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Abstract: Breakwaters influence coastal wave climate and circulation by blocking and dissipating 10 
wave energy. Accurate representation of these effects is essential to the determination of coastal 11 
circulation and wave processes. MIKE21SW and SWAN are two third-generation spectral wave 12 
models which are used widely in coastal research and engineering applications. Recent improved 13 
versions of the models are able to consider the influence of breakwater structures. In this study, we 14 
used available observations to evaluate the accuracy of model simulations of waves in New Haven 15 
Harbor, Connecticut, USA, an estuary with three detached breakwaters near the mouth. We then 16 
compare the accuracy and computational efficiency of MIKE21SW and SWAN. Both models were 17 
executed on the same unstructured triangular grid. The boundary conditions were derived from a 18 
bottom mounted ADCP on the offshore side of the breakwaters. Wind forcing was applied using 19 
data from the Central Long Island Sound buoy. We find that both models are largely consistent 20 
with observations during storms. The MIKE21SW significant wave height and wave direction 21 
simulations were slightly superior; however, SWAN is more efficient and faster due to its 22 
implementation of a fully implicit technique for time integration. 23 
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1. Introduction 27 
Breakwaters are used to protect harbors and shorelines from waves and to limit coastal erosion. 28 

In harbors, coastal breakwaters provide tranquility to ease both navigation and berthing for vessels. 29 
Breakwaters influence coastal wave climate by breaking, reflecting, and diffracting wave energy. 30 
Studying these influences in situ poses a challenge. In recent years, spectral wave models have 31 
become more widely used and important tools to understand coastal wave behavior. However, the 32 
performance and precision of the spectral models in the presence of the breakwaters are not well 33 
examined.  34 

SWAN, MIKE21SW, and Wavewatch III are three commonly used spectral wave models in 35 
coastal and ocean communities. Wavewatch III is mostly used for deep ocean and open sea 36 
applications and is not able to include breakwater structures. On the other hand, the recent versions 37 
of SWAN and MIKE21SW are equipped to handle breakwaters. In this study, we employed SWAN 38 
(v41.20) and MIKE21SW (v2017) to simulate the effects of three coastal breakwaters on the wave 39 
field in New Haven Harbor, Connecticut, and then assessed their accuracy and efficiency.  40 

Previously, Strauss et al. [1] compared simulations of waves on a narrow continental shelf in 41 
Gold Coast, Australia in SWAN and MIKE21SW. SWAN was executed in the fully spectral mode 42 
with a structured grid, while MIKE21SW was executed on directional decoupled parametric mode 43 
with an unstructured grid. The results indicated that both models overestimated significant wave 44 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 27 July 2018                   doi:10.20944/preprints201807.0529.v1

©  2018 by the author(s). Distributed under a Creative Commons CC BY license.

Peer-reviewed version available at J. Mar. Sci. Eng. 2018, 6, 145; doi:10.3390/jmse6040145

http://dx.doi.org/10.20944/preprints201807.0529.v1
http://creativecommons.org/licenses/by/4.0/
http://dx.doi.org/10.3390/jmse6040145


 

 

height in enabled wind forcing. Moeini and Etemad-Shahidi [2] applied SWAN and MIKE21SW for 45 
hindcasting waves in Lake Erie. The study suggested SWAN simulates significant wave height 46 
better, while MIKE21SW simulates wave period and direction better. Conversely, Fonseca et al. [3] 47 
suggested that MIKE21SW, SWAN, and STWAVE models have similar behavior and precision when 48 
examining performance on the Portuguese coast. Hoque et al. [4] evaluated SWAN and MIKE21SW 49 
in the Mackenzie Delta in Beaufort Sea, Canada. They concluded that the results of the models are 50 
almost identical in shallow water, but in water shallower than 7m, SWAN simulated the significant 51 
wave height better, though the peak period from MIKE21SW was superior.  52 

In all previous studies, SWAN was executed on a structured grid and MIKE21SW on an 53 
unstructured grid. In this study, for the first time, both SWAN and MIKE21SW were run on the same 54 
unstructured grid and evaluated inside a harbor in the presence of breakwaters. The models were 55 
used to simulate waves in New Haven Harbor, which is partially sheltered by three detached 56 
breakwaters at the connection to Long Island Sound (Figure 1). The model results were compared to 57 
data from a bottom mounted Acoustic Doppler Current Profiler (ADCP) in the harbor. The results 58 
and the efficiency of the models were analyzed to determine their strengths and weaknesses. In 59 
addition, possible explanations for their differences were discussed. 60 

