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Abstract. This report describes the working of National Centers for Coastal Ocean Service 
(NCCOS) Wave Exposure Model (WEMo) capable of predicting the exposure of a site in 
estuarine and closed water to local wind generated waves. WEMo works in two different 
modes: the Representative Wave Energy (RWE) mode calculates the exposure using 
physical parameters like wave energy and wave height, while the Relative Exposure Index 
(REI) empirically calculates exposure as a unitless index. Detailed working of the model in 
both modes and their procedures are described along with a few sample runs. WEMo 
model output in RWE mode (wave height and wave energy) is compared against data 
collected from wave sensors near Harkers Island, North Carolina for validation purposes. 
Computed results agreed well with the wave sensors data indicating that WEMo can be an 
effective tool in predicting local wave energy in closed estuarine environments. 
 
KEYWORDS: WEMo, wave exposure, wind wave exposure, wave energy, wave height, 
relative exposure index, REI, representative wave energy, RWE, fetch.  
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1.  INTRODUCTION 
 
 Coastal managers and ecologists are often confronted with tasks to estimate wave 
parameters in coastal and estuarine environments since hydrodynamic factors can 
profoundly impact the environment in coastal areas. This involves estimating the wave 
energy reaching the shoreline taking into account the effects of wind, local topography and 
bathymetry. WEMo was designed to bridge the gap between ecologists and managers on 
one hand, and physical hydrologists on the other by providing a user-friendly access to 
quantitative forecasts of wave energy in estuarine environments. In this report we describe 
the National Centers for Coastal Ocean Service (NCCOS) Wave Exposure Model (WEMo) 
to perform such computations. It describes the formulation of WEMo in both 
Representative Wave Energy (RWE) and Relative Exposure Index (REI) modes and 
validation of RWE mode (wave height) against the observational data collected near 
Harkers Island, North Carolina. 
 
2.  WEMo  
 
 WEMo is a simple hydrodynamic model that calculates the wind wave exposure of 
a site (Murphey and Fonseca 1995, Fonseca and Bell 1998).  WEMo’s two distinct modes-- 
Representative Wave Energy or RWE mode and Relative wave Exposure Index or REI 
mode-- use different approaches to calculate wind wave exposure. RWE mode is based on 
linear wave theory and is implemented with a wave ray technique in a monochromatic 
approach. REI mode on the other hand uses an empirical approach based on inverse-
distance-weighting function (IDW) of bottom depth applied to wave rays. IDW function 
represents that bottom depth variations close to a site have more effects on the exposure 
values than far away depth variations (Murphey and Fonseca 1995). Selection of WEMo 
mode depends on the project requirement, geographical area for the study and time scale 
used in the study.  
 
2.1 Formulation of RWE Mode 
 
   WEMo’s Representative Wave Energy or RWE mode carries out computations as 
a numerical one-dimensional model. RWE values computed by WEMo are based on linear 
wave theory and ray tracing technique making it a model of Lagrangian nature in a sense 
that the wave generation and dissipation is considered while traveling with the waves along 
rays. RWE represents the total wave energy in one wave length per unit wave crest width. 
RWE units are J/m or kg/m/s2 (USCOE 1977). 
 
 WEMo computes the wave height for RWE mode in a monochromatic approach, 
i.e., along each fetch ray generated by winds in the same direction. Waves generated are 
propagated along the fetch rays. Propagating water waves over irregular bottom bathymetry 
involves dissipation processes like shoaling, refraction, diffraction and energy dissipation.  
In order to decrease complexity and computation time, dissipation due to refraction and 
diffraction of the waves are neglected and dissipation is carried out by shoaling, wave 
breaking and bottom friction over downwind distance over water. Refraction of waves in 
monochromatic, unidirectional wave-ray approach results in unrealistic results, especially 
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behind shoals and islands (Holthuijsen et al. 1989). The final output for RWE mode is the 
combined effect of wave generation, propagation and dissipation over weighted fetch to 
account for shoreline irregularities.   
 
