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TYPHOON-FORCED WAVES 
AROUND A WESTERN PACIFIC ISLAND NATION
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Vertical aerial images of the east coast of Angaur Island, Palau. (top) Coastline conditions prior to Typhoon Bopha, the first of three storms dis-
cussed in this paper. (middle) Destruction of vegetation and the creation of a large rubble berm caused by wave overtopping during Typhoon Bopha. 
(bottom) Stabilization of berms by growth of trees and other vegetation four years after Typhoon Bopha. Photo credit: Patrick L. Colin, CRRF
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INTRODUCTION 
With an average of over 25 typhoons per 
year (https://www.metoc.navy.mil/jtwc/
jtwc.html?western-pacific), the western 
Pacific Ocean is the most active storm 
generation region on Earth. Typhoons, as 
tropical cyclones are named in the north-
western Pacific, form over warm ocean 
waters and propagate westward, often 
dissipating over land or via extratropical 
transition. Historically, typhoon-driven 

winds and waves have caused exten-
sive damage to vessels, island nations, 
and marine environments in the western 
Pacific. During World War II, Typhoon 
Cobra struck the US Pacific Fleet in the 
Philippine Sea, capsizing three destroy-
ers and causing close to 1,000 casual-
ties. More recently, Super Typhoons 
Mangkhut and Haiyan have caused an 
estimated US $3–5 billion in damage. 

The wave climate during typhoons is 

composed of long-period swell (~10–20 s 
period) that can outpace the generating 
storm’s propagation and locally driven 
waves (~5–10 s period) that are forced by 
strong winds associated with the storm. 
The cyclonic nature of typhoon winds, 
coupled with the propagating storm 
center, results in the largest waves occur-
ring in the forward quadrant right of the 
eye center as a result of extended fetch 
conditions (Holthuijsen et al., 2012; Black 
et al., 2017). Long-period swells encoun-
tering islands are shadowed, a process 
characterized by wave refraction and dif-
fraction that can be predicted with tradi-
tional ray tracing techniques. As waves 
approach the shoreline, fringing and bar-
rier reefs provide protection to shoreline 
communities (e.g.,  Monismith, 2007). 
While higher frequency waves are atten-
uated as they sweep over reefs, energy 
transfer to lower frequencies can lead 
to resonant amplification of infragravity 
waves (~25–300 s period; Péquignet et al., 
2009; Becker et al., 2016; Gawehn et al., 
2016). Infragravity energy, which can 
dominate runup, contributed to signifi-
cant shoreline damage in the Philippines 
during Typhoon Haiyan (Roeber and 
Bricker, 2015; Shimozono et al., 2015).

The Republic of Palau is situated at the 
eastern edge of the Pacific Warm Pool 
in the Intertropical Convergence Zone 
and is subject to heavy rainfall, particu-
larly between June and August, due to the 
West Pacific Monsoon. Seasonal winds 
near Palau are predominately from the 
southwest between June and October, 
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 “Images of typhoon-driven destruction to the island nation 
of Palau illustrate the range of impacts to Palau’s diverse 

coastline and the need for persistent measurements to capture 
the complexity associated with extreme events.

”
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with strong, episodic events from the 
northeast between November and May 
driven by the trade winds (Kubota et al., 
2005). Historically, infrequent but occa-
sionally intense typhoon activity has 
occurred at Palau‘s low latitude loca-
tion (7°N); the last major storm prior to 
this study was Super Typhoon Mike in 
1990 (Chu et al., 2012; CRRF, 2014). The 
main island group is surrounded by over 
500  km of reef ecosystems that include 
barrier and fringing reefs and protected 
lagoons. Coral reef damage has been doc-
umented as a result of seasonal and inter-
annual temperature changes and after the 
recent increase in typhoon activity (Colin 
and Linfield, 2019). 

