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ABSTRACT

Honillo-Caraballo, J.M. and Reeve, D.E., 2011. Application of a statistical method to investigate patterns of 
beach evolution in the vicinity of a seawall. Journal of Coastal Research, SI 64 (Proceedings of the 11th 
International Coastal Symposium), 95 -  99. Szczecin, Poland, ISSN 0749-0208

In this paper we describe the application of Canonical Correlation Analysis (CCA) to an historical dataset of 
seabed elevations within a coastal segment of the English south eastern coast. The study site is located along the 
frontage of W alcott (Norfolk, East coast of England). The beaches along this segment of coast are mainly 
composite, mixed sand and shingle. The dataset comprises detailed bathymetric surveys of beach profiles 
covering a period of over 17 years (~ 2 beach profile surveys every year). The structure of the dataset and the 
data handling methods are described. The application of the CCA method is discussed as well as the ability of 
the CCA to provide useful forecast of the beach profile at Walcott. Some results and interpretation of the analysis 
are presented. Beach profiles predictions agreed well with the measured profiles for up to five years of forecast at 
the site. The level of error using CCA is proportionate with that found with dynamical modelling. It is expected 
that this relationship will be used by coastal planners to predict profile evolution based on waves and stoim 
surges.

ADD ITION A L INDEX W ORDS: Beach profile. Canonical Correlation Analysis, Empirical Orthogonal 
Functions, Forecast, Statistical models.

INTRODUCTION
In recent years, as a result of the implementation of a strategic 

approach to flood and coastal management, the necessity of more 
robust methodologies for incorporating risk assessments within 
coastal engineering design has been clearly identified (Cooper and 
Hutchinson, 2002). Climate change will modify wave and water 
level conditions and for this reason affect the vulnerability of 
coastal defence structures (Sutherland and Gouldby, 2003). There 
are a large number of coastal structures whose stability depends 
upon the characteristics of the beach where they are located. From 
this perspective, it is necessary to understand how seawalls and 
beaches interact during stoims and how beach profiles interact 
with waves, tides and storms. W ithout this, it is difficult to 
provide realistic estimates of interaction between the structure and 
the beach profiles and how they are likely to change over time. 
Sea walls are often part of a larger scheme, operating in 
combination with beach and other structures (e.g. beach 
nourishment, groynes, etc. ) to control wave energy, thereby 
improving the resistance to coastal erosion or limiting wave 
overtopping. Therefore, coastal engineering has dedicated 
significant efforts to study the interaction between wave 
conditions and morphological changes on the beaches. This 
phenomenon is of great complexity because the morphology of a 
beach at a certain time is the result of several hydrodynamic 
processes that act over a vast range of space and temporal scales 
(Larson and Kraus, 1995).

In order to improve predictions of likely wave overtopping and 
thus flood risk, improvements in both wave forecasting and beach

movement are required. Wave forecasting models have seen 
significant improvements over the last few decades, but predicting 
beach levels remains difficult. The importance of beaches for 
coastal flood risk is due to the process of wave breaking in 
shallow water. Breaking dissipates much of the energy in a wave 
and can materially reduce overtopping. Beach prediction models 
come in essentially two foims: a) formulae that describe an 
equilibrium shape as a result of fixed wave conditions (e.g. Dean 
et at., 1993); b) detailed process models that can provide good 
results over the period of a storm but have difficulties in teims of 
accuracy and stability for longer term predictions.

As a consequence of the limitations mentioned for both types of 
models, recent studies have highlighted the necessity of use of 
robust statistical models (Rózyñski, 2003; Li et al., 2005). This 
type of approach uses correlation techniques of series of data to 
identify relationships and structures of two simultaneous series of 
time. The objective of these techniques is to associate the changes 
contained in the data sets to physical processes in the area of 
study. In essence, this relies on a statistical analysis of historical 
data and a process of extrapolation. Given the growing amount of 
beach survey data and nearshore wave forecasts that are now 
almost routinely available, in this paper we examine the use of 
data-driven technique for predicting beach changes. Canonical 
Correlation Analysis (CCA) is one of these methods that has been 
used in areas such as meteorology and climatology (Glahn, 1968; 
Graham et al., 1987).