Fetch 
 
 Growth and dissipation of wave energy are highly sensitive to the wave direction; 
thus, it is required to consider each narrow band of directions. In restricted fetch areas i.e. 
coastal plains and closed estuaries, there is no one dominant wind or wave direction. 
Measuring fetch at various angles around a site approximates the relative exposure of that 
site to waves approaching from different directions (Puotinen 2005). WEMo calculates the 
fetch for all the directions to simulate the wave exposure in an estuarine and closed 
environment.  
 
 Figure 1a shows the rays (10 km) generated for a site each at 16/π  angular 
resolution. Ray distance is adjustable in WEMo though 10 km is the default.  
 

                

a b 

      Figure 1a. 10km rays generated for a site at 11.25o angular resolution. Figure 1b.  Fetch rays 
for that site. 
 
 The fetch is defined as the uninterrupted distance from the site to land along a given 
compass heading. Figure 1b shows the fetch rays for the site.  
Due to irregular shoreline in coastal waters the simple fetch length in a given compass 
direction is not very effective since the width of fetch places a substantial restriction on the 
fetch length (USCOE 1977). Therefore, the fetch is modified by taking the cosine weighted 
average of all the rays within a certain sector on either side of the fetch ray defined by 
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angleϕ . The cosine weighted fetch is named as effective fetch and is defined by Eq. 1 or 
Eq. 2. 
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jθ  = angle between the ith fetch ray and the jth ray 
n = number of rays selected by user ranging from 2 for 16 rays to 8 for 56 rays 
 
 Effective fetch in WEMo is calculated by summing the product of fetch length and 
cosine of the angle of departure from the ith heading over each of n number of fetch rays 
and dividing by the sum of the cosine of all angles (Eq. 2). Figure 2a and 2b show the fetch 
rays and effective fetch rays, respectively. Effective fetch rays look trimmed down in the 
figure compared to fetch rays. This method is based on assumption that wind moving over 
water surface transfers energy to the water in the direction of the wind and in all directions 
within 4/π  radians (45o) on either side of the wind direction. (USCOE 1977)  
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a b 

Figure 2a. Fetch rays for a site. Figure 2b. Effective fetch rays for that site. Note: Big fetch rays 
are trimmed down due to effect of fetch width. 

 
 

 In WEMo the number of rays included in the effective fetch calculation depends on 
the angular resolution or number of rays selected by the user. WEMo has the option to 
select total number of rays in ranges between 16 and 56 (Figures 1 and 2 show 32 rays). 
Uncomplicated, linear shorelines can probably be accurately assessed using the lower 
number of rays while highly crenulated shorelines with complicated intervening 
bathymetry should use the maximum number of rays.  
 
Wind Input 
 
 Each effective fetch ray has an associated wind speed and wind frequency. These 
wind parameters are calculated from the hourly wind data obtained from various agencies 
or in situ data collected by the user. WEMo calculates the wind speed and corresponding 
frequency for every 6.43o (56 rays) angular resolution and is resampled or linearly 
interpolated for any other angular resolution. Wind frequency for a direction is defined as 
the ratio of number of hours wind blow from that direction and the total number of hours of 
wind data as shown in Eq. 3. 
 
  

  
datawindofhourofnumberTotal

jdirectioninblowwindhourofnumber
j =ω                (3) 
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WEMo also provides the option of selecting the subset of the wind dataset based on the 
wind speed. Subset option helps to select the data causing the most damage to shoreline 
and habitat.  
 
Wave Height 
 
 Waves propagate along each of the effective fetch rays based on the wind speed in 
the same direction and the underlying depth around the area. The wave reaching the site 
goes through a series of wave propagation and wave dissipation steps. Eq. 4 forms the basis 
of the model. 
 
              (4) )( fBsW HHH ++−=
 
where, 
 
H is the wave height reaching the site,  is the wave height generated by the wind alone 
and describes the rest of the external physical phenomena contributing to the wave 
height. They can be either positive [shoaling (s)] or negative [shoaling, wave breaking (B) 
and bottom friction (f)]. 

