
3    Operational modelling 

 

 

 - 33 - 

3 Operational modelling 

3.1 Description of the models 

Operational wave predictions for the Catalan coast are regularly obtained from the operational 

third generation WAM wave model (Monbaliu et al. 2000). Predictions are issued twice a day with 

a spatial resolution of 18km, a temporal resolution of 6h and a forecasting horizon of 48h. At the 

time of the measurements the wind input was provided operationally every 6h by the same 

resolution atmospheric model MASS (Mesoescale Atmospheric Simulation System) (Codina et al. 

1997). The wind and wave models were implemented by the Meteorological Service of Catalonia 

and the Maritime Engineering Laboratory of UPC (Technical University of Catalonia). 

3.1.1 Operational atmospheric model 

As described in Codina et al. 1997), the MASS atmospheric model is a 3-dimensional hydrostatic 

primitive mesoscale model designed to be implemented using 20 to 40 levels in the vertical, and 

horizontal spatial resolution ranging from 10 to 100Km. The planetary boundary layer 

parameterization used was a high resolution Blackadar type. Surface energy and moisture budgets 

included the parameterization of surface hydrology and evapo-transpiration. The model forecast’s 

variables included both cloud water/ice and precipitation, and the parameterization of its 

interaction with water vapour and with long and short wave radiation. The interaction of long and 

short wave radiation at the surface and within the atmosphere was also included in the 

parameterization. Different schemes can be used to account for the effects of sub-grid scale 

cumulus convection, depending on the spatial resolution used. For coarser resolution grids the 

modified Kuo-Anthes was implemented. In higher resolution simulations, the Fritsch-Chappell 

scheme was used not to over-estimate convection in mountainous areas. To parameterize some of 

the processes accounted for in the model, the use of global and regional databases was needed. The 

sources of this data are described in Table 3-1 . The observational data for initialization and 

boundary conditions was interpolated to the model grid using optimum interpolation. It must noted 

that, although at the time of the storm the wind operational model was MASS, nowadays the 

operational wind model is the MM5 atmospheric model described in next chapter. 
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Table 3-1. Databases used in the parameterizations of the MASS atmospheric model. 

 

Parameterization Source 

Terrain elevation U.S. Central Intelligence Agency 5 minute x 5 minute 

(about 9km resolution) topographical database 

Land/water boundaries U.S. Navy 10 minute resolution data set 

Normalized Difference Vegetation Index (NDVI) Monthly Global Vegetation Index (GVI) from the 

Global Ecosystems Database CD-ROM at 10 minute 

resolution 

Soil type Webb global soil texture class from the Global 

Ecosystems Database CD-ROM at 1 degree resolution 

Land use and land cover data Olson World Ecosystems Database CD-ROM at 30 

minute resolution 

Climatological 

Sea Surface Temperature (SST) 

Bi-weekly U.S. Geological Survey SST climatology at 

12 minute resolution 

 

3.1.2 Operational wave model 

The wave model running operationally for the Catalan coast is WAM Cycle 4; a third generation 

spectral wave model hereafter referred to as WAM, and modified for coastal applications by 

Monbaliu et al. (2000). Spectral wave models are based on the spectral description of the sea 

surface and the evolution in time and space of the action balance Equation 3-1: 
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According to Monbaliu (2003), in Equation 3-1 ),,( txkN
rr

 is the action density, σ is the intrinsic 

frequency, ω is the absolute frequency, ( )21, kkk =α

r
 is the wave number vector, k is the modulus 

of the wave number, α = 1 or 2 indicates the vector components, the dot terms indicate time 

derivatives, and the right-hand side is the sum of the source terms Si. 

Because most measurements of the wave spectrum are in terms of the frequency (and direction), 

Equation 3-1 is written in terms of the absolute frequency as follows: 
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Equation 3-2 

 

Where ),,,,( θωyxtN  is the action density spectrum, t is the time, ω is the absolute frequency, 

and θ is the wave propagation direction measured clockwise from the true north. This equation 

indicates that the source terms on the right-hand side are responsible for the total change of action 

density in the water column. When no currents apply, the absolute frequency is conserved 

(stationary currents) and the action density can be written in terms of the energy density E: 
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Equation 3-3 

 

In WAM, Equation 3-3 is multiplied by σ and the partial derivatives are exchanged with the 

multiplication to turn into the balance equation for the energy density spectrum. In SWAN, a 

spectral wave model specifically used in coastal areas and described in Chapter 5, the full action 

density equation is solved. 

