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• OAR/NWS SLA Project “Extending Maritime Hazard Information to Week Two and 
Beyond”.  

• 20-year wave ensemble reforecast. Validation using 427 buoys, 96 in deep waters.  

• And 15 altimeter missions: JASON1, JASON2, JASON3, CRYOSAT2, HY2, SARAL, SENTINEL3A, 

SENTINEL3B, ENVISAT, ERS1, ERS2, GEOSAT, GFO, TOPEX, CFOSAT 

Introduction 



 Focus on tropical cyclone conditions. New Challenges: scarcity of data and 
uncertainties under extreme conditions. 

• Multiple sources of measurements of wave heights include: heave-pitch-roll 
moored buoys, GPS-sensor drifter buoys, satellite altimetry, synthetic aperture 
radar (SAR), airborne radars, pressure sensors, acoustic Doppler current profiler 
(ADCP), saildrones, and stereo camera systems; 

• Multiple source of errors. Ex. for moored buoys: Lawrence et al. (2021), Liu et al. 
(2015), Tucker (1989), Abdalla et al. (2011): Hs errors around 3.5% to 3.8%. 
Accuracies better than 2% and errors of less than 5 cm. From 6 to 9 cm, 
depending on the wind and wave intensity; 

• Ashton and Johanning (2015) “observation errors from the buoys are dynamic 
and depend on the drag forces on the buoy”, such as strong currents and 
breaking waves. Bender et al. (2010): increasing errors on Hs when the buoy is 
heeled over for long periods of time. 

Motivation 



 Focus on tropical cyclone conditions. New Challenges: scarcity of data and 
uncertainties under extreme conditions. 

 

Main goals: 

• Maximize the number of reliable, quality-controlled wave observations 
inside tropical cyclones. Starting with Hs and then expanding to other variables. 

• Analyze the data, compare observations, and calculate their uncertainties; 

• Evaluate wave ensemble products and develop machine learning post-processing 
models to improve wave forecasts in TC conditions; 

• Generate probabilistic wave forecasts for tropical cyclones. 

Motivation 



Moored, heave-pitch-roll wave buoys: 
• National Data Buoy Center (NDBC, NOAA), 3-meter discus buoys; 
• Coastal Data Information Program (CDIP, SIO), Datawell Mark III Directional Waveriders 
 

Free-drifting buoys (small dimensions) with GPS-derived data: 
• microSWIFT (APL-UW): 9.2 cm diameter, 21.4 cm length, and 0.9 kg weight 

• DWSD (LDL-Scripps): spherical hull with a 39 cm diameter and 12 kg weight 

• Spotter (Sofar Ocean): spherical hull with a 42 cm diameter and 7.5 kg weight 
 
 

Satellite Altimeters (Australian Ocean Data Network): 
• Post-processed and calibrated by AODN: CFOSAT, SARAL, CRYOSAT2, HY2B, JASON3, 

SENTINEL3A, SENTINEL3B, and SENTINEL6A 
 

Airborne radars (P-3, PSL-NOAA): 
• Wide Swath Radar Altimeter (WSRA): operates at 16 GHz 
 

Saildrones  (PMEL and AOML, NOAA). 
 

Model Global Data Assimilation System (GDAS), GFS NOAA, 0.16° and 1h res.  

Observations [2022 – 2024] 



1) Grid mask to exclude coastal waters and facilitate the collocation 
• ETOPO bathymetry and distance to the coast (GSFC/NASA) 

Methodology 

2) Cyclone maps 
o Based on International Best Track Archive for 

Climate Stewardship (IBTrACS) 
• Position of the systems; 
• Storm nature: storm is tropical (TS); 

Subtropical (SS); Extratropical (ET); 
Disturbance (DS); Mix of conflicting reports 
(MX); Not Reported (NR); Missing (MM); 

• Radius: Expanded to capture the extreme 
waves (500km to 700km); 

• Sectors. 
 



2) Cyclone maps. Example applying GDAS 

Methodology 
Sectors 

Total of 98 named TCs 

In this domain: 36.4% of the time over 
the last 3 years had at least one cyclone 
(IBTrACS) 



2) Cyclone maps 
• Areas affected in the last three hurricane seasons: 

Methodology 

Total number of hours under the impact of TCs in 3 years 



3) Observations were organized and quality-controlled; 
 

4) For the buoys and saildrones: irregular and/or high-sample rates were 
averaged to hourly time steps; 
 

Final arrays containing [time, lat, lon, obs ID, cyclone information, Hs (m), U10 
(m/s)] were built; 
 

5) Satellite Altimeters and WSRA were collocated into these time/positions 
using spatio-temporal criteria; 
 

6) GDAS data was organized: 6-hour slices of consecutive cycles appended; 
 

7) Comparisons and statistics have been calculated, analyzing systematic and 
scatter differences; 
 

8) Triple collocation and uncertainty analysis based on Jansen (2007) and 
Houghton (2021) have been computed.  