WH

fBsH ++

 
 Wave propagation and generation highly depend on the depth of water in which 
they propagate. According to linear (Airy) wave theory, waves are classified into categories 
based on the water depth. Three general categories are defined in the Table 1 according to 
the magnitude of d/L where d is the water depth and L is the wavelength. 
 
Table 1: The classification of waves based on ratio of water depth (d) and wave length 
(L) according to linear wave theory 
    

   Classification       d/L 
Deep      >1/2 
Intermediate 1/25 to 1/2 
Shallow    < 1/25 

 
 
For shallow and intermediate water, wind waves are propagated based on the Sverdrup-
Munk-Bretschneider (SMB) method revised by Bretschneider (Bretschneider 1967, 
Hasselmann et al. 1975). Significant wave height is predicted using Eq. 4 or using SMB 
curve in Figure 3 
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where, 
U = wind speed, 

wH  = significant wave height, 
F = fetch length, 
g = acceleration due to gravity, 
d = average depth along the fetch. 
 

 
Figure 3. SMB curves for shallow water: Wave Height vs water depth and effective fetch at 
constant wind speed of 12m/s. 
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For deep water as d/L  0.5, the equation simplifies to  
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Figure 4 shows the SMB curves for the deep water in the range of 0 to 20 m/s winds and 0 
to 10 km fetch. 
 

 
Figure 4. SMB curves for deep water: Wave Height vs wind speed (0 – 20m/s) and effective 
fetch. 
 
 
 For shallow and intermediate waters Eq. 5 predicts significant wave height only for 
average depth; to overcome this limitation each effective fetch ray is divided into small 
segments and Eq. 4 is applied to the quantized segments. Figure 5 shows an example of 
main segmentation of an effective fetch ray, divided primarily into two main segments. 
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Both fetch segments are further divided into smaller segments though at different 
resolutions controlled by the bathymetry selected for the run and the user input. In the 
example in Figure 5, fetch segment 1 is divided at a finer resolution compared to fetch 
segment 2 because being closer to the site any changes in bathymetry around segment 1 
will have higher effect on the generated wave. To get the maximum results, fetch segment 
1 is divided into segments equals to the resolution of bathymetry used for the run. 
Resolution for the division of fetch segment 2 is set by the user in the model depending on 
the underlying bathymetry.  
 

 

Fetch Segment 1 Fetch Segment 2 Calculation 
 point Shoreline 

High resolution Low resolution 
interrogation interrogation 

 
 

Figure 5: Example of segmented effective fetch ray, divided primarily into two main segments, 
Fetch segment 1 and Fetch segment 2. 
 

 For term BsH q. 4), each contributing phenomena for wave height is calculated 
separately. Like the wave generation term wH , this c putation starts from the shoreline 
side of the fetch segment 2 successively. At each individual segment, the model checks and 
accounts for wave shoaling and wave breaking. Wave speed and wave length decrease in 
shallow water thereby increasing the wave height since energy per unit area increases. 
When wave height becomes too steep, it become unstable and breaks (Dean and Dalrymple 
1991). Wave height after shoaling effect is calculated iteratively by solving Eq. 7 and 8.  
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As per the dispersion equation in linear wave theory (Dean and Dalrymple 1991) 

 
                               (8)  

where, 
ve height after shoaling effect, 
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oH = wave height in deep water, 
k  =
σ

ter depth,  
e to gravity. 