 

 
 

Figure 1. Locations of breakwater structures in front of New Haven Harbor are highlighted by white 61 
lines and ADCP locations inside and outside the harbor highlighted by yellow boxes and labels. 62 
(Image Source: “New Haven Harbor”. 41° 15ᇱ03.79" ܰ  and 72° 55ᇱ20.36" ܹ . Google Earth. 63 
September 23, 2017. June 18, 2018) 64 

2. Model Descriptions 65 
MIKE21SW is a proprietary model developed by DHI Company. It is one of the most widely 66 

used wave models in coastal and marine engineering projects around the world. It has a Graphical 67 
User Interface (GUI) that makes it simple to set up the model and visualize the results. SWAN is an 68 
open source model developed by the Delft University of Technology. It is often used in academic 69 
coastal research and has been integrated to community circulation models. For simplification and 70 
clarification, we introduce the models by summarizing their similarities and differences.  71 

SWAN [5], and MIKE21SW [6] are both 3rd generation fully spectral wave models. The models 72 
solve the wave action balance equation, described by Mei [7], Komen et al [8], and Young [9]. In 73 
Cartesian coordinates without ambient current, the wave action balance equation can be written as: 74 
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ݐ߲߲ܰ + ∇. ൫ Ԧܿ௚ ܰ൯ = (1)  ߪܵ

Where ܰ(ݔ, ,ߪ ,ߠ is the wave action density, Ԧܿ௚ (ݐ = (ܿ௫, ܿ௬, ܿఙ, ܿఏ)  is the wave group velocity, 75 ߪ is relative frequency, ߠ is wave direction, ݐ is time, and ܵ is the total source and sink terms 76 
which represent generation, dissipation and redistribution of wave energy. ∇  is the four 77 
dimensional differential operator with respect to ݔ, ,ݕ ,ߪ and 78 .ߠ 

The source terms in both models are almost the same. Wave dissipation terms such as bed 79 
friction, wave breaking, whitecapping, nonlinear quadruplet interactions, nonlinear triad wave 80 
interactions, and diffraction are the same or very similar. However, in some cases such as wind 81 
input, whitecapping and quadruplet wave interaction, SWAN is able to support more methods and 82 
coefficients. 83 

SWAN can be run on both structured and unstructured grids, while MIKE21SW only uses 84 
unstructured grids. The spatial discretization method differs between the models. SWAN’s spatial 85 
discretization is based on a vertex-centered method while MIKE21SW uses a cell-centered method. 86 
This implies that wave action N is stored at the grid cell vertices in SWAN and at the cell center in 87 
MIKE21SW. Thus, the control volume in SWAN is a polygon, while in MIKE21SW it is triangular. 88 

The methods for time integration drastically differ between the models. MIKE21SW uses Euler 89 
explicit scheme in the propagation term, while SWAN uses Euler fully implicit method. Because the 90 
computational scheme of MIKE21SW is explicit, it avoids solving a large system of equations; 91 
however, the downside is that the temporal step is limited by the Courant number. On the other 92 
hand, in SWAN’s fully implicit scheme, the temporal step is not limited and the computation is 93 
stable for any time step, but in this case a large system of equations must be solved to achieve a 94 
solution. These differences in the time integration method can impact the model efficiency, as well as 95 
the computational accuracy. 96 

3. Methods 97 
In this study, the model domain is New Haven Harbor, Connecticut, USA. New Haven Harbor 98 

is located in Long Island Sound, a large estuary on the northeast coast of the United States. There are 99 
three detached breakwaters in front of the harbor to protect it from excessive waves during extreme 100 
storms. The area is frequently affected by strong winds during winter, from January to March, and 101 
occasionally by hurricanes in the summer and early fall. The significant wave height in central Long 102 
Island Sound, where New Haven Harbor is located can exceed two meters. To observe the effect of 103 
breakwaters on waves in extreme storms, we deployed two ADCPs in New Haven Harbor, one 104 
outside the harbor (NH1) and one inside (NH2), during the winter of 2015 from January 21st to April 105 
5th. The wind data were gathered during the same period by the Central Long Island Sound Buoy 106 
(CLIS) which is located 25 km from New Haven. Depths and locations of the observations can be 107 
found in Table 1, and Figure 1 illustrates the field site. 108 

