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In this paper, we describe the application of a quadtree-adaptive model to hindcast the wave spectrum dur-
ing Hurricanes Katrina and Rita. In the simulation, the quadtree grid system can be adapted to the vicinity of
the hurricanes and/or some prescribed regions of interest, which require higher resolutions. In other words,
the quadtree grid system can move with the hurricanes. Furthermore, all the details of prescribed simula-
tions can be plugged into a global simulation with input wind fields at different resolutions. In addition,
the prescribed model is implemented in a unified framework of code and performed in one thread or mul-
tiple parallel threads. The proposed adaptive model can significantly reduce the time required for a specific
simulation and is very convenient for large-scale operational forecasting when multiple resolutions are re-
quired. For Hurricane Katrina, only 3 h of computing time is required to simulate the entire ten days of the
hurricane event with a resolution of 0.25 h and 1/8 degree for the region of interest near Mexico bay. The
difference between the predicted significant wave heights and the buoy measurements is less than 0.5 m.
In addition, the codes of the models are freely available and thus can be easily extended to an operational
forecast system of tropical cyclones.

© 2013 Elsevier B.V. All rights reserved.
1. Introduction

Many coastal, offshore and navigation engineering applications
rely on a detailed wave climate at specific locations. However, such
information is usually incomplete or even not available since in situ
measurements are expensive. Therefore, an accurate and efficient
prediction of wave conditions is crucial for these situations. For
example, tropical cyclones out at sea or near coasts can cause high
winds and result in large waves, which may disrupt international
shipping, damage coastal structures and, sometime even cause
shipwrecks.

Therefore, models for describing wave generation, dissipation and
nonlinear wave–wave interactions are required. Tick (1959) first
presented a nonlinear random model of gravity waves. Later, Phillips
(1960) and Hasselmann (1960, 1962, 1963) almost simultaneously
found the nonlinear energy transfer among wave spectral components
which is caused by resonant four-wave interactions. After their devel-
opments, the wave action equation became the fundamental wind
wave model for predicting large-scale ocean wave climate driven by
wind-forced. A comprehensive review on the studies of ocean surface
waves was given by Mitsuyasu (2002).
.-C. Tsai).

rights reserved.
Then, Inoue (1967) and Barnett (1968) presented numerical
implementations for the prescribed wind wave model. It should be
mentioned, however, that a French group independently developed
the numerical wave model in an earlier period (Gelci et al., 1957).
After these pioneering works, several such models have been devel-
oped. These models are denoted as first, second or third generation
wave models, depending on the level of parameterization of genera-
tion, dissipation and nonlinear wave–wave interactions. For example,
the WAM (WAMDIG, 1988), WAVEWATCH (Tolman, 1991), and
SWAN (Booij et al., 1999; Ris et al., 1999) are the better known
third generation wave models used for computing wave spectra.
The WAM code was originally developed for generating wave pre-
dictions in oceanic basins and deep water regions. Then, the current
effect was added in the WAVEWATCH. On the other hand, the SWAN
code was primarily focused on coastal regions.

Usually, the main focus of wave studies is on nearshore regions
where a local high-resolution wave model should be applied with
its boundary conditions obtained from lower-resolution models of a
larger area. For example, Holthuijsen et al. (2000) upgraded the
SWAN model by providing an option for coupling a low-resolution
WAM and a high-resolution SWAN simulation. Lahoz and Albiach
(1997) and Tolman (2008) have memtioned that the prescribed
one-way nesting has some drawbacks. First, it is difficult to model
the hurricane-induced swell traveling away to a lower-resolution re-
gion. Second, the one-way nesting is usually performed by a sequence
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Fig. 1. Schematic diagram for the quadtree grid system.
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of different threads which is not convenient for operational forecast-
ing. Therefore, Tolman (2008) generalized the approach of Lahoz and
Albiach (1997) and developed a two-way nested approach for wave
modeling. In his approach, the area to be modeled was covered with
mosaic grids with different resolutions. Each grid was considered as
a separate wave model and two-way interactions are considered be-
tween all grids. In November 2007, his approach was implemented
operationally at the National Centers for Environmental Prediction
of USA (Chawla et al., 2007).