 
According to Eq. 7 as d/Lo > 0.05,   is less than 1 for intermediate water and it gets 

o o  

  

 wave number, 
 =   

d = wa
g = acceleration du

os HH /
equal to 1 for deeper water. On the other side as d/Lo < 0.05, waves start experiencing 
nonlinear behavior and occurrence of wave breaking (Dean and Dalrymple 1991). 
   

ater, wave breaking limit is generally set at H / L  = 1/7, but this is not In deep w
appropriate for shallow water (Dean and Dalrymple 1991). Wave breaking limit in shallow 
water depends not only on the relative depth H/L ratio but also on the beach slope 
(Sorensen 1993). The expression for wave breaking implemented in the model for shallow 
water is (Goda 1985, Wood et al. 2001) 
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here, 

ve height at breaking, 
, 

A = t (Goda 1985) 

w
bH = wa

0L  = wave length in deep water
 0.17 (default) Goda coefficien

bd = water depth at breaking, 
tanα  = 1/30 (default) beach slope 
 

here are different phenomena for dissipation of wave energy at the sea bottom: dissipation T
due to bottom friction, viscous boundary flow and percolation. Bottom friction is the most 
prominent among all (Carniello et al. 2005). Hence bottom friction is the only one 
considered in the model. Below is the expression for estimating friction decay factor 
(Putnam and Johnson 1949, Bretschneider and Reid 1954). 
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here, 
ction decay factor, 

f = 

ficient, 

 
 
w

fK = fri
friction factor, 

T = wave period, 
Ks = shoaling coef
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xΔ = segment of fetch length. 
 

hen depth-induced wave breaking is present, effects of bottom friction are comparatively 

Final wave energy calculation is done using Eq. 11 as a final output after computing 

           

W
negligible and only wave breaking is considered in the model. 
 
 
wave height and wave period for each of the effective fetch rays.  
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here, 

stant,  
ht in ith effective fetch ray direction, 

w
C = con
Hi = wave heig
Ti = wave period in ith effective fetch ray direction, 

ik = wave number, 

id = depth, 
 = wind fiω requency in ith effective fetch ray direction (Eq. 3) 

 
he final outputs of WEMo’s RWE mode is representative wave energy (RWE), maximum 

ssumptions made in formulation of the RWE WEMo model are: 

• Linear harmonic propagating waves for an incompressible fluid 

s slowly compared to wave length  

ition where waves are in equilibrium with 

urce of waves and no ocean swells 

T
wave height (MaxWvH), maximum wave direction (MaxWvD) and average wave height 
(AvgWvH) for each site.  
 
A
 

• No surface tension 
• Water depth change
• No wave reflection due to change in water depth 
• No refraction and diffraction considered 
• Sea is assumed at full arisen state a cond

the wind; hence no wind duration is considered 
• Locally generated wind waves are prominent so

are considered 
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2.2 Formulation of REI mode 
 

The second mode of WEMo empirically calculates a Relative wave Exposure Index 
(REI) as the combined effect of wind, fetch and bottom depth. WEMo REI mode does not 
compute the wave energy, as in WEMo RWE mode, but a unitless index. No work has been 
done to compare REI values with wave energy values, though REI is a good indicator for 
comparing among sites under similar conditions and close geographic extent (e.g., the same 
estuary). 
 
 REI is computed with hourly wind speed and direction, fetch and bathymetry data. 
REI of a site is calculated using Eq. 12. (Murphey and Fonseca 1995, Fonseca and Bell 
1998) 
 

  REI =             (12) 8/}
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iV = Wind speed for the ith direction 

iD = Wind duration for the ith direction 
 
 Similar to RWE mode, the fetch is calculated by creating rays from the site and 
clipping them to the nearest shoreline. In REI mode, the region is divided into eight 
compass directions of 45o sectors and hourly wind speeds are obtained for these 8 sectors. 
Eight zones are further divided to account for the fetch width, making total of 32 rays (not 
changeable) at increment of 11.25 o (Keddy 1982). By weighting these multiple fetch 
measures for each compass heading, termed as effective fetch , we account for 
irregularities in shoreline geometry that could misrepresent the potential of wind wave 
development from a given compass heading (USCOE 1977). Effective fetch for each 
compass direction is calculated using Eq. 13. 
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=iFEff  Effective fetch for the ith direction 

jf  = length for j radiating ray after clipping to shoreline and interrogating bathymetry 
 
