objectives:

1. Test methodological approach (validation, statistical robustness, etc);

2. Partition global oceans by dependence / climatology, e.g. by latitude, Southern Ocean etc 

(good reference literature, e.g. Lobeto et al. 2022);

3. Quantify uncertainties by region using tandem and reanalysis;

4. Assess results w.r.t. sea state dependence (readily available from reanalysis, e.g. ERA5);

[5. Optional, at cost: Compare results against drifting buoys?]

Cost / Timeline:

30k EUR, 12 months (~50 % Phase 1 commitment)



Follow-on studies

Reseach Topic #2: Uncertainty in wave height measurements due to 

short timescale sea state variability (wave groups)

Description:

Short timescale sea state variability is a topic of recent interest, is poorly understood and 

contributes to uncertainty in sea state observations. Recently, De Carlo et al. (2023) have shown that “wave 

groups”, arising from certain sea state conditions, where spectral spreading occurs, can account for up to 

~25% of observed sea state variability over spatial scales of 20 to 100 km. Due to their propagation, wave 

groups can manifest on timescales of ~30 s to ~few minutes. If signatures of wave groups can be identified in 

along-track Hs variability, then the 30 s lag in the tandem data may provide a sufficient time for those 

signatures to vary (or disappear). Therefore, analysis of along-track Hs variability in the concurrent tandem 

data may detect this phenomenon. This would be an important step in estimating and reducing uncertainty in 

Hs measurements – potentially applicable to the study already conducted. This investigation could be 

conducted using both 1 Hz and 20 Hz data, and be applicable to both S6 LR and HR observations.

Key objectives:

1. Use reanalysis wind / wave data and spectral wave data to identify suitable regions (e.g. North 

Atlantic) and wave events of interest during the tandem phase (e.g. storms);

2. Evaluate and analyse along-track variability for S6 LR/HR data (1 Hz or 20 Hz);

3. Search and identify variations (using statistical clustering or machine learning methods).

4. Assess contribution of Hs variance to overall uncertainty estimates previously established 

(e.g. though collocations).

Cost / Timeline:

30k EUR, 12 months (~50 % Phase 1 commitment)
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Validation updates: In situ data

Variability across platforms

— Comparison of coverage and platform variability for 

Northeast Pacific in situ data

— Note, payload denoted by (small!) black letters



Detailed look at Hs mean 
bias with sampling radius.

Jason-3 (tandem, right)

Jason-3 (2017-2021, left)



S6-MF LR

— Slightly lower bias than Jason-3.

Detailed look at Hs mean 
bias with sampling radius.



S6-MF HR

— U

— .

Detailed look at Hs mean 
bias with sampling radius.
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