Alternately, there are also wind wave models using curvilinear or
unstructured grids to adapt the resolution to areas of interest. For ex-
ample, curvilinear grids were adopted in recent versions of the SWAN
model (Booij et al., 1999; Ris et al., 1999). On the other hand, the fi-
nite element methods with unstructured spatial grids were also con-
sidered (Ardhuin et al., 2001; Benoit et al., 1996; Hsu et al., 2005; Liau
et al., 2011).

However, only static grids are considered in all of these models.
For hurricane applications, development of an approach with mov-
ing grids appears desirable. This was recently accomplished by
Popinet et al. (2010), who integrated the source terms and spectral
advection of WAVEWATCH version 3.14 (Tolman, 2009) into his
quadtree-adaptive spatial solver of the finite volume method
(FVM). The quadtree-adaptive FVM solver was originally designed
for the dynamics of inviscid (Popinet, 2003) and viscous fluids
(Popinet, 2009). The solver was also extended for solving shallow
water equations (Popinet and Rickard, 2007) and applied to the
modeling of the 2004 Indian ocean tsunami (Popinet, 2011) and
the 2011 Japan tsunami (Popinet, 2012).

In the original study, Popinet et al. (2010) applied their
quadtree-adaptive spectral wave model to an artificial hurricane. In
the present study, the model is further applied to the 2005 Hurricanes
Katrina and Rita. In the simulations, the quadtree grid system is
adapted to the vicinity of the hurricanes and/or some prescribed re-
gions of interest. Furthermore, we demonstrate how these simula-
tions can be plugged into a global simulation with input wind fields
of different resolutions. Therefore, the present quadtree-adaptive
spectral wave model is very convenient and efficient for global oper-
ational forecasting when multiple resolutions are required.

2. Governing equations and numerical methods

In this study, we consider the wave spectra in water with zero
mean currents which are described by the conservation of wave
action (Bretherton and Garrett, 1968; Whitham, 1965) as

∂N
∂t þ 1

cosϕ

∂ _ϕN
� �

∂ϕ þ
∂ _λN
� �

∂λ þ
∂ _kN
� �

∂k þ
∂ _θN
� �

∂θ ¼ S
σ

ð1Þ



Table 1
Buoy locations.

Bouy | Coordinates Latitude Longitude

42001 25.888 N 89.658 W
42003 26.044 N 85.612 W
42040 29.212 N 88.207 W

Fig. 2. The path of Hurricane Katrina.

Fig. 3. A snapshot for simulating Hurricane Katrina by

110 C.-C. Tsai et al. / Coastal Engineering 77 (2013) 108–119
where the wave action is defined by

N k; θ;ϕ;λ; tð Þ ¼ F k; θ;ϕ;λ; tð Þ
σ

ð2Þ

with σ, k, θ, ϕ, λ and t being the radian frequency, the magnitude and
direction of a wavenumber vector, the latitude, longitude and time
coordinates respectively.
a static adaption model at August 26th 04:00 UTC.
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Fig. 4. Input wind field and comparisons of significant wave height time series by measure-
ment and uniform-grid models at buoys (a) 42001, (b) 42003 and (c) 42040 for Hurricane
Katrina.

Table 2
Variable-resolution information.

Level |
Coordinates

Longitude Latitude Resolution (km)

Adaption 8 Adaption 7 Adaption 6

High From 93°W
to 84°W

From 24°N
to 29.5°N

7000/28 7000/27 7000/26

Medium high From 98°W
to 75°W

From 16°N
to 32°N

7000/27 7000/26 7000/25

Medium low From 100°W
to 60°W

From 15°N
to 35°N

7000/26 7000/25 7000/24

Other Elsewhere Automatic
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In addition, the net source term S in Eq. (1) is defined as

S ¼ S ln þ Snl þ Sin þ Sds þ Sbot þ Sdb þ Str þ Ssc ð3Þ

where Sln is a linear input term to provide more realistic initial wave
field and Snl, Sin, and Sds are nonlinear wave–wave interaction,
wind-wave interaction, and dissipation terms, respectively and are
significant in deep water. In shallow water, additional source terms
should be considered. In Eq. (3), Sbot, Sdb, Str, and Ssc are wave–bottom
interaction, depth-induced breaking, triad wave–wave interaction,
and bottom-induced scattering terms, respectively. A more detailed
introduction of these sources can be found in the user manual of
WAVEWATCH.