 To calculate , 32 rays are radiated from the site at 11.25 o increments in all 
directions. The maximum length of each ray is fixed at 10 km (adjustable in WEMo) as this 
distance was considered to be sufficient to generate a maximum wave height effect for 
coastal systems following empirical experimentation with the USACOE Automated 
Coastal Engineering System software version 1.07 (USCOE 2007). These rays are clipped 
with the region’s shoreline to get the exact fetch in that particular direction; Figure 6a 

jf
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shows an example of unclipped fetch rays and Figure 6b shows that fetch rays clipped to 
the shoreline. 

a b 

 Figure 6a. Lines represent the unclipped fetch rays for 32 directions for a site in North River, 
NC. Figure 6b. Shows fetch rays clipped to the shoreline. 
  
 Depth variations in the area drastically influence the wind waves generated. These 
effects of bathymetry are included in WEMo and are controlled by an inverse distance 
power function (Eq. 14 and 15) i.e., shallow water near a given point has a greater effect on 
damping exposure than shallow water at a greater distance.  
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where, 

jf  = length for j radiating ray after clipping to shoreline and interrogating bathymetry, 
x  = distance from the site along the clipped ray, 

  = total length of the ith clipped ray, iL

xZ
p

 = depth at the distance x along the clipped ray, 

w  = power of the function depending on the wind speed at the site, 
 0 – 13.41 (m/s)             = 0.053 wp
 13.41 –  26.82 (m/s)       = 0.062 wp
 > 26.82 (m/s)             = 0.082 wp
PF = power function governing the fetch.  
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WEMo interrogates the bathymetry grid at a fixed distance for each clipped ray since 
bathymetry data input for WEMo is in raster format. Therefore, Eq. 14 and 15 transform to 
Eq. 16 and 17, correspondingly. This fixed distance could be decided based on the 
underlying bathymetry for the area of interest, but generally kept less than the bathymetry 
grid resolution to capture all the information in the grid.  
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where,  

jf  = length for j radiating ray after clipping to shoreline and interrogating bathymetry, 

jD  = jth interrogating distance from the site along the clipped ray, 

iL   = length of the ith clipped ray, 

jZ  = depth at the distance  along the ith clipped ray, jD
 n = fixed distance for bathymetry interrogating, 

wp  = power of the function depending on the wind speed at the site, 
 0 – 13.41 (m/s)            = 0.053 wp
 13.41+/ – 26.82 (m/s)     = 0.062 wp
 > 26.82 (m/s)             = 0.082, wp
PF = power function governing the fetch.  
 
 The power of the power function PF (Eq. 15 and 17) depends on the wind speed 
at the site and accounts for the mitigating effect of depth on the REI as the fetch increases. 
The Army Corps of Engineers Shore Protection Manual (USCOE 1977) was used as a 
reference to derive powers of the power function. SPM includes wave height versus fetch 
graphs which are used for verification purposes. Wave height graphs were plotted against 
the fetch for two depths (1.5 m and 3.05 m) that are typical depths for submerged aquatic 
vegetation in our study sites and depths where shallow water waves of the size found in 
estuaries frequently interacts with the seafloor. Wind speed positively influences wave 
height generation with increasing fetch. Wave height was normalized to the maximum 
height attained by a wave for a particular wind speed and depth. After normalization of the 
curves, a power function was fit to wave height development curves for wind speeds of 6.7, 
8.94, 11.18, 13.41, 17.88, 22.35, 26.82, 31.29, 35.76 and 44.7 m/s  (15, 20, 25, 30, 40, 50, 
60, 70, 80 and 100 mph), at both the depths.  For ease of application, we collapsed these 
curves into three arbitrary categories (0-13.41 m.s-1, 13.41 +/– 26.82 m/s and > 26.82 m/s) 
and each category was assigned a power function derived by averaging the powers from the 
curves for each category (0.053, 0.062 and 0.082, respectively); Figure 7 shows the graph 
of power function PF plotted against the fetch values from 0 to 10 km range.  

wp
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Figure 7. Graph showing a plot between Fetch and Power Function PF for three wind 
categories 
 
