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Abstract 

In the current review, the most pessimistic events of the globe in history are addressed when we present severe impacts caused by storm surges. 
During previous decades, great progresses in storm surge modeling have been made. As a result, people have developed a number of numerical 
software such as SPLASH, SLOSH etc. and implemented routine operational forecast by virtue of powerful supercomputers with the help of 
meteorological satellites and sensors as verification tools. However, storm surge as a killer from the sea is still threatening human being and 
exerting enormous impacts on human society due to economic growth, population increase and fast urbanization. To mitigate the effects of storm 
surge hazards, integrated research on disaster risk (IRDR) as an ICSU program is put on agenda. The most challenging issues concerned such as 
abrupt variation in TC’s track and intensity, comprehensive study on the consequences of storm surge and the effects of climate change on risk 
estimation are emphasized.  In addition, it is of paramount importance for coastal developing countries to set up forecast and warning system and 
reduce vulnerability of affected areas. 
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1. Introduction 

Storm surge, an extraordinary sea surface elevation induced by atmospheric disturbance (wind and atmospheric 
pressure), is regarded as a most catastrophic natural disaster. According to long term statistical analysis, total death 
toll amounted to 1.5 million and property losses exceeded hundred billions USD globally since 18751. They could 
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Abstract 

In this paper, we consider the problem of estimating a directional wave spectrum from 3-dimensional displacement 
data recorded by a wave buoy. We look at some of the limitations of existing methods to extend the “first five” 
directional moments directly obtainable from such data. With a view to providing the most detailed possible 
comparisons with directional spectra obtained from numerical models, we propose the use of a “diagnostic” 
directional spectrum, defined to be the closest possible spectrum to a given model spectrum that satisfies all 
measured directional moments. This method allows us to quantify the minimum error in a modelled directional 
spectrum consistent with a buoy record.  
 
The new method is tested on a range of artificial test cases, and applied to data obtained from a wave buoy 
deployment off the New Zealand coast, in conjunction with outputs from a numerical spectral wave model 
simulation. It is shown that the method can provide satisfactory results in a wide range of conditions. Unlike existing 
approaches, the proposed method can accommodate sea states with more than two directional peaks, and can assist 
in removing spurious spectral energy arising from existing methods for estimating directional spectra from buoy 
data. 
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1. Introduction 
 
Wave conditions in the ocean can be most thoroughly characterised by combining numerical modelling with 
measurements. In situ measurements from wave buoys are most commonly applied to model evaluation through 
comparison of derived wave statistics (e.g. significant wave height, mean wave direction, peak wave period). But a  
more thorough comparison of measurements with full directional spectra predicted by modern wave models could 
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offer greater diagnostic insight, allowing us, for example, to separately compare each component of a complex sea 
state. 
 
Directional wave buoys work by making simultaneous measurements of a small number of signals, e.g. 
displacements in each of the 3 spatial dimensions. Fourier co- and cross-spectra between pairs of these signals can 
then be used to provide a limited estimate of the directional spectrum. That is, only the “first five” parameters 
moments of the directional distribution are obtained, which is insufficient for a full comparison with model spectra 
that typically have tens of directional degrees of freedom. 
 
In the following section of this paper we review some existing approaches to the problem of extending beyond the 
measured “first five” moments to estimate a more complete directional wave spectrum from data. We then, in 
Section 3, propose a new method, which defines a “diagnostic” directional spectrum S(d) (f,θ) for comparison with a 
given model directional spectrum S(m)(f,θ), such that S(d) is the closest possible spectrum to S(m) that satisfies all 
measured directional moments. This method allows us to quantify the minimum error in a modelled directional 
spectrum consistent with a buoy record. The method is then applied firstly to some artificial test cases, then to 
directional data obtained from a wave buoy, in conjunction with outputs from a spectral wave forecast. A brief 
discussion of these results is then given in Section 4. 
 
2. Fourier representation of sea state 
 
Wave motions can be measured by a floating buoy, such as a Waverider™, that records accelerations in up to three 
dimensions, from which displacements can be computed by double integration of the signal. 
 
First we consider a non-directional instrument that records only vertical motions. The vertical displacement Δz of the 
sea surface at a fixed position and time t can be represented as a sum of sinusoidal signals: 
 

(1) 
 
 
Here Am is the amplitude, fm the frequency, and φm the phase, of the mth individual component. 
 
Assuming random phases and summing the square of all amplitudes in a small range df of frequencies gives the 
wave frequency spectrum S(f) of the wave signal: 
 
 

(2) 
 
 
This can be computed as 
 

(3) 
 
from the Fourier transform 
 

(4) 
 
of the displacement signal. 
 
Directional buoys can also measure horizontal displacements. Using the same sum of sinusoidal signals, these would 
be given as 
 

(5) 
 

∆𝑧𝑧(𝑡𝑡) =  ! 𝐴𝐴! cos[−2𝜋𝜋𝜋𝜋!𝑡𝑡 + 𝜙𝜙!]
!

!!!
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! = 𝑆𝑆(𝑓𝑓)!!!"

! 	 

𝑍𝑍(𝑓𝑓) = ∫Δ𝑧𝑧(𝑡𝑡)𝑒𝑒!!!!"#dt 

𝑆𝑆(𝑓𝑓) = 𝑍𝑍∗𝑍𝑍 = |𝑍𝑍|! 

∆𝑥𝑥(𝑡𝑡) =  ! 𝐴𝐴! cos 𝜃𝜃! sin[−2𝜋𝜋𝜋𝜋!𝑡𝑡 + 𝜙𝜙!]
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and 
 

(6) 
 

which now include the propagation direction θm of each wave component. 
 
Now we can sum the squares of all components within small ranges of both frequency and direction to obtain a 
directional spectrum 
 

(7) 
 
 
We can attempt to estimate the directional spectrum using the Fourier transforms 
 

(8) 
 
 

(9) 
 
of the horizontal displacement as well as Z(f) defined above, but this is restricted to the six possible co- and cross-
spectra, which define specific directional moments of S(f,θ), i.e. (in the deep water case): 
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(15) 
 
 
We note that only five of these terms are independent, with Cxx + Cyy = Czz.  
 
Another way of looking at the limited directional information available is to consider the normalised directional 
distribution D(f,θ), defined by 
 

(16) 
 
Any function of direction can be represented as a Fourier sum 
 

(17) 
 
Of these terms, the co- and cross-spectra above that are obtainable from three-component buoy data can provide 
only S(f), a1(f), b1(f), a2(f) and b2(f) (the so-called “first five” moments) using relationships described by Longuet-
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