According to Monbaliu et al. (2000), the equation used in WAM is: 
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Equation 3-4 

 

Where ),,,,( θσyxtF  is the wave energy spectrum, t is the time, σ is the intrinsic frequency, θ is 

the wave propagation direction, cx and cy are the propagation velocities in geographical space, and 

cσ and cθ are the propagation velocities in spectral space (frequency and directional space). The left 

hand-side of this equation represents the local rate of change of wave energy density, propagation 

in geographical space, and shifting of frequency and refraction caused by the spatial variation of 

depth and current. The right-hand side represents all the effects of generation and dissipation of 

waves (wind input Sin, non-linear transfer Snl and energy dissipation Sds) (Equation 3-5). Some of 

these terms will be described again in Chapter 5. 
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dsnlintot SSSS ++=  

Equation 3-5 

 

WAM was specifically designed for global and shelf sea applications and was modified for coastal 

applications by Monbaliu et al. (2000) to solve the action balance equation. In any case, grids may 

be nested and thus, WAM can run in both deep and shallow waters. It includes depth and current 

refraction, but only when depth is steady and there is only a current field. Computationally, 

Equation 3-2 can be calculated in a spherical or Cartesian grid and it is solved in two parts. On the 

left-hand side, the propagation of the energy density is solved by setting the right-hand side equal 

to zero and by discretising into a first-order upwind scheme. The Courant-Friedrichs-Lewy (CFL) 

stability condition limits its time step. The source terms on the right-hand side are then added 

using a semi-implicit forward time scheme. 

WAM in the Catalan coast was implemented operationally on a 1/6° (18km) spatial resolution 

(Bolaños 2004; Bolaños et al. 2009). The spatial grid of the model and the coastline are pictured in 

Figure 3-1. It is to be highlighted the poor resolution of the coast and the few grid points existing 

in between the different buoys. Because of its coarse resolution, the model is not expected to 

accurately resolve the detailed wave conditions at the coastal buoys, nor the differences between 

instruments. Nonetheless, it is important to assess its performance at the different instruments 

along the transect specifically during the selected storm events described in Chapter 2. Previous 

assessments of its performance in the region reported a 0.36 m root mean squared error (RMSE) 

and -0.075 m bias (Bolaños et al. 2007; Bolaños et al. 2009). 

 

 

 

 

Figure 3-1. Spatial grid of the operational WAM model in the region of study. The black dots indicate 
the buoys on the instrumental transect considered. The red dots are the XIOM network buoys. 
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In this study, the time series of output wave parameters were taken at the model node that is 

closest to each instrument, and the time series were built up using the +6h and +12h predictions. 

The selected output wave parameters were Hs, Tp and MWD. Unfortunately, PWD and information 

on the spectral shape are not a regular output of the operational model and were thus not available 

for the inter-comparison. 

3.2 Methodology 

The assessment of the performance of the model was estimated using a qualitative and a 

quantitative analysis. The visual comparison was performed on Hs, Tp, WS and WiD time series. 

Especial attention was given to the magnitude of the modelled values, the accuracy in time of the 

peaks, and other abrupt changes in the time series. 

The quantitative comparison was done by means of the following statistical parameters: bias, root 

mean squared error (RMSE), mean absolute error (MAE), root mean absolute error (RMAE), and 

scattering index (SI). They were previously used by Bolaños et al. (2003), Van Rijn et al. (2003), 

Schneggenburger et al. (2000), and they are calculated as follows: 

Bias 
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Root Mean Squared Error 
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X is the variable, ∆Xobs is the error of the measured variable, index obs stands for observed, index 

mod stands for modelled, and the over bar is the average over the time series. Also, to quantify the 

error, the percentage of error was calculated as follows: 

Percentage of error 

 100%
mod

mod ×
−

=
H

XX
error obs  

 

When the percentage of error was calculated at the storm peak, point values were used instead of 

using the mean of the time series. 

Also, scatter plots were used. Scatter plots are another tool to assess the performance of the model. 

They consist of plotting the observations against the model predictions. The perfect prediction 

would fit to a 1:1 linear equation. To assess the deviations from the ideal estimate, the data points 

were fitted to a linear equation and the regression coefficient (R2) and scatter index were 

calculated. 

3.3 Performance Assessment 

3.3.1 WAM visual performance 

The results from the analysis of the output time series shows that WAM Hs predictions in the 

region were generally poor; especially at the ‘small’ temporal scale of the studied storm periods 

(Figure 3-2). A general disagreement between recorded and modelled time series was observed. Hs 

and WS peaks within the storm were generally not properly reproduced in time or magnitude, and 

sharp changes in Tp were not well resolved. 
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Figure 3-2. Hs measured at A-dw(D) (green line) and predicted using WAM (light blue line) during 
storm 3 (top figure) and storm 4 (bottom figure). 