 These curves were converted into cumulative curves to emulate the SPM curves 
derived above. After assigning power for each wind category, each ray generated from the 
site in the eight compass sectors will have a power for the power function. However, the 
four rays radiating out from either side of the ith compass heading at increments of 11.25 
degrees will not have any wind speed associated, and hence lacks a power for the function. 
To assign a power for intermediate rays, a linearized average function was used between 
adjacent ith compass headings to calculate intermediate powers.  For example, if easting has 
power of 0.082 and northing has power of 0.062 then, 
1st intermediate rays power –> 0.082 + (0.062 – 0.082)/4 = 0.077 
2nd intermediate rays power –> 0.082 + 2*(0.062 – 0.082)/4 = 0.072 
3rd intermediate rays power –> 0.082 + 3*(0.062 – 0.082)/4 = 0.067.  
As suggested by  values, as wind speed increases the effect of bathymetry along the rays 
on REI index decreases, which is generally true as higher winds push bigger waves over 
the bathymetry.  

wp

 
3. VALIDATION 

 
To assess the behavior of the RWE mode of WEMo, the model predictions were 

compared against the observations from the wave sensors installed in the field. Validation 
of WEMo in REI mode was not carried out since there was no easy way of comparing field 
collected data with REI values.  
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3.1  Wind and wave data  
 

 A wave sensor was deployed at Dredge Island near Harkers Island, North Carolina 
(Figure 8) in two sessions lasting around 3 weeks each. These sites were chosen due to easy 
access and the contrasting conditions among the two sites, where the north site is exposed 
to long fetches from the Core Sound; whereas, south side is protected from north fetch 
behind the Dredge Island.  

 

 
Figure 8. Sensor locations for session 1 at North Site and session 2 at South Site 

 
 RBR wave and tide sensor ‘TWR 2050’ was mounted on the piling at the north site 
(34o 40’ 37” N, 76 o 31’ 43 W) for session 1 lasting from December 15, 2006, to January 7, 
2007, and subsequently at the south site (34o 40’ 25” N, 76 o 31’ 47” W) for session 2 
lasting from January 12, 2007, to January 30, 2007. At both sites the sensor was set to 
record bursts of pressure data every 30 min at a sampling rate of 4Hz for 128 s. Sensor was 
installed at 1 m above the bottom for both the sessions to reduce the effect of depth of wave 
attenuation and also to keep it submerged during low tides. Bathymetry at both sites is 
shallow ranging from a 1 m to maximum of 5 m. Boating activity was minimal during 
those time periods around the area. Wave height and wave period data were derived from 
the pressure and depth data recorded by the sensor using Fast Fourier Transformation 
(FFT) analysis for each burst period. The barometric pressure sensor was installed outside 
at Pivers Island, North Carolina and its data were utilized to correct the underwater 
pressure data. 
 

   18



 

 National Data Buoy Center NDBC’s C-MAN Station at Cape Lookout, North 
Carolina (NDBC 2007) supplied wind data for the two sessions. Cape Lookout, North 
Carolina located at 34o37’ 18” N, 76 o 31’ 30” W with an anemometer height of 14.4 m 
above sea level. The wind data obtained were in hourly increments with wind speed (m/s) 
and wind direction (degrees from true north).  Wind speed data is plotted in Figure 9a and 
9b for session 1 and session 2.  The time series of the wind data for session 1 (Figure 9a) 
shows a wind event occurred during December 26 – 27, 2006.  
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Figure 9a. Time series plot of wind speed (m/s) for session 1 starting from Dec 15th 2006 12:00 
h up to Jan 7th 2007 12:00 h. Figure 9b. Time series plot of wind speed for session 2 starting 
from Jan 12th 2007 12:00 h up to Jan 30th 2007 12:00 h. 
 