Table 1. Location and depth information for the observations used for modeling 109 

Station ID Latitude 
(N) 

Longitude 
(W) 

Depth 
(m) 

Location 

NH1 41° 13.44΄ 72° 53.15΄  10.4 Outside Harbor 
NH2 41° 14.64΄ 72° 56.96΄ 5.2 Inside Harbor 
CLIS 41° 8.28΄ 72° 39.30’ 27 Outside Harbor 

 110 
Instead of applying a nesting approach, which uses results from a large-scale model to force the 111 

boundaries of the local wave model, we used observed wave data at NH1 to force the open 112 
boundary of the models. In this way, we can eliminate the possible uncertainty from the large-scale 113 
model adding to the local model. The models were also forced by a uniform wind stress over the 114 
domain at half hour intervals using observation from the CLIS buoy. 115 
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For the results from the models to be comparable, both models were set up with the same 116 
configurations and forcing condition as much as possible. Using a grid converter, available in the 117 
MIKE21 package, we were able to run both models with the same unstructured triangulate grid 118 
which was generated by Surface-water Modeling System package (SMS v12), as shown in Figure 2. 119 
The grid was smoothly refined around the breakwaters and inside the harbor. Some minor 120 
differences in the configuration could not be eliminated. For each model, we tested settings and 121 
coefficients, and applied the set that achieved the best agreement with the observations. 122 

 

 
Figure 2. Unstructured triangulate grid used for both SWAN and MIKE21SW; the grid was smoothly 123 
refined around the breakwaters and inside the harbor 124 

Both models were executed in 3rd generation fully spectral and non-stationary mode. The same 125 
spectral discretization (25 frequencies and 16 directional discretizations) were applied to SWAN and 126 
MIKE21SW with a minimum frequency of 0.06 Hz and a maximum of 0.59 Hz. 127 

Wind input source and whitecapping dissipation functions are different in the models. SWAN 128 
is configured to use the wind input source function of Janssen [10, 11], as implemented in WAM 129 
cycle 4 [12]; the method of Komen [13], as implemented in WAM cycle 3 [14]; and method of Yan 130 
[15]. MIKE21SW only supports Janssen’s method. Dissipation through whitecapping is based on the 131 
development of Hasselmann [16] in both Janssen’s and Komen’s methods, however, the coefficients 132 
are different (see Komen [8, 13]). Yan’s wind input method is combined with saturation-based 133 
whitecapping as described in Van der Westhuysen [17, 18]. Moeini and Etemad-Shahidi [2] 134 
suggested that Komen’s method led to more accurate significant wave height than Janssen’s method 135 
for Lake Erie. Hoque [4] indicated Westhuysen’s formulation tends to have better significant wave 136 
height in the Mackenzie Delta. We tested all three methods with SWAN. We found that Janssen’s 137 
method provides the best wave height simulations in the harbor. Therefore,  Janssen’s wind input 138 
method was used for both models with the tunable coefficients set as ܥௗ௦∗  = 4.5 and ߜ = 0.5. 139 

 Wave dissipation due to bottom friction was represented in both models by the empirical 140 
JONSWAP [19] approach. The friction coefficients introduced by Zijlema et al. [20] were used: ܥ௕ =141 0.038 ݉ଶିݏଷ and  ௙ܿ௪ =  ଵ.  142ିݏ݉ 0.0077