Measurements used in this study were 
collected as part of the Office of Naval 
Research-funded Flow Encountering 
Abrupt Topography (FLEAT) Depart-
mental Research Initiative. Meteorolog-
ical and nearshore sensors have been 
deployed and maintained since 2012, pro-
viding situational awareness of environ-
mental conditions seasonally and inter-
annually. Measurements were collected 
during a number of severe wind and 

wave conditions associated with tropical 
storms as well as the 2014–2016 El Niño 
that resulted in large sea level variabil-
ity at Palau (Schramek et  al., 2018) and 
intense drought within the region (King 
et  al., 2016). In this study, we investi-
gate the nearshore wave climate during 
three major typhoons using an array 
of wave gauge measurements and the 
WAVEWATCH III surface wave model. 
The sea, swell, and infragravity significant 
wave heights (Hs) at the nearshore gauges 
are estimated and related to the offshore 
wave climate. Evidence of coral reef dam-
age along particular areas of the shoreline 
is tied to the relative angle between inci-
dent waves and the shoreline orientation. 
Conclusions and further work are dis-
cussed in the final section. 

STORMS
The three typhoons discussed in this 
study were Category 4 or 5 storms that 
passed close to or over part of Palau. 
Bopha and Haiyan similarly tracked 
from east to west with maximum dam-
age to the “right” of the storm track, 
hitting Palau’s southern and northern 

regions, respectively. Lan was unique 
in that storm genesis and intensifica-
tion occurred near and around the island 
group, and then the storm stalled, radi-
ating wave energy toward Palau’s western 
barrier reef. A brief description of each 
storm is given below.

Typhoon Bopha
Typhoon Bopha began as a tropical 
depression close to the equator. The 
typhoon center passed 40 km south of 
Angaur Island, slightly south of the main 
Palau island group, on December 2, 2012, 
at approximately 13:00 UTC before head-
ing west-northwest to the Philippines, 
where it caused extensive damage 
(Figure 1a). At Palau, storm damage 
was documented on eastward-facing 
reefs from Angaur to Babeldaob; sed-
iment plumes mobilized by the storm 
extended over 150 km to sea and were 
visible from space.

Typhoon Haiyan
Typhoon Haiyan began as a region of 
low pressure east-southeast of Pohnpei 
before heading westward and pass-

a b

Sensor

Wave Gauge 
Depth (m)

Haiyan Lan

W1 12.0 11.8

W2 NA 12.6

W3 17.6 NA 

W4 NA 15.1

E1 9.6 NA

E2 NA 16.0

E3 13.8 14.5

E4 NA 13.7

E5 NA 15.4

FIGURE 1. (a) Storm tracks of Typhoons Bopha, Haiyan, and Lan in the western Pacific. (b) Map of the locations of wave gauges (green) and meteoro-
logical stations (red) overlaid on bathymetry (colors). The depth of each wave gauge is listed in the table. The first depth refers to Haiyan, the second to 
Lan, and NA notes no gauge was available during the passage of the typhoon. Locations of aerial photos of storm damage (title page figure, Figure 7) 
are shown in purple.
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ing north of the main Palau island 
group, on November 6, 2013, at approx-
imately 16:00 UTC. The typhoon had 
a similar path to that of Bopha but off-
set to the north by 180 km (Figure 1a), 
so that it passed directly over Kayangel 
Atoll, Palau’s northernmost state, where 
it caused extensive damage from winds, 
reef destruction from waves, and inunda-
tion on its eastern island shore. 