Methodology 



Observations selected and processed [2022-2024] 

Results 



Results for Hs (m) 

Results: Altimeter collocated with moored buoys (NDBC and CDIP). 

bias RMSD NBias SI CC N 

0.03 0.39 0.01 0.13 0.97 174 

Max Hs values 
Buoy: 9.02 m 
Altimeter: 9.28 m 



Results for Hs (m) 

Results: Altimeter collocated with drifting buoys (Spotter) 

Max Hs values 
Buoy: 12.07 m 
Altimeter: 11.37 m 

bias RMSD NBias SI CC N 

-0.22 0.45 -0.05 0.08 0.99 39 



Results: Altimeter data collocated with all the observations (240 matchups) 



Results: GDAS compared with all the observations (19830 matchups) 

Obs/GDAS bias RMSD NBias SI CC N bias_p95 RMSD_p95 N_p95 

NDBC -0.14 0.46 -0.06 0.16 0.95 12777 -0.02 0.94 636 

CDIP -0.29 0.49 -0.14 0.16 0.97 1103 -0.43 1.08 56 

SPOTTER -0.13 0.71 -0.03 0.16 0.95 2730 0.91 1.67 137 

DWSD 1.12 2.09 0.44 0.60 0.24 2041 5.39 6.00 101 

MICROSWIFT -0.48 0.85 -0.15 0.21 0.87 403 0.52 0.89 21 

SAILDRONE 0.12 0.83 0.03 0.17 0.94 776 1.38 1.64 39 



Results: GDAS compared with all the observations (19830 matchups) 



Results: WSRA compared against buoys and GDAS 

  bias RMSD NBias SI CC N 

Buoys -1.33 1.71 -0.33 0.23 0.89 13 

GDAS -0.96 2.23 -0.21 0.39 0.60 5985 



Results: WSRA compared against buoys and GDAS 



Results: Saildrones compared against buoys and GDAS 

  bias RMSE NBias SI CC N 

Buoys 0.08 0.29 0.03 0.10 0.99 121 

GDAS -0.12 0.83 -0.03 0.17 0.94 776 



Events: Hurricane Fiona (Cat 4), Sep 2022 



Events: Hurricane Ian (Cat 5), Sep 2022 



Events: Hurricane Idalia (Cat 4), Aug-Sep 2023 



Events: Hurricane Franklin (Cat 4), Sep 2023 



Events: Hurricane Lee (Cat 5), Sep 2023 



Events: Max Hs found: 

Hurricane Earl (Cat 2) Sep 2022 
 

• Max Hs registered at 38.847°N / 53.609°W  
• SPOTTER0104: 16.01 m 
• GDAS: 14.62 m 



Current work 
Triple collocation based on Jansen (2007) and Houghton (2021)  
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, so 

Eliminating the truth and considering that observations have uncorrelated errors: 
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variance of the errors  

If the errors are uncorrelated, only 3 collocated datasets are needed to estimate the variance of 
the error in each of them. 
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Summary and Discussion 
 

• The combination of moored buoys, targeted deployments of drifting buoys, 
saildrones, and radars provides a highly dense set of observations of TCs; 

 
 

• NDBC, CDIP, Spotter, and AODN (altimeter) data have shown close 
agreement within TCs, even under very extreme conditions; 

 

• Spotters recorded the most extreme events and the highest waves; 
 

• Saildrones have also a very high correlation; however, the final dataset 
could still benefit from a better QC and processing, especially considering 
the instrument's high sampling rate (1-min measurements); 

 

• Similarly, WRSA will require improved QC and potential calibration; 
 

• DWSD needs further attention and investigation (double check scripts, data 
format, time/position standards, possible calibration factors, QC etc); 

 

 

Ongoing and Next steps 
 

• Incorporate the most recent observations from 2024; 
 

• Finalize the estimation of the rms errors for each instrument; 
 

• Move to the next steps of the project (validation of multiple numerical models 
including ensemble forecasts, develop post-processing statistical models, continue the ML 
application in the probabilistic domain). 



Thank you 
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