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1. Project Narrative 

Introduction 
Typically, phase-resolved measurements of the sea surface are limited to single-point time series 

from in situ sensors, or arrays of multiple in situ sensors. The deployment of such devices is costly 

and time intensive, and the wave data they provide is limited in its spatial coverage and directional 

accuracy. Several remote sensing options, including optical video and X-Band marine radars, offer 

the possibility of full 2D reconstruction of the phase-resolved directional sea on spatial scales of 

kilometers.  

 

Ocean waves are visible in radar imagery as the ubiquitous backscatter from short wind ripples is 

modulated by the longer gravity waves. However, a robust mechanism for extracting surface 

elevation information from the radar intensity data does not yet exist. The vast majority of past 

studies investigating wave information in radar imagery are limited to the retrieval of bulk 

parameters such as significant wave height (e.g. Young et al., 1985; Nieto Borge et al., 1999). 

More recently, several studies have investigated the extraction of phase resolved wave parameters 

(Nieto Borge et al., 2004; Dankert & Rosenthal, 2004) but are limited to methods requiring buoy 

calibration, or impractically high radar installation.     

 

The present study investigates a more widely applicable method for reconstructing the phase-

resolved sea surface from X-Band radar imagery. The methodology was developed by the authors 

previously (Simpson et al., 2017) and consists of an assimilation algorithm built on a physics-

based wave model. The scope of work under the Link Fellowship was to assess performance of 

the algorithm using two field datasets.  

 

Results 

The major outcome of the work under the Link Fellowship is a performance assessment of a novel 

wave reconstruction algorithm (Simpson et al., 2017) using two field datasets consisting of radar 

and in situ measurements. In this section, a brief description of the algorithm is given, followed by 

a summary of the field test results.  

 

Description of Reconstruction Methodology 
 

The reconstruction algorithm works by assimilating the radial component of the sea surface slope 

(𝜂𝑟) which is estimated at each range r and azimuth 𝜙 using the radar model derived by Lyzenga 

& Walker (2015). The model is a simple relationship between the radar backscatter intensity I, the 

radar height h, and range r, where 〈𝐼〉 denotes the local mean: 

 

𝜂𝑟(𝑟, 𝜙) =  
ℎ

𝑟
[
𝐼(𝑟, 𝜙)

〈𝐼(𝑟, 𝜙)〉
− 1] 

 



This study serves as the radar imaging model’s first field application, thus a large portion of 

analysis is devoted to this component of the procedure. The imaging model applies to the un-

shadowed portions of the sea surface only, thus the available physical information throughout the 

wave field is fairly sparse due to wave shadowing. The assimilation algorithm is used to produce 

a reconstruction of the full surface wave field from the estimated radial slopes. It is built on the 

Mild Slope Equation wave model in its linear form. Through iterative solutions, a cost function is 

minimized to produce a reconstruction of the wave field that best matches observations. The 

technique has been successfully validated using a radar-like synthetic dataset, with results shown 

in Figure 1. 

 

 
 

Figure 1. a) Model input: synthetic radial slopes with simulated shadowing and synthetic noise used for 

assimilation; b) Model output: reconstructed surface elevation; c) Time-series comparison between ground 

truth surface elevations (blue dashed) and reconstructed surface elevations (red). 

a) b) 

c) 



Field Testing  
 

For field testing, each dataset consists of ~20 minutes of X-band radar imagery that has 

synchronous water surface elevation measurements collected using wave profiling in situ sensors. 

The X-band radar is a Koden non-coherent radar with 12 m range resolution and 1 degree 

azimuthal resolution over a 6-12 kilometer radius domain (size depends primarily on wind 

conditions). The in situ sensors are Spotter buoys created by Spoondrift Technologies, Inc., which 

collected x and y (location) and z (surface elevation) data with 2 Hz sampling.  

 

The first dataset used for testing was collected in Monterey Bay, CA where an array of 8 Spotter 

buoys were temporarily deployed in ~40m water depth, the locations of which can be seen in 

Figure 2a. In order to collect the spatially and temporally overlapping dataset, the radar was 

mounted on a small research vessel as shown in Figure 2b. 

 

  

Figure 2. a) Array of Spotter Buoys, with image of buoy shown on left; b) Research vessel with mounted 

X-band radar. 

A considerable amount of post-processing was performed on the radar imagery collected in 

Monterey Bay to geo-rectify the images in space. Position and headings collected by a GPS 

Compass were applied to the images, but the time series still contained significant jitter. A 

stabilization scheme was implemented on the radar images in which each frame was cross-

correlated to a single frame, utilizing stationary shoreline features to find a rotational offset. These 

offsets were then applied, generating a more stable dataset with high enough rectification accuracy 

a) b) 



to locate the buoys within each image. The radial slopes were then estimated from the geo-rectified 

intensity dataset. Sample intensity and radial slope data are shown in Figure 3a and b.  

 

Figure 3. a) Geo-rectified radar backscatter intensity collected in Monterey Bay, CA, with Spotter buoys 

locations shown as cyan dots; b) Radial slopes computed from intensity shown in a), and buoy locations 

shown in black. 