This method has been used with data from the FRF (Field 
Research Facility in North Carolina, USA) by Larson et al. (2000)
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in order to detect occurring patterns in the wave and profile data 
and to investigate the use of CCA to predict the profile response 
due to waves. Horrillo-Caraballo and Reeve (2008) extended this 
study to investigate the sensitivity of the quality of predictions on 
the choice of distribution function used to describe the wave 
heights. In addition, Rozynski (2003) used the CCA method to 
analyse the evolution patterns of multiple long-shore bars and the 
interactions among them.

In this paper, CCA techniques are applied to a series of 
historical beach profile survey of the W alcott area (east coast of 
England) covering a period of over 17 years. The data were 
analysed in order to determine the covariability between waves 
and profile response.

The coastline in W alcott is orientated approximately northwest - 
southeast and is prone to attack from the North Sea, especially 
when the wind blows from the northeast (Figure 1). The danger 
increase when this wind is combined with a North Sea surge, 
which can raise the still water level of the sea by up to 2 m  above 
the predicted sea level. These conditions have caused disastrous 
flooding in the town, the worst in recent memory being in 1953. 
(HR Wallingford, 2002).

wave parameters are presented. A discussion and conclusive 
remarks are provided on the potential for using these results to 
predict profile evolution based on the waves.

CANONICAL CORRELATION ANALYSIS 
(CCA) METHOD

CCA was proposed by Hotelling (1936) and can be seen as the 
problem of finding basis vectors for two sets of variables such that 
the correlation between the projections of the variables onto these 
basis vectors are mutually maximised. CCA is used to investigate 
the intercorrelation between two sets of variables, whereas 
factor/principal component analysis or EOF (Empirical 
Orthogonal Functions ) identifies the pattern of relationship within 
one set of data (Clark, 1975). CCA may be used to investigate the 
presence of any patterns that tend to occur simultaneously in two 
different data sets and what the correlation is between associated 
patterns (Graham et aí., 1987). If the two original data sets are 
denoted Y  (wave parameter data matrix with size ntviy) and Z 
(profile data matrix with size ntmz), we denote new transformed 
variables U and V  that have maximally correlated column vectors 
for the same index and zero correlation for differing indices. U 
and V  are orthonormal.

The desired weights to transform Y  into U (Graham et a l,  
1987),

[yt y Y ( y t z \ z t z Y ( z t y ) - / j 2 =  0 ( 1)

where ¡.C denotes the eigenvalues (squared correlation between the 
corresponding temporal amplitudes of the canonical modes - the 
columns vectors in U and V  - and the associated eigenvectors R), 
yields the transformation U = YR.

The same to transform Z into V,

{z tz Y ( z ty \ y ty Y ( y tz ) - / r /  _ ( 2 )

Figure 1. Location of the study area and photo from the seawall in 
W alcott (top right) and wave data location (WDP1 )._____________

having the same ¡.r eigenvalues and the associated eigenvectors Q, 
yields the other transformation V = ZQ.

The spatial amplitudes (G and H) of the canonical mode are 
obtained as:

Wave hindcasts and beach profiles from the Environment 
Agency (EA) were used to investigate the relationship between the 
waves and the profile response over a longer time period. The data 
covered beach profile surveys taken along Profile N3C8 (Figure 1) 
over a period of 17 years and spectral wave properties (significant 
wave height, peak period and wave direction) calculated at least 
every lh  during the same period. Wind measured at Weybourne, 
UK (Chini, pers. comm.) were used to estimate wave parameters 
using the so-called CERC formulas (USAGE, 1984) The wave 
data point (WDP1), where wave parameters were calculated, is 
located at position 52°51’0.25”N, 1°30’59.40"E (Figure l).The 
waves were hindcasted at 12mCD (Chart Datum) water depth and 
these data were used to derive the wave properties employed in 
the CCA.

