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ABSTRACT 

This study investigates the capabilities of optical remote sensing 
to monitor bathymetry in nearshore area using video images. The 
technique is designed to extract wave number components based 
on variation of intensity of brightness at each pixel in the images 
using cross-spectral correlation approach. This approach is based 
on pixel array analysis that utilizes a nonlinear inverse method 
‘Levenberg-Marquardt’. The technique is applied to the data 
collected at Hasaki beach in Japan from August to December 
2006. The results indicate that the cross-spectral correlation 
approach have the capability to derive wave number estimate 
from time series data of video images with small rms errors 
(0.0342-0.0421). Also, the estimate of nearshore bathymetry is 
proved reasonable accurate near shoreline and breaking area 
where the differences between estimated and survey water depth 
are less than 10-30 cm.  
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1.0 INTRODUCTION 

Bathymetry information is very important for coastal and marine 
engineers to understand the coastal process in nearshore area. 

Some nearshore activities such as recreation, fishing, navigation, 
beach nourishment and dredging require the knowledge of 
bathymetry. Good quality bathymetry information is hence 
required in order to make clear the physical processes that are 
taking place. However, combination of traditional in situ survey 
methods and advanced techniques such as global positioning 
system and modern ship vehicles are time consuming, and high 
cost, especially in shallow coastal water area.  

The various remote sensing techniques have been applied to 
derive bathymetry estimate from images. These include 
measurement of water depth from aerial photograph (Weigel and 
Fuchs, 1953), synthetic aperture radar (SAR) (Greidanus, 1997), 
X band radar (Bell, 1999) and SPOT (satellite) images (Leu et al, 
1999) where the sequence of these images can provide a way to 
record information about changes in seabed topography. 
Recently, the invention of new digital technology of images form 
video camera system now can provide and improve an additional 
capability of automated data collection (Holman and Stanley, 
1991). This automated data collections have much greater range 
of time and spatial scales. Also, this technology is suitable for 
measuring hazardous coastal areas such as surf zone area, where 
the operations of ship vehicle have limitation on maneuvers.  

In these video image data it is possible to see the interaction of 
the incident wave field with the bathymetry (i.e. wave shoaling 
and refraction); hence this information can be used to obtain 
estimates of bathymetry (Holman et al, 1991; Stockdon and 
Holman 2000). The approach for estimating bathymetry is based 
on wave kinematics utilize the depth dependence of the wave 
speed (or, equivalently, the wavelength and frequency via c=f/k, 
where c is the wave phase speed, f is the wave frequency and k is 
the wave number = 1/L, and L is the wavelength). Overall, this 
approach requires image sequence (or time series of brightness 
intensity at discretely sampled locations). 
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Thus, the objective of this research is to investigate the 
capabilities of optical remote sensing to monitor bathymetry in 
the nearshore area using video images. The technique is designed 
to extract wave number components based on variation of 
brightness intensity at each pixel in the images using cross-
spectral correlation approach. This approach based on the pixel 
array analysis utilizes a nonlinear inverse method ‘Levenberg-
Marquardt’ to find the optimal wavenumber estimate from a 
model with the observation data set. In this research, the video 
images measured at Hasaki beach in Ibaragi prefecture in Japan is 
used to investigate the applicability of the model. In the following 
sections, we will first review data conditions measured at Hasaki 
beach area. Next, we summarize mathematical formation of wave 
number model and inversion method. Finally, we apply the 
methods to the data, and then draw some conclusions.  
 
 
2.0 STUDY AREA 

In this research, observation was carried out with video camera at 
Hasaki beach, Japan. The Hasaki beach is located on 120 km east 
of Tokyo facing the North Pacific Ocean. In general, Hasaki 
beach is known as straight sandy coast stretching from north to 
south with length around 17 km long. Since 1986, many coastal 
studies have been conducted in this location especially around the 
pier which is known as HORS (Hasaki Oceanographical Research 
Station). 

Wave data were obtained from NOWPHAS (Nationwide 
Ocean Wave information network for Port and HArborS, Japan) 
which measure at Kashima site (35o55'37" N and 140o44'00" E) 
as shown in Figure 2. Figure 2 shows wave data record for 
significant wave height (black line) and wave period (blue line) 
during August until December, respectively. During 2006, the 

yearly average significant wave height (H1/3) is about 1.06 m with 
corresponding wave period (T1/3) of 8.4 seconds. In normal 
conditions, waves approach the coast most often from the East 
and South East directions. The average of the tidal range is about 
1.60 m. 
 