 

Hs is also largely under-predicted during northwest and east unimodal events (Figure 3-2), in 

agreement with previous studies (Cavaleri and Bertotti 1997; Bolaños et al. 2007). Punctual under-

predictions at the peak of the storm could reach 1.5m (-50%). In contrast, Hs predictions during 

bimodal events are more accurate in magnitude (sometimes over-predicted) (Figure 3-3). One of 

the reasons of the observed inaccuracy was attributed to inaccuracies in the predicted wind field. 

Observations and previous studies indicated that Hs in enclosed seas followed closely the wind 

speed patterns (Cavaleri and Bertotti 2004), and this behaviour was properly reproduced by WAM. 

However, according to the observations the atmospheric model MASS did not properly predict the 

observed WS. In fact, Hs over/under-predictions often occurred when WS was over/under-

predicted (Figure 3-4). The role of bimodal events in these mis-predictions could not be fully 

assessed due to the absence of spectral information from the model output. 
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Figure 3-3. Hs measured at E-iw(D) (black line) and predicted using WAM (light blue line) during storm 
3 (top figure) and storm 4 (bottom figure). 

 

 

 

 

Figure 3-4. WS measured at A-dw(D) (green line) and predicted using MASS (light blue line) during 
storm 3. 

 

The modelled Tp time series were not very accurate, especially during bimodal and fetch-limited 

growth events. In these occasions, predicted values were generally higher than the observations, 

probably because the most energetic peak modelled was wrongly associated to the swell 

component (Figure 3-5). Overall, the results suggest that Tp under 7.5s are over-estimated and Tp 

over 7.5s are under-estimated. The lack of spatial resolution might also play an important role in 

solving NW events, as discussed in Bolaños et al. (2009), because there was not enough number of 

model grid points for the waves to grow and agree with the observations. Table 3-1 includes a 

summary of the over and under-predictions of the wave model at A-dw(D) in terms of Hs and Tp, 

for the monitored storms. 
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Figure 3-5. Tp measured at B-iw(S) and E-iw(D) (red and black lines) and predicted using WAM (light 
blue line) during storm 3. 

 

 

Predicted MWD also showed considerable deviations from the measurements. This difference was 

especially remarkable during bimodal events, when the difference between the modelled and the 

observed MWD values was 20° to 40° in average.  In these cases, modelled MWD was seen to 

follow very closely modelled WiD (Figure 3-6), which should not occur during bimodal events: if 

the model were properly predicting the two different-direction energy peaks, the MWD would be 

the mean of both directions and thus, deviated from WiD. Because this was not the case, the results 

suggest that only one peak was modelled, the one being generated by the wind, and bimodal 

spectra were not properly reproduced by the model. 
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Figure 3-6. Measured MWD (green stars) and WiD (green circles) at A-dw(D), and predicted MWD (light 
blue stars) and WiD (light blue circles) during storm 3.  

 

Moreover, as it was expected due to the poor spatial resolution of the model, the wave parameters 

at the stations located in shallow waters (D-sw(S) and C-sw(D)) were not properly resolved. Hs 

was clearly over-estimated and the time series were not properly reproduced. 

3.3.2 WAM statistics 

The associated statistical assessment of the WAM performance (based on the bias, RMSE, MAE, 

RMAE and SI) showed higher Hs error values (thus worse model performance) at stations D-sw(S) 

and C-sw(D) as expected, since they were only 1km offshore (Figure 3-7-left). This result agrees 

with the conclusions obtained from the qualitative analysis, pointing to a need of increasing the 

wind-wave model resolution to better capture wave parameters near the shore. 

 

 

 

Figure 3-7. Statistical analysis in terms of Hs and bias, RMSE, RMAE, MAE and SI at the different 
measuring instruments (A-dw(D), B-iw(S), C-sw(D), D-sw(S) and E-iw(D)) during storm 2 (left) and 
storm 5 (right). The dashed line indicates de 0.5m value for reference. 
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In general, better wave predictions were obtained at station B-iw(S), followed by A-dw(D) and E-

iw(D). The calculated Hs errors at these locations reached 1m (more than -30% of error). The 

resulting assessment was not always independent of the considered statistical estimator: in Figure 

3-7-right, the bias and MAE indicate that the best predictions were issued at A-sw(D); but the 

RMSE and the RMAE values point to better predictions at B-iw(S). Therefore, these estimators 

should not be used ‘blindly’. Additionally, low error values did not necessarily imply a good 

overall performance of the model in terms of spatial and temporal evolution of the storm’s 

integrated parameters time series. For these reasons statistical values must be handled with care 

and not be relied upon without simultaneously performing a visual ‘physical-analysis’. 