Typhoon Lan
Typhoon Lan began as a tropical distur-
bance near Chuuk and had the northern-
most origin of the three storms. The 
typhoon passed north of Palau, then 
stalled, and rapidly intensified about 
400 km northwest of Palau before turn-
ing northward and heading toward Japan, 
where the most significant damage was 
reported. At its closest point, Lan came 
within 250 km of northern Palau, but 
reports of damage were minimal as this 
was prior to intensification and the storm 
never made landfall. The majority of the 
damage in Palau was due to large swells 
that radiated to the offshore western bar-
rier reefs, which protect the lagoon and 
land area of the main island group. The 
island State of Angaur, located just south 
of the main island group, has no protec-
tive barrier reefs and sustained the worst 
damage to shore environments from 

swells directly impacting the western 
coastline. Because the main island group 
is surrounded by offshore barrier reefs, 
the general populace was unaware of 
the large waves battering the reefs as the 
storm tracked northward. Lan resulted in 
severe damage to coral reef communities 
on west-facing reefs. 

NEARSHORE OBSERVATIONAL 
DATA
Wind measurements were made using 
two Scripps-fabricated Expeditionary 
Weather Stations (XMETs). The XMET 
incorporates a Vaisala WXT530 weather 
sensor to report atmospheric pres-
sure, temperature, humidity, rainfall, 
wind direction, speed, and gust using 
World Meteorological Organization 
(WMO) standards. The sensors, which 
were mounted 2.9 m off the ground, 
have a wind speed observation range of 
0–60 m s–1, a wind speed accuracy of 3% 
at 10 m s–1, and a wind direction accuracy 
of ± 3° at 10 m s–1. M1 was deployed on 
Ongingiang Island, a tiny low island on 
the western barrier reef of Palau, more 
than 15 km from any substantive land 
mass. M2 was deployed on Ngeruangel, 
another small, uninhabited island 14 km 
northwest of Kayangel. Meteorological 
measurements were collected once per 
hour, averaged over a 10-minute burst 

at 1 Hz sampling rate. Wind speeds and 
barometric pressures measured during 
typhoons Bopha, Haiyan, and Lan are 
listed in Table 1.

A network of RBR Duo wave gauges 
was deployed around the islands of Palau 
in water depths ranging from 9 m to 17 m 
(Figure 1b). A subset of the stations was 
in place during typhoons Haiyan (W1, 
W3, E1, E3) and Lan (W1, W2, W4, 
E2, E3, E4, E5). Distribution of instru-
ments was generalized for east and west 
sides of Palau (E = east, W = west) with 
the exception of E5, which was located 
at the northern tip of Kayangel Atoll and 
exposed to swell from both east and west 
directions. (E5 was lost during Haiyan 
when the storm wiped the reef clean.) 
The sensors measured bottom pressure 
in 17-minute bursts at a sampling fre-
quency of 1 Hz. All sensors sampled once 
per hour with the exception of stations 
W1 and W4 during typhoon Lan, which 
sampled every 30 minutes. The elevation 
spectrum or wave energy spectrum, Ef , is 
related to the pressure spectrum, Spp , as 
follows (e.g., Bishop and Donelan, 1987):

 Ef (ω) = Spp(ω)/Kp
2. (1)

Kp is the pressure response function 
defined as

 
Kp(ω) = ,cosh(k(h + z))

cosh(kh)  
(2)

TABLE 1. Records of wind speed and barometric pressure along the storm tracks shown in Figure 1a for typhoons Bopha, Haiyan, and Lan. The values 
listed in bold text represent the time that each typhoon was in closest proximity to Palau. Data are available at https://www.metoc.navy.mil/jtwc/jtwc.
html?western-pacific.

STORM 
(Year)

STORM TRACK LOCATIONS

1 2 3 4 5 6 7 8 9 10

Bopha
(2012)

Dec 2
00:00

67 m s–1

926 hPa

Dec 2
06:00

69 m s–1

922 hPa

Dec 2
12:00

69 m s–1

922 hPa

Dec 2
18:00

59 m s–1

937 hPa

Dec 3
00:00

54 m s–1

944 hPa

Dec 3
00:00

54 m s–1

944 hPa

Dec 3
12:00

72 m s–1

918 hPa

Dec 3
18:00

72 m s–1

918 hPa

Dec 4
00:00

57 m s–1

941 hPa

Dec 4
06:00

49 m s–1

952 hPa

Haiyan
(2013)