3.2 Processing 
 

 Wave sensor and wind data from NDBC were at two different temporal resolutions; 
to get both data sets on same time scale wave data were averaged every hour. Maximum 
wave height observed for the session 1 at north site was 0.52 m and for session 2 at south 
site was 0.40 m. To remove the randomness and variability from the observed wave data 
set and provide enough wind data to run the model, moving average analysis was 
employed. Figure 10a and 10b shows the observed wave height plots for session 1 and 2 
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respectively after applying the 6 hour moving average. Time series of wave and wind data 
were strongly correlated, since in closed estuaries like coastal North Carolina locally 
generated winds mostly dominate the wave generation and not the ocean swells (Weiqi et 
al. 2002). The effect of ocean swells is mostly limited to the mouth of bays or inlets.  
 

 To obtain model predicted data for the same period for session 1 and session 2, 
WEMo RWE was set to run using bathymetry and shoreline data obtained from Coastal 
Survey Development Lab (CSDL) NOAA and National Ocean Service (NOS) NOAA 
vector shoreline dataset, respectively. The bathymetry data was resampled at 20 m 
resolution and converted to MLLW from NAVD 88 using NOS VDatum (Hess et al. 2005). 
Wind data was processed into WEMo RWE format using 6 hours of data with steps of 1 
hour to simulate the 6 hour moving average analysis done on observed wave data. WEMo 
was put to run in batch processing mode for 528 wind files for session 1 and 440 wind files 
for session 2.  
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Figure 10a. Time series plot of wave height for session 1 starting from Dec 15th 2006 12:00 hrs 
up to Jan 7th 2007 12:00 hrs. Figure 10b. Time series plot of wave height for session 2 starting 
from Jan 12th 2007 12:00 hrs up to Jan 30th 2007 12:00 hrs. 
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3.3 Data analysis and comparison 
 
 This section discusses the comparison between the model results and the observed 
data and discusses statistical results. Figure 11 shows the time series plot of observed wave 
height data (sensor) and predicted wave height data (WEMo) for session 1 and session 2. 
Significant wave height predictions from WEMo relates to the observed values quite well 
for both the sessions. The response of the model looks good as wind velocity changes are 
well predicted by the model and prediction follows the trend of observed waves. 
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Figure 11a. Time series plot comparing observed sensor wave height (m) (solid line) and 
WEMo model predicted wave height (m) (dashed line) for session 1 starting from Dec 15th 
2006 12:00 hrs up to Jan 7th 2007 12:00 hrs. Figure 11b. Time series plot comparing observed 
sensor wave height (solid line) and WEMo model predicted wave height (dashed line) for 
session 2 starting from Jan 12th 2007 12:00 hrs up to Jan 30th 2007 12:00 hrs. Note: Y axis is 
wave height in meter. 
 
Time series visual comparison shows that overall model prediction is slightly higher than 
the observed predictions, more so in case of session 2. This over-prediction could be due to 
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the presence of seagrass beds in the surrounding areas of the south site that reduces the 
wave height not accounted in the model. Friction caused by submerged vegetation like 
seagrass bed was not considered in the model. This could be applied to sensor 1 location 
also for limited cases, depending on the direction from where wind blows.  Session 1 has 
few time periods where sensor wave heights are higher than predicted wave height. 
Detailed wind direction analysis was not conducted to quantify this difference but the over-
prediction in session 2 could be explained by wave refraction at the southern site as waves 
approaching from the north will focus and defocus around the shoals of Dredge Island. 
Another reason for over prediction could be that no modification to wind data was 
conducted for anemometer height since it was higher than the normal standard height of 10 
m above mean sea level.  
 
Visual inspection of time series also shows lag in response time between observed and 
predicted wave height. Response time lag could be explained due to the distance between 
wind station and wave sites and time period it take to start creating the wind waves. The lag 
seems to be varying depending on the changing direction of the wind. Overall time series 
analysis predicts a good behavior of the model compared to the observed data. This 
analysis is good for observing and checking the response part of the model, statistical tests 
will further explain the overall model performance. 
  