In order to solve the action balance Eq. (1), a fractional stepmeth-
od (Hsu et al., 2005; Yanenko, 1971) is sequentially performed as
follows

∂N
∂t þ 1

cosϕ

∂ _ϕN
� �

∂ϕ þ
∂ _λN
� �

∂λ ¼ 0 ð4Þ

∂N
∂t þ

∂ _kN
� �

∂k þ
∂ _θN
� �

∂θ ¼ 0 ð5Þ

∂N
∂t ¼ S

σ
ð6Þ

The spatial advection Eq. (4) is solved in a spherical quadtree-
adaptive grid as depicted in Fig. 1. In the solution procedure the advec-
tion terms in Eq. (4) is discretized at t = (n + 1/2)Δt and treated by an
upwind unsplit second-order Godunov algorithm, which was originally
developed by Bell et al. (1989) for solving the incompressible Navier–
Stokes equations in uniform grid system and extended to adaptive



Table 3
Numerical error, bias and computing time for Hurricane Katrina.

Hurricane Katrina

Model type | Buoy 42001 42003 42040 Time (hr) Speedup

RMSE Bias RMSE Bias RMSE Bias

Uniform grid 6 0.47 – 0.75 – 0.74– – 3.15 –

Uniform grid 7 0.28 – 0.68 – 0.58 – 8.79 –

Uniform grid 8 0.35 – 0.69 – 0.60 – 40.74 –

Static variable-resolutions 6 0.49 0.06 0.80 0.21 0.76 0.06 1.46 2.16
Static variable-resolutions 7 0.28 0.03 0.64 0.09 0.57 0.07 1.73 5.08
Static variable-resolutions 8 0.34 0.02 0.68 0.05 0.60 0.05 2.75 14.81
Dynamic adaption 6 0.48 0.03 0.75 0.04 0.76 0.05 1.49 2.11
Dynamic adaption 7 0.28 0.02 0.69 0.04 0.59 0.04 1.82 4.83
Dynamic adaption 8 0.36 0.02 0.70 0.04 0.62 0.05 3.09 13.18
Dynamic adaption 9 0.32 – 0.63 – 0.57 – 8.82 –

Chao and Tolman (2010) 0.53 – −0.58 – 0.63 – – –
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mesh refinement (AMR) and quadtree-adaptive grid systems byMartin
and Colella (2000) and Popinet (2003), respectively. More details about
the solution of the spatial advection can be found in the article of
Popinet et al. (2010).

After the spatial advection is finished, C function calls are performed
from thepresent quadtree-adaptive solver to the spectral advection and
source reaction solvers implemented in Fortran in WAVEWATCH ver-
sion 3.14 (Tolman, 2009).

For spectral advection, the solution is obtained by splitting Eq. (5)
into wavenumber and directional advections which are sequentially
solved by the ULTIMATE QUICKEST scheme (Leonard, 1979, 1991).
Here, the ULTIMATE QUICKEST is simply a third-order upwind scheme
with a limiter to avoid numerical extreme values. Finally, the source re-
action (6) is solved by a semi-implicit integration scheme which was
originally introduced in the WAM code (WAMDIG, 1988). Since these
two stages are performed byWAVEWATCH, the corresponding param-
eters are specified using theWAVEWATCH input files. This completes a
single time step and is sufficient for the time marching of the whole
ocean wind wave model.
Fig. 5. RMSE improvements of high resolution over
3. Numerical results

3.1. Static adaptive models to Hurricane Katrina

Hurricane Katrina is the costliest natural disaster and one of the
five deadliest hurricanes in the history of the United States. Among
recorded Atlantic hurricanes, it was the sixth strongest one overall
and at least 1836 people died (Knabb et al., 2005).