Nov 6
06:00

69 m s–1

922 hPa

Nov 6
12:00

77 m s–1

911 hPa

Nov 6
18:00

80 m s–1

907 hPa

Nov 7
00:00

80 m s–1

907 hPa

Nov 7
06:00

82 m s–1

903 hPa

Nov 7
12:00

87 m s–1

895 hPa

Nov 7
18:00

87 m s–1

895 hPa

Nov 8
00:00

85 m s–1

899 hPa

Nov 8
06:00

75 m s–1

914 hPa

Nov 8
12:00

67 m s–1

926 hPa

Lan
(2017)

Oct 15
18:00

15 m s–1

1002 hPa

Oct 16
06:00

18 m s–1

1001 hPa

Oct 16
12:00

21 m s–1

993 hPa

Oct 17
00:00

23 m s–1

989 hPa

Oct 17
03:00

23 m s–1

989 hPa

Oct 17
06:00

26 m s–1

992 hPa

Oct 17
18:00

31 m s–1

979 hPa

Oct 18
06:00

33 m s–1

978 hPa

Oct 18
18:00

36 m s–1

970 hPa

Oct 19
06:00

46 m s–1

956 hPa

https://www.metoc.navy.mil/jtwc/jtwc.html?western-pacific
https://www.metoc.navy.mil/jtwc/jtwc.html?western-pacific


Oceanography |  Vol.32, No.460

model was run on a 1/24° × 1/24° spatial 
grid with spectral resolution of 48 direc-
tions and 32 frequencies using the source 
term package ST4 (Ardhuin et al., 2010). 
The atmospheric forcing was provided by 
hourly ECMWF reanalysis winds, which 
have 1/8° nominal spatial resolution. 
All three runs used ETOPO2 (NCEI, 
2006) bathymetry, whose resolution is 
approximately 3.5 km at the equator. 
Additionally, global, spatial advection, 
spectral advection, and source term time 
steps were set to 300 s, 100 s, 50 s, and 
5 s, respectively. Boundary conditions 
were obtained from a global 1/2° × 1/2° 
run with the same spectral resolution, 
model physics, and atmospheric forc-
ing. The regional model was not run at a 
resolution to account for reef processes, 
wave transformation over the complex 
bathymetry, or surf zone physics.

RESULTS
The track of Bopha went 40 km south 
of Angaur, with winds and waves in its 
northeast quadrant impacting the entire 
eastern side of the main island group. 
Haiyan tracked directly over Kayangel 
with its northeast quadrant impacting 
Kayangel and the sunken atoll of Velasco 
Reef (Ngerunagel). Lan was unique in 
that the storm passed north of Palau, then 
stalled to the northeast without making 
landfall, and its subsequent forcing was 
more persistent, lasting on the order of a 
week. Measurements from XMET stations 
in the southwest (M1) and north (M2) 
captured wind speed and direction and 
barometric pressure as all three storms 
passed over the island group. During 
Bopha, XMET wind measurements 
peaked at 22.14 m  s–1 on December 2, 
2012, veering from northwest to south-
west (Figure 2a,b). XMET wind speeds 
during Haiyan peaked at 19.56 m s–1 
on November 6, 2013, and veered 
through 360° prior to November 9, 2013 
(Figure 2c,d). During Lan, maximum 
observed winds of 15.31 m s–1 occurred 
on October 17, 2017, and wind forcing 
was consistently from the southwest and 
northwest (Figure 2e,f). As a validation 
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FIGURE 2. Measurements (blue, purple) and ECMWF model forcing (black, gray) of wind speed and 
direction for typhoons Bopha (a,b), Haiyan (c,d), and Lan (e,f). The model winds are shown at the 
closest point to the XMET stations, M1 and M2. 