 Figure 12a-b shows the scatter plot of observed wave heights Vs predicted wave 
heights for session 1 and 2 respectively. In each plot the linear regression line shows the 
trend in comparison to the ideal model line. For both sessions at low wind speeds model 
tends to predict slightly higher than the observed data. The coefficient of determination (R-
squared) calculated for the linear regression for session 1 was R1

2 = 0.62 and session 2 R2
2 

= 0.69. Also the intercept of regression line in both session are similar suggesting the bias 
caused by WEMo’s over-prediction at low wind speeds. For session 2 regression line 
seems to be parallel to the ideal line suggesting that over-prediction is consistent for the 
range of the plot.  
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Figure 12a-b. Scatter plot of observed sensor wave height and WEMo model predicted wave 
height for session 1 and session 2.   Light line = ideal fit, Dark line = regression generated from 
the data. 

 
For further statistical comparison of observed and model predicted wave height, data from 
both the sessions were combined (Weiqi et al. 2002). Data points with low wave height 
were not appropriate for the analysis due to the high variability in sensor data. Therefore, 
wave height data lower than 1 cm was removed from the analysis. The sample size of the 
data after combining two data sets and removing the inappropriate data was N = 814. Using 
the combined data set RMS error for wave height was 6 cm. The bias predicted by the 
model at 6 cm indicates that WEMo over predicted the significant wave height (where 
mean observed value is 0.16 cm). Over-prediction bias is mostly due to the over predicted 
wave heights by WEMo for low wind speeds. Since mean value of the observed data set is 
low it adds to the over predicted bias. 
 To determine the performance of the model in comparison to the ideal model, a 
suitable measure was defined, called performance rate (Holthuijsen et al., 1989).  
 

  
)(

)(
changeobservedRMS

errorRMSrateePerformanc =       (18)  

 
Using Eq. 18, performance rate calculated for the combined data set was 0.54 as unity is for 
the perfect model.  To check the bias in the dataset, scatter index (SI) was calculated. 
Scatter index is defined as the RMS error normalized by the mean observed value of the 
reference quantity (Weiqi et al, 2002) 
    

         
valueobservedmean

errorRMSSI )(
=                     (19) 
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Scatter index calculated using Eq. 19 was 0.38 indicating that RMS error is 38% of the 
mean observed value. Again low mean for observed value i.e. low wave heights observed 
for majority of the time period added to the scatter index. Selecting a subset of dataset 
would have reduced the SI further.  
 
4.   CONCLUSIONS 
 
 Wave Exposure Model (WEMo) is a simple hydrodynamic model for predicting the 
wind wave exposure of a site by either utilizing the wave height and derived wave energy 
calculated using one dimensional wave-ray model of RWE mode or by using an empirical 
approach of REI mode. 
 
 RWE mode validation compared model predictions against in situ wave data 
collected from two sites in southern Core Sound in Eastern North Carolina. This area is 
dominated by locally generated fetch limited wind seas. Significant wave heights observed 
were highly correlated with the wind data obtained from C-Man station. 
 
 WEMo shows a good response in predicting the changes in the wave height as wind 
changes velocity. Wave height predictions are slightly higher than the observed wave 
heights due to the use of universal friction factor (sand) in the model and not accounting for 
friction due to underlying habitat. Another reason for over prediction could be that no 
modification to wind data was conducted though anemometer was higher than the normal 
standard height of 10 m above mean sea level. Response time lag observed by visual 
inspection could be explained due to the separation-distance between wind station and 
wave sensor sites and time period it take to create the wind waves. The varying lag depends 
on the direction of the wind. Future work for validation involves the installation of 
directional wave sensors and its comparison to the model predictions in both high and low 
wave environments.  
 
 Overall significant wave heights predicted by the RWE mode agreed well with 
observed data and provide a viable option to compute wave exposure for a site. Ease-of-
use, easily available input data and low CPU and memory requirement make WEMo a 
fairly useful tool for ecologists, coastal and resource managers and others looking for 
simple way to predict wave height and energy. Further testing is required in varied 
geographical areas and more test sites to make it a widely accepted tool.  
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