 
3.0 VIDEO CAMERA SYSTEM 

The video camera system in Hasaki site was first installed on 
August 16, 2006. The data sets of video images were collected 
from single camera network Canon VB-C50iR on 10 m height 
above the ground level to generate images with the resolution of 
640 x 480 pixels. In this video camera system, snapshot images 
were collected at interval 1 second every hours using single 
camera as shown in Figure 1. 

In the image analysis, the procedures consist of image 
rectification and timestack image analysis in which the main aim 
is to obtain physical information from timestack images. In the 
Hasaki site, the camera took successive snapshot images around 
Hasaki pier at the interval of 1 second. To extract pixel lines from 
successive snapshot images, the image coordinate of pixel (u,v) 
on the snapshot image need to convert on the real coordinate 
system (x,y,z). In this rectification, the relationship between 
image coordinate and real coordinate as described by Holland et 
al, 1997 was used. The result of rectification image from snapshot 
image is shown in Figure 3 (middle image). 

Then timestack images were collected hourly at each point in 
the array which can be expressed as I (xi,yi,t), where xi,yi are the 
spatial coordinate of the ith image pixel, and t is discrete sampling 
time. An example of time series of brightness intensity of pixel 
for cross-shore at y = 120 m is presented in Figure 3 (right 
image). 

 
Figure 1: Methodology of bathymetry monitoring using video images 
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Figure 2: Wave data record for significant wave height (thick lines/black lines) and wave period (thin lines/blue lines).  
Gray areas indicate storm/typhoons event during wave record at Hasaki beach.  

a) August, b) September, c) October, d) November and e) December 2006. 
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Figure 3: Rectified image from snapshot image on 25/08/2006 at 07.00 around pier area with five cross-shore arrays and eight long-shore 

arrays (shown with dots pixel) 
 
 
4.0 A NON-LINEAR INVERSION METHOD 

In the present research we are interested in the estimation of 
nearshore bathymetry from video images. The technique is based 
on wave number component where it can be derived from the 
intensity of the brightness at each pixel in the images by using 
cross-spectral correlation approach (Plant et al, 2008). 
The mathematical formulation for cross-spectral correlation 
model between two pixels is described by  

 ( ), , , , , ,
1

exp 2 1 cos
M

MODEL
i j f i j m m f m f

m

C x D kπ α
=

⎧ ⎫⎪ ⎪= Δ −⎨ ⎬
⎪ ⎪⎩ ⎭

∑   (1) 

where f is wave frequency, ∆x is spacing between pixels, D is 
design matrix defined on both sample domain (xi, xj), α (wave 
direction) and k (wave number) as unknown model parameters.  
The sample design matrix, D is designed as basis function: 

              , , ,
'
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where ai,m is smoothing weight of Hanning filter 
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where Lx is smoothing lengths scale. Using observation data from 
timestack images, cross-spectral observation data can be acquired 
by applying discrete Fourier transform to the observation to 
compute the cross-spectra between two pixels (sensors pair) 
(Bendat and Piersol, 2000). 

         ( ) ( )
~ ~

, , , * ,OBS
i j f i jC I x f I x f=            (4) 

where the tildes indicate the Fourier transform, the asterisk 
indicates complex conjugate, angle brackets indicate ensemble or 
band averaging. 
 
Since the wave number is nonlinearly related to the cross-spectral 
correlation as shown by equation above, a non-linear inversion 
method Levenberg-Marquardt (Press, et al, 1992) is used to 
minimize the weighted squared difference between successive 
estimates of the model and the observations.  

       ( ){ }, , , , , ,, ,
MODEL OBS

i j f i j f i j fi j fC C Cττ γΔ = −        (5) 

where, at each iteration τ, the model-observation mismatch is 
weighted by the observed coherence, γi,j,f. 
The minimization of cross-spectral function with Levenberg-
Marquardt (LM) method consists on constructing an iterative 
procedure that starts with   an initial value guess ko. Then, a new 
estimate of wave number model is obtained with: 
              1

, , ,f m f m f mk k kτ τ τ+ = + Δ            (6) 

where the variation of ,f mkτΔ calculated from 
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where τλ  is the damping parameter, I is the identity matrix and 
R is sensitivity matrix for the cross-spectral correlation as 
describe:  

          ( )
, , , , , ,1 MODEL

i j f i j m i j fR D C xττ γ= − Δ       (8) 

The iteration procedure to calculate ,f mkτΔ and 1
,f mkτ +  from Eq.6 

and 7 is continued until the convergence criterion  

                  ,f mkτ εΔ <                  (9) 

is satisfied, where ε in this model is 10-6   
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5.0 INVERSION OF BATHYMETRY 

The bathymetry inversion method based on timestack method 
computes water depth by relating wave number parameters k 
using a suitably accurate dispersion equation. Water depth h is 
related to local wave number k and frequency f through the 
dispersion relationship in the linear wave theory (Dean and 
Dalrymple, 1991) 

( )22 tanh( )f gk khπ =        (10) 
where g is gravitational acceleration and h is local water depth.  