defined as the average of the highest one-
third of the waves, and can be obtained 
from the energy spectrum (Longuet-
Higgins, 1952; Holthuijsen, 2010) based 
upon assumptions of the statistics of the 
wave heights:

 Hs = 4 (∫0
∞ Ef df )½.  (5)

WAVEWATCH III MODEL RUNS
We complement our analysis of the 
wave field around Palau during the 
three major typhoons using model out-
put from the WAVEWATCH III (WW3) 
model version 5.16 (WAVEWATCH III 
Development Group, 2016). The wave 

where h is the bottom depth, z is the sen-
sor depth, and k is the wavenumber. The 
expression for Kp simplifies when the 
pressure sensors are bottom mounted 
(e.g., z = –h) such that

 
Kp(ω) = .1

cosh(kh)  
(3)

The wavenumber is related to the fre-
quency, ω, through the dispersion of sur-
face gravity waves:

 ω = √(gk tanh(kh)).  (4)

The wave energy spectrum is computed 
with a high-frequency cutoff of 0.25 Hz. 
The significant wave height, Hs, is 
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metric, model winds are compared to 
in situ winds measured at the two XMET 
stations (M1 and M2) during all three 
storms. There is strong agreement in both 
speed and direction between the observa-
tions and the modeled winds; root- mean-
squared differences between the speeds 
were less than 2m s–1 for all storms, and 
vector correlation coefficients exceeded 
0.87 for all sensors/ model comparisons. 
Validation of the wind forcing used in the 
wave model provides confidence in the 
hindcast reanalysis. 

Wave measurements collected during 
Haiyan and Lan showed strong gradients 
in significant wave heights around the 
island group. Time series of Hs during 
Haiyan are shown for gauges on the west 
side (W1, W3 in red, Figure 3a) and on 
the east side (E1, E3 in blue, Figure 3b). 
The maximum observed value of Hs 
was at gauge W3 (17.6 m depth), which 
recorded values close to 5m. Relative 
to the west side, measured values of 
Hs at gauges E1 (9.6 m depth) and E3 
(13.8 m depth) were generally less than 
2 m and up to 4 m lower than measure-
ments at W1 (12 m depth) and W3. With 
the exception of W3 (Figure 3c), which 
was likely sheltered from the incident 
swell, spectrograms of energy density at 
each gauge (Figure 3d–f) show elevated 
energy at swell frequencies (~0.05 Hz) 
preceding the higher frequency response 
that occurred two to three hours later. 

During Lan, there were two nota-
ble wave events, with the first occur-
ring between October 17 and October 19 
and the second between October 23 and 
October 25, 2017. The first wave event was 
generated as the storm propagated from 
east to west, and the second event arrived 
after the typhoon strengthened, turned to 
the north, and radiated waves southward 
toward Palau. The significant wave height 
ranged from <1 m (E4, 13.7 m depth) to 
almost 6 m (W1, 11.8 m depth) during 
event 1 (Figure 4a,b). Similarly, Hs val-
ues ranged from about 4 m (W2, 12.6 m 
depth) to <0.5 m (E2, 16 m depth and E3, 
14.5 m depth) during event 2. In general, 
total significant wave heights measured 

on the west side of Palau were larger than 
those on the east side, with the exception 
of gauge E5 (15.4 m depth). The similarity 
of the frequency dependence of the wave 
conditions at E5, deployed on the north 
side of Kayangel, to that at the west-
ern gauges is attributed to its exposure 
to incident energy from the north and 
west. The spectral content at all gauges 
(Figure 4c–i) is characterized by peak 
energy near 0.1 Hz (10 s period) during 
event 1, with broadband elevated energy 
across all frequencies (0.004–0.25 Hz). 
Gauge E4 is the exception, with less wave 
energy throughout, suggesting the sen-
sor location is sheltered by surrounding 
local topography. Spatial variability in the 
spectral wave content during event 2 was 
much more pronounced. The wave cli-
mate was dominated by swell with a dom-
inant period of 13 seconds on the west-
ern and northern sides of the island. The 
swell energy was strongest at gauges W2 

and W5, while eastern gauges E2, E3, 
and E4 showed no elevated swell energy 
during event 2. 