Initially, the analysis focused on directly linking the profile 
response to the significant wave heights (Hs) and to wave 
steepness (H/L). In order to represent the significant wave heights 
and wave steepness, probability density functions (pdf) were 
derived for the two wave parameters. Secondly, the theory behind 
the CCA and some description of how it was applied in this study 
is given. The results of the CCA between the profiles and the two

G = Y t U (3)

H  = Z TV  (4)

The original data set are expressed as:

Y = UG (5)

Z = V H  (6)

Noise in the data can adversely affect the accuracy of these 
matrix manipulations. Thus some filtering of the data is often 
performed prior to the analysis. EOF is commonly used in the 
filtering. The data set (Y  and Z) are expressed in teims of EOFs

Y = A E t (7)

Z  = B F t (8)

where A  and B  contains the temporal EOF (or principal scores) 
and E and F the spatial EOF for Y  and Z  respectively. Filtering is 
performed simply by truncating the expansion of EOFs.

B irm in g h am
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The regression matrix is originated in the CCA analysis and 
relates the profiles to the wave proper-ties based on the correlation 
between the dominant patterns in the profile and wave data. This
means that the regression matrix can be used to predict the profile
response, if the wave properties are known (Larson et aí., 2000).

The associated profile data matrix Zp, having a wave matrix Yp 
(measured or simulated) is given by:

Z p = Ypy/ (9)

where

y/ = GSFT (io) 

S = U t B  ( i d

The necessary matrix algebra required in these cases is now 
available in FORTRAN® or MATLAB® routines.

SURVEY DATA 

Beach Profile Data
The mixed shingle-sand beaches of W alcott (Figure 1) have 

been monitored since 1991 along 18 shore normal profiles, as part 
of a long-term beach management survey programme by North 
Norfolk District Council (HR Wallingford, 2002). The surveys 
were earned out in the summer and winter months so that the 
seasonal variations in beach morphology can be examined. In this 
study. Profile N3C8 has been used for this study, due to that this 
profile takes into account the seawall. Figure 2 displays the subset 
of measured profiles along Profile N3C8 included in this study 
that were used in the CCA (25 profiles shown).
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Figure 2. Time series of beach profile N3C8.___________________

Only surveys that extended from the dune region out to a water 
depth of approximately the Mean Low W ater Level (MLWL) 
were included in the analysis. Measured levels are referred to the 
UK Reference System - Ordnance Survey Datum Newlyn (ODN).

Wave Data
The wave dataset available for this area consisted of significant 

wave height (Hm0), peak spectral wave period (Tp) and wave

direction (8) obtained from Nicolas Chini (Chini, pers. comm.). 
The waves were obtained every lh . The hindcasted wave point is 
located in approximately 12mCD water depth and 1.3km offshore. 
The predominant wave directions are from the north, north-east, 
and east and the largest surges are associated with winds from the 
north-west and north. The tidal ranges are 3.54m and 1.72m for 
spring and neap respectively. Wave conditions obtained from the 
hindcast will be used to calculate the empirical probability density 
functions that were used in the CCA analysis.

METHODOLOGY 

Decomposition of the Data
The data used for this study have been detailed in the section 

above. The data obtained from W alcott have been manipulated in 
order to acquire time series with the same sampling rate for 
profiles and wave conditions. The profile dates were fixed in 
accordance with the W alcott dataset. In general teims, around 25 
beach profiles were used in the CCA and around 10 beach profiles 
were used for comparison with the predictions on the basis of the 
regression matrix.