Given a value for f (sample wave frequencies) and an initial 
depth, h, this equation can be solved iteratively for wave number. 
The Levenberg-Marquardt non-linear inverse method was used 
again to minimize error between the wave number predicted by 
Eq.10 and the wave number estimated form images derived from 
Eq.6 
 
 
6.0 RESULT AND DISCUSSION  
 
This technique was applied using timestack data collected on 
August 25, 2006. Using this timestack, the wave number estimate 
was computed at a series of wave frequencies ranging from 0.08 
Hz to 0.11 Hz. It is expected to find suitable frequency from those 
wave frequency resolutions; the optimum wave component will 
give strong signal for the analysis of brightness intensity of pixel 
time series. On this date, the peak wave period based on field 
measurement was 9.1 sec; the wave direction was approach from 
81 degree from North direction; and the significant wave height 
was 1.11 m.   

Using the measured bathymetry and the tidal level at the time 
of the image collection, the wave number estimate was computed 
for each frequency. The non-linear inversion method of 

Levenberg-Marquardt was applied to the sample cross-spectral 
correlation at each frequency over entire array.  

Figure 4 shows the results of the wave number estimates for 
each sample frequency. The best of wave number estimates were 
obtained at frequency 0.09 Hz which showed highest coherence 
with rms error 0.0342 m-1 as shown in Table 1. This frequency, 
0.09 Hz corresponds with the peak period based on field 
measurement. 

 
Table 1. Coherence and RMS Error Wave number 

No Frequency Coherence RMS wave 
number error 

1 0.08 128.745 0.0358 

2 0.09 132.153 0.0342 

3 0.10 131.161 0.0354 

4 0.11 118.333 0.0421 
 

The result of bathymetry inversion using video images data 
collected on August 2006 is shown in Figure 5. The average 
bathymetry value estimated by inverted all frequency shows that 
the Hasaki beach have sand bar at x = 200-200 m. To evaluate 
bathymetry inversion model, the result is compare to the survey 
measurement data. It shows that the performance of the prediction 
is most accurate near shoreline and sand bar, where the 
differences between estimated water depth and survey water 
depth is less than 10-30 cm.  

Based on the calibration result, the model was used more 
extensively to monitor long term observation of bathymetry 
evolution along Hasaki beach as shown in Figure 6. Figure 6 
shows that sand bar was eroded and changed due to several 
typhoons that attacked Hasaki beach during 2006 as shown in 
Figure 2. 

 
 

 
 

Figure 4: Wave number estimates using cross-spectral correlation from snapshot image at 25/08/2006 
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Figure 5: Comparison between cross section profile in situ survey (dash line) and bathymetry inversion (solid line) from video images 
collected on August 2006 

 

 

 
 
 

Figure 6: Time series of depth profile estimated at y = 200 m from September to December 2006 along Hasaki beach.  
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7.0 CONCLUSION 
 
An algorithm for video images sequence analysis was presented 
to monitor bathymetry in nearshore area using non-linear 
inversion method to convert image pixel brightness values into 
depth estimates. The method consists of wave number inversion 
model which is based on cross-spectral correlation technique and 
bathymetry inversion which is based on wave dispersion model. 
The capability of video image technique was tested using data 
from Hasaki beach in Japan from August 2006 to December 
2006. 

The results indicated that cross-spectral correlation approach 
have the capability to derive wave number estimate from time 
series of brightness intensity at each pixels to estimate 
bathymetry. The model showed relatively small rms errors 
between 0.0342-0.0421. Correlation coefficient between the 
estimated wave number and that from linear wave theory is 0.93. 

The result of nearshore bathymetry estimates provides 
reasonably accurate depth estimate near shoreline and breaking 
area with rms 0.44. This result indicates that nearshore 
bathymetry estimates can be derived from video images sequence. 
By using optical remote sensing of video images, monitoring of 
nearshore evolution can be assessed periodically for long period 
with very cheap cost compared to traditional measurement 
method.   
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