To assess accuracy of computed radial slopes, the buoy surface elevation data must be converted 

to a spatial slope value. This is done using a relationship between the surface elevation time 

derivative, and the wave celerity computed from the peak period and wavelength: 

𝜂𝑥 =
𝜂𝑡𝑘

𝜎
=

𝜂𝑡
𝑐

 

The comparison between radial slope estimated from radar, and spatial slope estimated from buoy 

is shown in Figure 4. Wave shadowing is added to the buoy slopes for a more representative 

comparison.  

 

Figure 4. Radar-derived radial slope compared to wave slope estimate from in situ surface elevations. 

The radar-derived radial slope is underestimated by approximately 70%. This underestimate is 

thought to be due to two main factors: (1) the radar height, which is a key component in the radar 

imaging model, is highly variable due to the ship’s motion over the waves, and (2) the derivation 

a) b) 



of the radar imaging model includes a key assumption about the intensity’s behavior with range, 

which this dataset does not achieve. Specifically, addressing (2), the radar imaging model assumes 

the intensity has a roll off with range of 𝑟−7/4. The ship-board data does not show this roll off 

consistently, but in future work there is the possibility of correcting this using a fitting function for 

higher radar model applicability. With underestimates in radial slope, the assimilation algorithm 

will also produce an underestimate in water surface elevation.  

The second dataset used for field testing was collected as part of a larger experiment studying inner 

shelf processes in central California, near Vandenberg Air Force Base. The major advantage of 

this shore-based dataset is that the radar imagery is stationary, and the radar height is well resolved. 

The field campaign is depicted in Figure 5. 

 

Figure 5. a) Location of field site in central California; b) 100ft radar tower used for shore-based data 

collection. 

Images showing raw intensity and computed radial slope are shown in Figure 6. The Spotter buoy 

locations are indicated for the buoys within the radar domain (20 and 28).  

Two limitations exist in this dataset: (1) the wave conditions are fairly nonlinear (Stokes 2nd order 

at Spotter 28, and nearly cnoidal at Spotter 20) thus the linear Mild Slope Equations that the 

algorithm is built on are not ideal, and (2) the intensity shows the expected range-roll off at mid-

ranges, but not at the close and far ranges that overlap with the buoy locations. The ramifications 

of this are (1) the phase speed is over estimated in the reconstruction and (2) the radar data at the 

buoy locations are outside applicability of the radar imaging model. A workaround for addressing 

(2) is implemented where slopes with correct range roll-off (mid-range) are assimilated, then 

propagated shoreward to the location of Spotter 20. This means that the waves at Spotter 20 are 

“forecasted” rather than reconstructed, since the assimilation algorithm is not using direct 

observations of these waves.   

a) b) 



 

Figure 6. a) Raw radar intensity with Spotter buoys 20 and 28 indicated; b) Radial slopes computed from 

a). 

 

Figure 7. a) Raw shore-based radar intensity with assimilation domain outlined in white, and Spotter 20 

location indicated as a white dot; b) Radial slope data used for assimilation; c) time series comparison 

between band pass filtered buoy heave and reconstructed surface elevations. 

b) 

b) 

a) 

a) 

c) 



The region of the radar imagery used for assimilation is outlined in Figure 7a with the Spotter 20 

location indicated as a white dot.  The radial slopes used for assimilation are shown in Figure 7b, 

and a time series comparison is shown in Figure 7c. The still water at the beginning of the 

reconstructed time series is due to the fact that the reconstructed wave propagate from the outer 

edge of the domain inwards. It is seen that the first 4-5 waves are reconstructed well, however after 

that the phases deviate. This is most likely due to the fact that the linear Mild Slope Equations are 

over estimating the phase speeds because wave nonlinearity is not accounted for. In a realistic 

implementation of the algorithm, a recurring series of assimilations would be used to achieve a 

longer record of reconstructed waves.  

 

Significance and Impact 
Deploying a shore-based radar may provide a less expensive and safer option for collecting surface 

elevations than in situ sensors, with considerably more spatial coverage. In a scholarly context, 

this study provides advances in a highly challenging problem of extracting surface elevation 

information from radar backscatter intensity. A robust and widely applicable method does not yet 

exist, and we have presented a novel approach that uses a physics-based wave model to reconstruct 

surface elevation from estimated radial slopes. The benefits of this approach is that it is calibration-

free, and will work under a wider range of radar installations than previous studies. We have shown 

preliminary success testing the algorithm using a shore-based radar. In using ship-board radars, 

additional challenges of image rectification and variable radar height must still be overcome.  
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3. Fellowship Impacts 
The Link Fellowship significantly impacted my graduate studies, both in the realm of scholarly 

achievements and in my training to pursue independence in my research. Academically, it allowed 

me to perform field validation of a novel wave reconstruction algorithm, beyond the preliminary 

synthetic validation I had previously conducted. Of course, this robust field validation is a very 

important step in the success of the methodology. Personally and professionally, the fellowship 

allowed me a learning opportunity for crafting a research scope independently, and disseminating 

the information on my own initiative. I was provided the opportunity to present at numerous 

conferences, greatly enhancing my engagement with the research community. I know the 

fellowship with have a wonderful impact on my opportunities in the future, and I hope the research 

conducted on the fellowship will expand a facet of radar remote sensing within the Coastal 

Engineering community.  

 