When modeling the wave field produced by the Hurricane
Katrina, we adopt the wind field used in the operational Western
North Atlantic (WNA) wave model of the National Oceanic and At-
mospheric Administration’s (NOAA) WAVEWATCH III wave fore-
casting system. This wind field is obtained from the Global Forecast
System (GFS) operated by the National Centers for Environmental
Prediction (NCEP) (Moorthi et al., 2001). The GFS/WNA wind field
is provided between latitude 0.25°S to 50.25°N and longitude
98.25°W to 29.75°Wwith a spatial resolution of 0.25° and a temporal
resolution of three hours. To perform wind wave simulations, we
consider a square computational domain of 7000 km with its center
the low-resolution one for Hurricane Katrina.
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Fig. 7. Comparisons of significant wave height time series by dynamic quadtree-adaptive
and uniform-grid models at buoys (a) 42001, (b) 42003 and (c) 42040 for Hurricane
Katrina.
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at latitude 30°N and longitude 65°W and the simulation time is a
ten-days period from August 22nd 00:00 to September 1st 00:00
UTC. Clearly, this computational domain is larger than the domain
of input wind field as depicted in Fig. 2. The initial condition is pro-
vided by a six-day warm-up simulation.

In order to perform static adaptive models, we consider an area of
interest which requires a high resolution grid system defined be-
tween latitude 24°N to 29.5°N and longitude 93°W to 84°W. Inside
this area, there are three buoy 42001, 42003, and 42040 as defined
in Table 1. The high resolution area is enclosed by a medium high
resolution grid system defined between latitude 16°N to 33°N and
longitude 98°W to 75°W and a medium low resolution grid system
defined between latitude 15°N to 35°N and longitude 100°W to
60°W. The resolution of the coast line is 7000/26 km and the quadtree
system of the rest area is at lower resolutions and is automatically ar-
ranged according the rule introduced in the article of Popinet (2003).
Taking the 27 grid system as an example, a snapshot can be found in
Fig. 3 with its high, medium high and medium low resolutions equal
to 7000 km divided by 27, 26, and 25, respectively. In our numerical
experiments, we consider three grid systems of variable-resolution



Fig. 8. A snapshot for simulating Hurricane Katrina by a dynamic adaption model at August 26th 04:00 UTC.
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6, variable-resolution 7 and variable-resolution 8. Some details are
given in Table 2. For comparison uniform grids of 26, 27, and 28 are
also performed, whose spatial resolutions are about 1°, 0.5°, and
0.25° respectively.
Fig. 9. The path of H
Fig. 4 gives the comparisons between the measurements from
the three buoys and numerical results on a uniform grid. In general,
the numerical results are in very good agreement with the mea-
surements from the three buoys. Table 3 gives the root mean
urricane Rita.
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square error (RMSE) between the numerical results and the buoy
measurements which are basically in the range 0.5–0.8 m, which
is of similar level compared with the WAVEWATCH results
obtained by Chao and Tolman (2010). This validates the constant-
resolution model.

From Table 3, it can be observed that the RMSEs are only
slightly improved from low to high resolutions. This is a common
situation for wind wave prediction since the high-resolution input
wind field of hurricane is also obtained by numerical models and
thus always possesses uncertainty. Chao and Tolman (2010)
have showed that two different wind fields can result in different
wave heights while no one is significantly better than the other
and at the same time these two wind fields are both different
from the wind velocity of buoy measurements. In order to support
this point, WAVEWATCH simulations are performed for spatial
resolutions of 1° and 0.25°. The RMSE improvements of high reso-
lution (28 or 0.25°) over the low-resolution one (26 or 1°) at
different buoy locations are depicted in Fig. 5. In the figure, a
better improvement can only be found for buoy 42040, which is
just located on the continental slope.

Then we consider static variable-resolution models to save the
computing time. In the studies, the bias is defined as the RMSE be-
tween the numerical result of a specific variable-resolution model
and its corresponding uniform grid model. From Table 3, it is clear
that the biases of the static variable-resolution models are basically
very small. For a maximum resolution of 28, the biases are less than
0.08 m with a 14.81 speedup. To be clearer, the original computing
for a uniform grid is 40.74 h and the corresponding static
variable-resolution model requires only 2.75 h. However, the differ-
ence between their results is only about 0.08 m. Fig. 6 gives a com-
parison of the significant wave height time series obtained by the
constant-resolution and variable-resolution models. The results of
the two models are indeed very close.