Waves breaking in shallow water was taken into account in the models using the Battjes and 143 
Janssen [21] formulation with ߙ = 1 and ߛ = 0.8. Also, triad wave-wave interactions were enabled 144 
in both models. Triad interactions in MIKE21SW are calculated based on Eldeberky and Battjes [22] 145 
and in SWAN based on Eldeberky [23], a slightly modified version of the former. Quadruplet 146 
wave-wave interactions were also enabled in the models. In both models, the quadruplet wave-wave 147 
interactions are computed with the Discrete Interaction Approximation (DIA) as proposed by 148 
Hasselmann et al [24].  149 
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In the case of breakwater structures present, diffraction computations become important. 150 
Diffraction is taken into account in the models using a phase-decoupled refraction-diffraction 151 
approximation proposed by Holthuijsen et al. [25]. Diffraction computation in the models is almost 152 
the same, but a wave field smoothing technique for the computation of the diffraction parameter 153 
that is not available in SWAN with an unstructured grid. 154 

4. Results 155 
The results of SWAN and MIKE21SW models were compared and assessed inside the harbor at 156 

NH2 during storms when the wave heights were large. We divided the observations into five storm 157 
periods, detailed in Table 2. Each of these periods is discussed separately, and then the results are 158 
summarized. The statistical parameters used for data validation are: 159 Bias(error) = ∑ (Y୧ െ X୧)୬୧ୀଵ n  , (2)

RMS = ඨ∑ (Y୧ െ X୧)ଶ୬୧ୀଵ n  , (3)

m = slope of the best fitted line, (4)

ܴଶ = 1 െ ∑ ( ௜ܻ െ ௜ܻᇱ)ଶ௡௜ୀଵ∑ ( ௜ܻ െ തܻ)ଶ௡௜ୀଵ  , (5)

where ௜ܻ, with mean തܻ, are the observed values, ௜ܺ are the simulated values, and ݊ is the number 160 
of data points. ܴܵܯ is the root mean square error, ܴଶ is the fraction of the variance in the data 161 
explained by the model, ௜ܻᇱ is the estimated value by regression, and തܻ is the mean of the observed 162 
values. 163 

Table 2. Storm periods used for analyzing and assessing the models 164 

No. Storm Period 

1 January 23 to 28 

2 February 01 to 10 

3 February 14 to 21 

4 March 06 to 08 

5 April 01 to 05 
 165 
Three consecutive high wind intervals occurred during the first storm period, Jan. 23 to 28. 166 

Comparison between observations and the models of significant wave height and wave direction, as 167 
well as scatter plots and statistical analysis for Storm Period 1 are presented in Figure 3. For the first 168 
storm, the models’ significant wave height (ܪ௦) results are very similar to each other and both miss 169 
the first part of the storm peak (Figure 3a). Also, both models are able to simulate wave direction 170 
correctly (Figure 3b). For the second storm, both models reproduce the storm’s entire wave height 171 
peak, but MIKE21SW overestimates the peak storm wave height a little. Simulated wave direction 172 
for the second storm also agrees well with the observations. For the third storm, the fidelity of the 173 
models is poor. The SWAN results are worse than MIKE21SW and the correlation between SWAN 174 
significant wave heights and the observed series is negative. Further, neither model reproduces the 175 
decrease in significant wave height at the end of the storm. The wave direction results from the 176 
models explain the model’s failure. In the presence of breakwaters, waves enter the harbor from 177 
particular directions defined by breakwater orientation. Therefore, an error in simulating wave 178 
direction can drastically change the wave field in the harbor. In our case, after Jan 26, 6:00pm, both 179 
models have erroneous wave directions, and since the interior is sensitive to this direction, the error 180 
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in direction leads to a large error in the wave field in the harbor. The statistical parameters show that 181 
MIKE21SW results are better than SWAN for this period. ݏܽ݅ܤ and ܴܵܯ errors in significant wave 182 
heights obtained from MIKE21SW (Figure 3c) are less than those in SWAN (Figure 3d). ܴଶ for 183 
SWAN is very low due to negative correlation between modeled and observed wave height for the 184 
third storm. 185 

 
(a) 

 
(b) 

(c) (d) 
Figure 3. Comparison of SWAN (blue), MIKE21SW (red), and observation (black) inside the harbor 186 
for the time interval of Jan 23 to 28. (a): Significant wave height comparisons. (b): Wave direction 187 
comparison. (c): Scatter plat and statistical parameters for SWAN. (d): Scatter plat and statistical 188 
parameters for SWAN. Both visually and statistically MIKE21SW results are better than SWAN for 189 
the time interval of Jan 23 to 28. 190 