The statistical parameters calculated for storms 3 an 4 are provided in Figure 3-8. It is evident that 

for wind blowing offshore (storm 3: Figure 3-8 – left panel) the statistical parameters at the most 

offshore buoy were much larger than during the onshore eastern wind storm (storm 4: Figure 3-8 – 

right panel). These results agree with what was expected: the wave model at such coarse resolution 

had trouble predicting wave conditions when generation mechanisms are especially important. 

 

 

 

 

Figure 3-8. Statistical analysis in terms of Hs and bias, RMSE, RMAE, MAE and SI at the different 
measuring instruments (A-dw(D), B-iw(S), D-sw(S) and E-iw(D)) during storm 3 (left) and storm 4 
(right). The dashed line indicates de 0.5m value for reference. 

 

 

The performance of the WAM model in reproducing local Tp was also statistically assessed 

(Figure 3-9-left). Unexpectedly, during storm 3 the largest errors correspond to the predictions at 

station B-iw(S) and E-iw(D), and the smaller values were given at the coastal buoy D-sw(S). The 

reason might be related to the fact that at D-sw(S) Tp is usually higher because it corresponds to 

the swell peak (unlike at the other locations where the sea peak is more energetic). Because WAM 

over-estimates Tp under 7.5s, unexpected higher Tps (like swell at D-sw(S)) are better 
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approximated. That does not mean that operational WAM properly predicts the time series, but 

that it does not properly resolve the most coastal points, especially during bimodal events. During 

storm 4 (Figure 3-9-right), Tp was higher (>7.5s), and the statistical estimators indicated that 

WAM under-predicted the time series, in agreement with the visual analysis. 

 

 

 

 

Figure 3-9. Statistical analysis in terms of Tp and bias, RMSE, RMAE, MAE and SI at the different 
measuring instruments (A-dw(D), B-iw(S), C-sw(D), D-sw(S) and E-iw(D)) during storm 5. 

 

 

The scatter plots in Figure 3-10-right confirm that WAM over-predicted Tp when it was observed 

to be under 7.5s, and that it under-predicted Tp higher-values. Indeed, the red line crosses the 

dashed line (from under-prediction to over-prediction) around the 7.5s value. Hs scatter plots 

(Figure 3-10-left) do not show any significant correlation. Overall, the scarce number of data 

points used in the analysis (due to the coarse temporal resolution of the model) and the poor 

correlation values confirm the limited reliability of the statistical analysis in such conditions. 
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Figure 3-10. Hs and Tp scatter plots. Observations at A-dw(D) against simulations from the operational 
WAM model during storm 2 to 5. The red line is the linear equation that best fits the data points. The 
dashed line indicates the ideal fit (1:1 linear equation). 
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3.4 Discussion 

From the analysis of the operational model performance it can be concluded that improving wave 

modelling off the Catalan coast is a scientific and engineering requirement. The temporal evolution 

of wave storms is poorly resolved: Hs peak predictions in time do not match the observations, 

maximum Hs are not reached, and the abrupt changes in Tp and MWD are not resolved. Wave 

storm time series are expected to improve by increasing the temporal resolution of the input wind 

fields, at least by preventing ‘information’ energy losses in short duration storms. Likewise, Hs 

under-estimations are expected to be reduced by increasing the spatial resolution of the wind fields 

near shore. In fact, Cavaleri and Bertotti (2004) reported an increase of wind speeds when 

increasing the spatial resolution, which would induce higher Hs. Bolaños and Sánchez-Arcilla 

(2006) pointed to a need for better resolved coastal orography to improve wind predictions and, 

consequently, wave predictions in the land-sea border.  

When compared to the performance assessment reported by Bolaños et al. (2007), for two single 

storms, and Bolaños et al. (2009), for the period 2000-2006, the results presented here agree with 

the under-predictions at the storm peaks reported by these authors. Statistically, the results from 

this work reported larger bias values but similar RMSE and SI values. 

Unfortunately, the role of bimodal spectra during over-predicted events cannot be presently 

assessed because of the unavailability of spectral information within the past operational output of 

WAM. Whether the bimodal character had an effect on the over-predictions on top of the WS 

over-predictions should be addressed in future studies. The differences in Hs, Tp, and especially 

MWD between the model and the observations suggest that there are inaccuracies in WAM 

spectral shape predictions. Although no spectral shapes were available, these findings denote again 

the importance of improving the model performance when predicting the spectral shape. 

It should also be pointed out that the wind and wave models output is every 6h and thus, much of 

the temporal variability is smoothed down, while point-wise large differences are responsible for 

increasing the error levels. The limited length of the time series handled could be one of the main 

causes of the inaccurate statistical results obtained, and an additional reason to use them carefully 

(see also Sánchez-Arcilla et al. 2008). 

 