3.2. Dynamic adaptive models to Hurricane Katrina

It is clear that the hurricane can produce large wind field. There-
fore, a dynamic adaptive model seems natural for wind wave model-
ing of hurricanes. To demonstrate the dynamic adaptive model, we
consider an adaption criteria where the resolution should stay high
if the input wind field is larger than a certain threshold. In this
study, the threshold is typically set as 12 m/s. For a model with a
maximum resolution of 28, the high and medium resolution regions
are set the same as the previous static variable-resolution models of
28 while an additional wind threshold is considered as described
above.

As shown in Table 3, the biases of these dynamic adaptivemodels are
further reduced when compared with the static variable-resolution
models. And the additional computing time required for this dynamic
adaption is limited as given in the table. Furthermore, Fig. 7 gives a com-
parison of significant wave height time series obtained by the models
with uniform grids and dynamic adaption which are generally similar.
Fig. 8 depicts a snapshot of the quadtree grid system at August 26th
04:00 UTC for the dynamic model. The adaption to the hurricane can
be observed as compared to the corresponding static model shown in
Fig. 3.

3.3. Hurricane Rita

The prescribed wind wave modeling can be easily extended to
other hurricane events. Hurricane Rita was the fourth-most intense
Atlantic hurricane ever recorded and the most intense tropical cy-
clone ever observed in the Gulf of Mexico (Knabb et al., 2006). In
order to simulate the wave field of Hurricane Rita, we also use the
GFS/WNA wind field for input and the computational domain is the
same as those used in the previous examples. Models with uniform
grids and dynamic quadtree adaption are considered. We have simu-
lated the wave fields of Hurricane Rita in a nine-days period from
September 17th 00:00 to September 26th 00:00 UTC. Similarly, the
initial condition is provided by a six-days warm-up simulation. The
path of Hurricane Rita can be found in Fig. 9.

Fig. 10 gives the wave height time series from buoy measure-
ments and uniform grid modeling, which shows good agreements
with each other. Fig. 11 gives a comparison of significant wave height



Table 4
Numerical error, bias and computing time for Hurricane Rita.

Hurricane Rita

Model type | Buoy 42001 42040 Time (hr) Speedup

RMSE Bias RMSE Bias

Uniform grid 6 0.85 – 0.86 – 2.91 –

Uniform grid 7 0.79 – 0.68 – 8.19 –

Uniform grid 8 0.51 – 0.55 – 37.87 –

Dynamic adaptation 6 0.85 0.00 0.85 0.00 2.13 1.37
Dynamic adaptation 7 0.78 0.01 0.68 0.06 2.96 2.77
Dynamic adaptation 8 0.51 0.01 0.54 0.04 3.28 11.53
Chao and Tolman (2010) 0.78 – 0.34 – – –
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time series obtained by the models with uniform grids and dynamic
adaption, where it can be noticed that the results of the dynamic
adaptive models are basically the same as their corresponding uni-
form grid models while the bias of the adaptive model from the uni-
form grid model is less than 0.06 m as given in Table 4. In addition,
the results of both our models and WAVEWATCH (Chao and
Tolman, 2010) have the RMSEs in the range of 0.5–0.85 m. The
table also shows that the computing time for the dynamic adaptive
model is reduced by a factor of 11.53 from that of the uniform grid
model.

In Fig. 10(a), it can be observed form the data of buoy 42001 that
there was a double-peaks wind velocity which resulted in a
double-peaks wave heights. In our results, the double-peaks phenome-
non is only significant for the simulation results of high-resolution
models as shown in Fig. 12. In other words, only the high-resolution dy-
namic quadtree-adaptive model can hindcast the double-peaks signifi-
cant wave height efficiently and accurately.

In addition, Fig. 13 gives snapshots of the quadtree grid system
for both the dynamic model and its corresponding static one at
September 21 10:00 UTC. In the figure, the adaption with respect
to Hurricane Rita can be easily observed for the dynamic model.
Overall, these results have demonstrated the feasibility of the pres-
ent dynamic quadtree-adaptive model for simulating Hurricane
Rita efficiently and accurately, especially for the double-peaks
phenomenon.
3.4. Higher resolution

In Table 3, the computing time for the ten-day wind wave simu-
lation of Hurricane Katrina in a uniform 28 by 28 grid is about 40 h. If
a higher resolution (29 by 29) is required, the predicted computing
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Fig. 11. Comparisons of significantwave height time series bydynamic quadtree-adaptive
and uniform-grid models at buoys (a) 42001 and (b) 42040 for Hurricane Rita.
time is about 40 × 4 h which is basically impractical for forecasting
a ten-day hurricane event. A numerical test also resulted in a failure
due to our limited memory storage for the case of this high
resolution.