Comparison of the results of the models and observations from Storm Period 2, February 1 to 191 
10, are shown in Figure 4. Both models overestimated the strongest storm significant wave height on 192 
February 2, however, SWAN overestimated it more than MIKE21SW (Figure 4a). There is some error 193 
in simulated wave direction and wave height on February 5 and 6 (Figure 4b). Again, an error in 194 
simulation of wave direction changes the wave field in the harbor and causes error in significant 195 
wave height. In this case, SWAN error is larger than that in MIKE21SW. Otherwise, the models’ 196 
performance are the same in the other storms. Both missed some small oscillations and 197 
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overestimated others. MIKE21SW performs statistically better than SWAN once again (Figure 4c and 198 
4d). 199 

 
(a) 

 
(b) 

(c) (d) 
Figure 4. Comparison of SWAN (blue), MIKE21SW (red), and observation (black) inside the harbor 200 
for the time interval of Feb.1 to 10. (a): Significant wave height comparisons. (b): Wave direction 201 
comparison. (c): Scatter plat and statistical parameters for SWAN. (d): Scatter plat and statistical 202 
parameters for SWAN. Both visually and statistically MIKE21SW results are better than SWAN for 203 
the time interval of Feb. 1 to 10. 204 

Three storms occurred in the third period, from Feb. 14 to 21. As shown in Figure 5, the models 205 
accurately simulate the first storm. During the second storm, MIKE21SW accurately simulates 206 
significant wave height in the first part of the storm but later produces overestimates. In contrast, 207 
SWAN overestimates significant wave height over the whole storm duration. For the third storm, 208 
both models successfully simulate the wave height and direction. Overall, ܾ݅ܽݏ and ܴܵܯ errors are 209 
lower and the slope of the best-fitted line and ܴଶ are higher for MIKE21SW, (Figure 5c and 5d). 210 
Therefore, MIKE21SW results are more accurate than SWAN for this time period. Error in the 211 
simulated wave direction is apparent, particularly in SWAN results. 212 
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(a) 

 
(b) 

(c) (d) 
Figure 5. Comparison of SWAN (blue), MIKE21SW (red), and observation (black) inside the harbor 213 
for the stormy period of Feb 14 to 21. (a): Significant wave height comparisons. (b): Wave direction 214 
comparison. (c): Scatter plat and statistical parameters for SWAN. (d): Scatter plat and statistical 215 
parameters for SWAN. Both visually and statistically MIKE21SW results are better than SWAN for 216 
the time interval of Feb 14 to 21. 217 

In the fourth storm period, both models fail to correctly simulate significant wave height 218 
variations between March 6 and 8, as shown in Figure 6. The storm includes two peaks in significant 219 
wave height, but the models underestimated both (Figure 6a). However, they correctly estimate 220 
wave directions (Figure 6b) and the statistical parameters show similar model performance. Some 221 
statistical parameters are better for MIKE21SW and others for SWAN (Figure 6c and 6d). Generally, 222 
the results of both models were poor for this storm. 223 
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(a) 

 
(b) 

(c) (d) 
Figure 6. Comparison of SWAN (blue), MIKE21SW (red), and observation (black) inside the harbor 224 
for the stormy period of March 06 to 08. (a): Significant wave height comparisons. (b): Wave direction 225 
comparison. (c): Scatter plat and statistical parameters for SWAN. (d): Scatter plat and statistical 226 
parameters for SWAN. Both models didn’t do well during this time interval.  227 

Results from Storm Period five are illustrated in Figure 7, showing the assessment of the models 228 
results during the storm took place on April 2 and 3. MIKE21SW is able to catch the storms highest 229 
wave height and correctly compute wave direction during the storm. SWAN results are also 230 
suitable, but it underestimates the storm peak and there is a delay in storm growth (Fig 7a and 7b). 231 
Except for the slope of the best-fitted line, statistical parameters are better for MIKE21SW results 232 
(Figure 7c and 7d).  233 
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(a) 

 
(b) 

(c) (d) 
Figure 7. Comparison of SWAN (blue), MIKE21SW (red), and observation (black) inside the harbor 234 
for stormy period of April 01 to 05. (a): Significant wave height comparisons. (b): Wave direction 235 
comparison. (c): Scatter plat and statistical parameters for SWAN. (d): Scatter plat and statistical 236 
parameters for SWAN. Both models did not do well during this time interval.  237 