To further study the spectral content 
of the wave field during the typhoon, 
significant wave heights are partitioned 
into two bands, seas (5–10 s period) 
and swell (10–20 s period). Directional 
spectra from WW3 model runs are azi-
muthally integrated to compute a one- 
dimensional spectrum (Ef). The resulting 
one- dimensional spectrum is partitioned 
using a cutoff frequency, fp, of 0.1 Hz 
(10  s period) such that the significant 
wave height in the sea and swell bands, 
respectively, are computed as:

 Hsswell = 4 (∫ fp
.05 Hz Ef df )½, and (6)

 
Hssea = 4 (∫∞

fp
 Ef df )½.

 
(7)

At each grid point, the maximum values 
of Hssea and Hsswell during the storms are 
shown in Figure 5. The band of the high-

a
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b

d

f

FIGURE 3. Measurements of significant wave height from the wave gauges are compared on the 
(a) west (red) and (b) east (blue) sides of the island during Typhoon Haiyan. Spectrograms of energy 
density (colors) are shown for stations (c) W3, (d) E3, (e) W1, and (f) E1. 
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infragravity (IG, 2–250 s period) energy 
is important in the nearshore environ-
ment, particularly as waves reach shal-
low water bathymetric features such as 
coral reefs. We estimate the IG energy 
by computing the significant wave height 
between 25-second and 250-second peri-
ods at the gauges:

 HsIG = 4 * (∫.04 Hz Ef df )½..004 Hz  (8)

Although total significant wave heights 
were comparable between Haiyan and 
Lan at the gauges, IG energy is much 
larger on the western side of Palau 
during Lan. All gauge measurements 
of HsIG during Haiyan and all eastern 
gauge measurements during Lan were 
less than 0.2  m (Figure 6). Larger val-
ues of HsIG corresponded to high values 
of total Hs on the west side of the island. 

Hsswell during Haiyan was reduced on 
the west (lee) side of Palau, but the swell 
shadow is oblique and oriented south-
west (Figure 5d). The orientation of the 
swell shadow in the model suggests that 
wave heights at both the eastern and 
western gauges, which were in the south-
ern region of the island, may have been 
reduced relative to regions in the north 
where no direct observations were col-
lected. Evidence of saltwater inunda-
tion of freshwater swamps located in the 
center of Kayangel Island and widescale 
damage to trees and structures were doc-
umented; however, areas of the west side 
seagrass bed were unscathed (Colin, 
2018), suggesting that being sheltered in 
the lee of Kayangel Island was important 
in the protection of these areas. 

In addition to sea and swell waves, 

est Hssea and Hsswell values closely align 
with the storm tracks shown in Figure 1a. 
Values of Hssea exceeding 4 m extended to 
widths of ~150–200 km along the storm 
track during both Bopha and Haiyan 
(Figure 5a,c), consistent with the ~200 km 
radius of tropical storm strength winds 
for both storms (https://www.nasa.gov/ 
mission_ pages/ hurricanes/ main/ index.
html). Hsswell values show evidence of 
shadowing on the lee side of the island 
chain. During Bopha, swell energy is 
shadowed out to ~125 km downstream of 
the island group (Figure 5b). The region 
between Angaur and Babeldaob faced the 
largest significant wave heights, with con-
tributions from both sea and swell, con-
sistent with visual observations of the 
primary reef damage. The reef was bat-
tered from the surface to 40 m depth. 

a
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g
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f
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i

FIGURE 4. Same as Figure 3 but for significant wave height on the west (a) and east (b) coasts of Palau and gauges (d) W4, (d) E5, 
(e) W2, (f) E4, (g) W1, (h) E3, and (i) E2 active during Typhoon Lan in 2017. 