The beach profile is highly dependent on the prevailing wave 
conditions. Therefore, the wave conditions between two selected 
profiles were used to characterise the changes in each subsequent 
beach profile. Nonetheless, there are about 155209 wave data 
records for W alcott to characterise around 20 beach profiles. At 
each profile taken for this study there are many more wave 
observations than beach profile measurements. With the aim of 
generate two series of equal length, required to apply the CCA 
method, the wave conditions are compiled in probability density 
functions (pdfs). A parametric form of pdf was proposed by 
Larson and Kraus (1995). However, more recent studies (Honillo- 
Caraballo and Reeve, 2008; 2010) have suggested that a better 
performance is obtained using an empirical distribution. The 
empirical distribution is a cumulative probability distribution 
function that concentrates probability 1/n at each of the n numbers 
in a sample. A combined pdf (p„) may then be derived by 
superimposing the individual pdfs available for the measurement 
period between surveys,

ui,
where H  is the wave height, n the number of individual wave 
measurements between surveys and i an index. The supeiposition 
carried out in Equation (12) implies that all the individual pdfs 
derived from the wave measurements (Hs) have the same weight. 
The composite pdfs used in the CCA analysis were discretised 
into about 200 intervals, sufficient to provide a good resolution 
over the probability interval of significance.

Figure 3 shows the corresponding composite pdf for the 
offshore significant wave height valid for the time period between 
surveys and obtained by adding over a large number of Empirical 
pdfs according to Equation (12).

Data for the area of W alcott is quite scarce in comparison with 
other field data sets (e.g. Duck); even that profiles have been 
measured from the eighties, there is not enough wave data to 
correlate waves and profile from this time. Wave data is only 
available from the early nineteen-nineties and profiles in this site 
are measured on average twice a year. At Walcott, the higher 
probabilities are located in the area of smaller waves (Figure 3). 
The Empirical distribution is considered to be a reliable descriptor
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of the wave height distribution in deep waters and in shallow 
waters (Horrillo-Caraballo and Reeve, 2008; 2010).
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Figure 3. Time series of empirical pdfs of significant wave height 
(top panel) and time series of empirical pdfs of wave steepness 
(bottom panel) at W alcott_____________________________________

In this paper, the offshore distributions have been used to 
correlate the waves and the beach profile using CCA and the 
results are discussed below.

Analysis of the Data
For the puipose of comparison, the CCA is applied to a profile 

at W alcott datasets using 13 years of records and then performing 
predictions 5 years, until 2008.

Two different CCA analysis were performed (one for each of 
the wave parameters -  significant wave height and wave 
steepness) using beach profiles, significant wave heights and peak 
period from 12/08/1991 to 01/08/2003 (~ 25 profiles and 25 
empirical pdf distributions) to deteimine the regression matrices 
and then predictions from 19/01/2004 to 15/09/2008 (-10  profiles) 
were computed using the hindcasted wave and period data.

The approach used here with the different profiles is to 
investigate: the variation in profile predictions using different 
regression matrices (empirical pdfs with significant wave height 
and wave steepness)

For each case, EOF expansion and truncation were used in order 
to pre-filter the data sets before performing the CCA analysis 
(e.g., Clark, 1975). The “rule of thumb" of North et aí. (1982) 
was applied to deteimine the appropriate truncation point in the 
EOF expansion.

RESULTS
The analyses were performed as described above. The 

motivation for the tests was to ascertain how the choose of pdfs 
might affect the quality of predictions. Such information could 
have direct application in the planning and collection of beach 
monitoring measurements for coastal management and prediction 
of the condition (erosion or accretion) of the coastline.

The first three spatial EOFs obtained from the profile data sets 
at Profile N3C8 explained 97% of the variation in the data(£j:

76%: £3: 16%; E y 5%). For the empirical significant wave pdfs, the 
first three spatial EOFs explained 54%' of the variation in the data 
(E¡: 33%; £3:12%; E  y  9%) and for the empirical wave steepness 
distribution, 43%' of the variation is explained (E¡: 24% ; £3:10%; 
E y 9%'). In all cases, the time mean was subtracted before analysis 
in all data sets. For the two CCA analyses, the EOFs describing 
the profile shape are quite complex, but the EOF shapes can be 
used to quantify mean properties of the influence of the berm over 
the profile (Larson et aí.. 2000). Moreover, the temporal EOFs can 
be used to determine trends of profile changes and oscillatory 
cycles. CCA was then performed at profile N3C8 as described in 
the section above. The regression matrices obtained were used to 
forecast the beach profiles using the wave data set for the 
prediction period. The wave data used goes from 02/08/2003 - 
15/09/2008. The wave data was treated using the EOF method and 
then replaced in Equation 9 with the regression matrix obtained 
with the CCA analysis. The beach profile is obtained replacing the 
two in Equation 9.