Finally, we analyzed all storms together as presented in Figure 8. ݏܽ݅ܤ for both models is 0.01 238 
with opposite signs. ܴܵܯ of MIKE21SW is 0.04 (27%) lower than ܴܵܯ obtained from SWAN 239 
results. The slope of best-fitted line for MIKE21SW is closer to one. ܴଶ of MIKE21SW results is 0.20 240 
higher than the results of SWAN. Therefore, the results suggest MIKE21SW more precisely 241 
simulates wave height and wave directions in the harbor during storms, although the models results 242 
have a lot of similarity.  243 
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(a) (b) 

Figure 8. Comparison of scatter plot and statically parameter between SWAN (a) and MIKE21SW (b) 244 
for all storms. The statistical parameters suggest that MIKE21SW model is more precise than SWAN 245 
model. 246 

5. Discussion 247 
Although the models have similar predictions, in some cases MIKE21SW more accurately 248 

simulates wave height and direction north of the breakwaters in New Haven Harbor. The 249 
MIKE21SW model provides superior simulations of wave direction, growth and decay of the 250 
significant wave height during storms, and the peak wave heights. The differences in model 251 
performance are not associated with the open boundary conditions or wind forcing, since the same 252 
values are used in the two models, and must be attributed to the model formulation.  253 

Besides the accuracy of the model, the efficiency and simplicity of the models are important in 254 
assessment of the model utility. Because MIKE21SW has a GUI, setting up, executing, extracting, and 255 
visualizing the results is easier than SWAN. SWAN, on the other hand, is much more efficient 256 
computationally than MIKE21SW. SWAN executes the same model grid and configuration using the 257 
same computational engine about nine times faster than MIKE21SW. The high computational 258 
efficiency of SWAN accelerates the calibration and validation of the model and would allow 259 
additional grid refinement to improve its accuracy. To assess this, we doubled the grid resolution in 260 
SWAN and reran it from Feb. 1 to 10. The SWAN results improved with respect to error in wave 261 
direction and wave height, but did not change in the case of overestimating and underestimating the 262 
storm wave height peaks. Even with a higher grid resolution, the MIKE21SW results appear to be 263 
slightly better than SWAN. 264 

We believe that the time integration method employed in SWAN and MIKE21SW play the main 265 
role in determining the differences in the results and efficiency.  MIKE21SW uses an explicit Euler 266 
scheme when computing wave propagation while SWAN uses a fully implicit method. This study 267 
suggests that the implicit method, used in SWAN, is computationally much more efficient than 268 
explicit method, used in MIKE21SW, because of the restriction imposed by the Courant number on 269 
the temporal step in the explicit method. In addition, SWAN uses a point-by-point multi-directional 270 
Gauss-Seidel iteration technique that circumvents the need to construct and solve a large system of 271 
equations as is typical in implicit methods [26]. This technique highly improves the computational 272 
efficiency of SWAN model.  273 

6. Conclusions 274 
SWAN and MIKE21SW are two spectral wave models that solve the wave action balance 275 

equations. Although there are lots of similarities in both the main equations and wave source terms, 276 
they have some minor differences in the algorithms used to obtain solutions that impact both the 277 
results and efficiency of the models. For the first time, SWAN and MIKE21SW were assessed on the 278 
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same unstructured grid and inside a harbor in the presence of three detached breakwaters. This 279 
study suggests the results of the models are consistent with observations during the majority of 280 
storms. The models behave similarly in most events, but in some circumstances, when waves arrive 281 
from particular directions defined by the orientation of the breakwaters, MIKE21SW more 282 
accurately simulates significant wave height and wave direction than SWAN. The errors in SWAN 283 
lead to both overestimates and underestimates in wave height, incorrect wave direction, and delays 284 
in wave high trends. SWAN is, however, computationally more efficient than MIKE21SW, because it 285 
uses a fully implicit method and Gauss-Seidel iteration technique for solving the wave action 286 
balance equations. Refining the grid size in SWAN improved its results, but are still slightly less 287 
accurate than MIKE21SW with a larger grid size. 288 
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