However, the dynamic quadtree-adaptivemodel can be easily ap-
plied to this high resolution. We refine the model of dynamic adap-
tion 8 to a model of dynamic adaption 9. In the model, the high
resolution region and a moving area with input wind field larger
than 12 m/s are resolved at about 13.7 kilometer (7000/29 km).
The total computing time is about 8.82 h. Fig. 14 gives a snapshot
of the dynamic quadtree grid system at August 26th 04:00 UTC.
In the figure, the dynamic adaption can also be easily observed.
Moreover, a comparison of significant wave height time series
obtained by the models with dynamic adaption 8 and 9 are very
close as depicted in Fig. 15. This has demonstrated that our dy-
namic quadtree-adaptive model can be easily extended to a higher
resolution.
3.5. Full Atlantic model with two input wind fields

When applying the present quadtree adaptive models, it is not
necessary to separate wind wave models to different regions even
if the input wind fields have different resolutions. In addition to
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Fig. 13. A snapshot for simulating Hurricane Rita by (a) dynamic and (b) static adaption models at September 21 10:00 UTC.
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the GFS/WNA wind field, NOAA also provides the GFS/30
arc-minute global grid(GLO_30m) wind field given between lati-
tude from 77.5°S to 77.5°N and longitude from 179.5°W to 180°E
with spatial resolution of 0.5° and temporal resolution of 3 h.
Fig. 14. A snapshot for simulating Hurricane Katrina by a dynamic a
In order to demonstrate the applicability of the present quadtree
adaptive model for two input wind fields, we simulate Hurricane
Katrina in a square computational domain of 14,000 km with its
center at latitude 25°N and longitude 27°W, which encloses the
daption model of a higher resolution at August 26th 04:00 UTC.



Fig. 16. A snapshot for simulating Hurricane Katrina by a dynamic adaption m
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Fig. 15. Comparisons of significantwave height time series bydynamic quadtree-adaptive
models of different resolutions and domains at buoys (a) 42001, (b) 42003 and (c) 42040
for Hurricane Katrina.
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original computational domain and cover almost all the Atlantic
ocean.

A dynamic adaption of 28 is performed. In other word, the high
resolution area is set to 14,000/28 kilometer, which is enclosed by a
medium high resolution area of 14,000/27 km and a medium low res-
olution area of 14,000/26 km. Fig. 16 gives a snapshot of the dynamic
quadtree grid system at August 26th 04:00 UTC, which nicely shows
the dynamic quadtree adaptive characteristics. A comparison of sig-
nificant wave height time series obtained by the present full Atlantic
model and the previous local models are given in Fig. 15, which are in
general agreement with each other. This has demonstrated that the
present quadtree adaptive model can be applied to a more global
ocean with two input wind fields.

4. Conclusion

A study on a dynamic quadtree-adaptive model for hindcasting the
wave spectrum during Hurricanes Katrina and Rita was performed. Nu-
merical results were compared with measurements from buoys, which
showed good agreement. In addition, the numerical results of
quadtree-adaptive and uniform-grid models were compared with
each other. While the biases of simulated wave heights by the two
models were limited to 10 cm, the computing times of the adaptive
model were significantly reduced. In addition, wind-field criteria were
set to make the quadtree grid system move with the simulated hurri-
cane, which could provide a better simulation. For example, only the
high-resolution dynamic quadtree-adaptive model can hindcast the
double-peaks significant wave height efficiently and accurately at
buoy 42001 during Hurricane Rita.

In a simulation for Hurricane Katrina, only 3 h of computing time
was spent for simulating the ten-days event with a resolution of
0.25 h and 1/8 degree for the region of interest near Mexico bay.
This result provided a speedup of a factor about 13 when compared
with the computing time of the corresponding uniform-grid model.
In addition, simulations at an even higher resolution and on a larger
domainwith two input wind fields were also performed and their re-
sults were also good. The source codes used are freely available on-
line and are ready for a dynamic quadtree-adaptive modeling of
other hurricane events.
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