The RMSE (Root Mean Square Error) obtained between the 
measured beach profiles and the predicted profiles are used to 
measure the quality of the predictions. Values of RMSE are shown 
as a measure of the error between prediction and measurement as 
a function of cross-shore position, averaged over the forecast 
window.

Figure 4 shows the time averaged RMSE for the two cases; the 
CCA was performed using different modes (shown in the figure 
legend). Overall, the best performances for Profile N3C8 are: the 
use of two canonical modes if the empirical wave significant pdfs 
are applied and also two canonical modes if the wave steepness 
pdfs are used. The general behaviour of the different modes in the 
two cases are very similar, the RMSE increases where major 
changes in the elevations are present. This is due largely to the 
movement and change of position of the berm in the beach profile.

15 20 25 30 35
c ro s s -s h o re  d is ta n c e  (m )

c ro s s -s h o re  d is ta n c e  (m )

Figure 4. Time averaged RMSE for predictions made with the 
number of CCA modes indicated by the label key, using empirical 
wave significant pdfs (top panel) and using empirical wave 
steepness pdfs (bottom panel)._________________________________

The major changes are present between 27m and 50m chainage in 
the profile and the behaviour of the error is very similar using 2 or 
3 modes. CCA performed with 2 modes obtained the minimum 

RMSE. The error in the profile shows similar behaviour in their 
cross shore distance, with this it is possible to assume that the 
wave significant pdf and the wave steepness present similar
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performance. In this case, it is possible to use any of the two 
methods to predict the profiles.

Figure 5 shows the measured beach profile at the profile N3C8 
for February 15th 2006 and the prediction made from January 31st 
2006 using the two different empirical pdfs distributions. 
Satisfactory agreement is obtained in the area where the profile 
shows evidence of considerable change. In the offshore area, the 
error is over predicted. In contrast, at the beginning of the profile 
(between 8m and 25m) there is an under prediction of the beach 
levels.
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Figure 5. Measured and predicted profiles at W alcott (date 
15/02/2006), using empirical wave significant pdfs (top panel) and 
using empirical wave steepness pdfs (bottom panel)._____________

CONCLUSIONS
Coastal flood risk due to wave overtopping is closely linked to 

the health of beaches fronting the sea defences and hinterland. A 
full beach will dissipate much of the incoming wave energy before 
it reaches the shoreline, and is a very effective part of the defence. 
Predicting the evolution of beaches remains difficult. However, 
good improvements in wave forecasting have been made in recent 
years. Wave forecasts and measurements are, in general, much 
more easily available than the corresponding information on 
beaches levels. Finding a reliable link between wave conditions 
and beach levels would yield an economic means of forecasting 
beach levels, and thus a crucial factor in assessing coastal flood 
risk.

In this paper we have applied CCA at Walcott, at which there 
are coincident records of beach profiles and wave conditions for 
more than a decade, in order to investigate the correlation between 
wave climate and beach profile response in the vicinity of a 
seawall.

The results of the present study indicate that data-driven 
statistical analysis, such as CCA, are useful for analysing profile 
response to waves if there is strong correlation between the two 
variables (beach profiles and wave height distributions). Used in 
conjunction with EOF to reduce noise of the data, CCA was found 
to be well suited for identifying combined patterns of variation in 
the wave and profile data. Also, CCA showed potential as a 
method for forecasting profile response using different wave 
parameters for the empirical distributions.
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