https://www.nasa.gov/mission_pages/hurricanes/main/index.html
https://www.nasa.gov/mission_pages/hurricanes/main/index.html
https://www.nasa.gov/mission_pages/hurricanes/main/index.html
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Variations in HsIG between event 1 (large 
values at W1 and W4) and event 2 (large 
values at W2) are linked to the relative 
angle between the incident swell direc-
tion and the coastline orientation. We 
estimate a local coast-normal angle at 
gauges W1, W2, and W4 of 250°, 340°, 
and 285°, respectively. The relative angle, 
Δθ, between the incident swell direction, 
estimated from the model, and the direc-
tion normal to the coastline is shown in 
the lower panel of Figure 6. Higher val-
ues of HsIG correspond to relative angles 
closer to zero, consistent with the fact 
that swell that arrives from shore- normal 
incident angles leads to the strongest 
IG response (e.g.,  Herbers et  al., 1995). 
Coral reef damage documented during 
Lan was most severe on the western side 
of the island, which is consistent with 
the incident wave energy and directions 
measured at the gauges and modeled by 
WW3. Lacking barrier and fringing reef, 
the west coast of Angaur was Palau’s most 
heavily battered shoreline during Lan. 
Reef damage in this area extended as 
deep as 90 m. This shore of Angaur has 
the same reef face direction (250°) as sen-
sor W1, which recorded the highest HsIG 
during the initial passage of Lan. 

CONCLUSION 
This study presents in situ measurements 
and model output of the nearshore wind 
and wave climate during three major 
typhoons that passed near or over parts 
of the island nation of Palau between 
2012 and 2017. All three westward- 
propagating typhoons significantly dam-
aged Palau, and subsequently the coast-
lines of the Philippines and Japan. Values 
of total significant wave height exceeded 
5 m at certain gauges during both Haiyan 
and Lan, while other regions of the coast-
line had much weaker wave climates. 
Measured and modeled wave spectra 
show evidence of swell shadowing out to 
200 km downstream of the island group 
and elevated infragravity energy when 
the incident swell direction is shore- 
normal to the coastline geometry. Coral 
reef inundation Gouezo et al., 2015) and 

FIGURE 5. Maps of the maximum partitioned significant wave height during Bopha: (a) Hssea and 
(b) Hsswell, and Haiyan: (c) Hssea and (d) Hsswell. Gray dotted lines represent the observed storm track. 

FIGURE 6. Estimates of significant wave heights in the infragravity (IG) band (25–250 s period) 
during (a) Haiyan and (b) Lan from the wave gauges. The relative angle, Δθ, computed from the 
modeled incident swell and coastline orientation are shown for the western gauges during Lan 
when the largest IG energy was observed.

a
Haiyan

Lan

b
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tree and structure damage along certain 
faces of the coastline were consistent with 
the directional wave climate during each 
storm (Figure 7) and the storm quad-
rant biases that resulted in highest shore-
line impacts in regions to the right of the 
storm propagation. Images of typhoon-
driven destruction to the island nation of 
Palau (Bopha in title page image, Haiyan 
in Figure 7a,b, and Lan in Figure 7c) 
illustrate the range of impacts to Palau’s 
diverse coastline and the need for per-
sistent measurements to capture the com-
plexity associated with extreme events.

The severe gradients of Palau’s 
bathymetry and reef structure were not 
captured by the wave model resolution 
used in this study. Accurate representa-

tions of nearshore wave setup and runup 
require topographic slope information 
and are the subject of future study. Higher 
resolution model runs, coupled with 
high resolution digital elevation maps, 
such as those now available through 
light detection and ranging (lidar) sur-
veys, will help identify vulnerable areas 
of the coastline and the reef ecosystem 
where wave transformation will lead to 
damage and flooding. 
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