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Abstract
Hurricane Juan provides an excellent opportunity to probe into the detailed wave spectral patterns and 
spectral parameters of a hurricane system, with enough wave spectral observations around Juan’s track 
in the deep ocean and shallow coastal water. In this study, Hurricane Juan and wave observation stations 
around Juan’s track are introduced. Variations of wave composition are discussed and analyzed based on 
time series of one-dimensional frequency spectra, as well as wave steepness around Juan’s track: before, dur-
ing, and after Juan’s passing. Wave spectral involvement is studied based on the observed one-dimensional 
spectra and two-dimensional spectra during the hurricane. The standardization method of the observed 
wave spectra during Hurricane Juan is discussed, and the standardized spectra show relatively conservative 
behavior, in spite of the huge variation in wave spectral energy, spectral peak, and peak frequency during 
this hurricane. Spectral widths’ variation during Hurricane Juan are calculated and analyzed. A two-layer 
nesting WW3 model simulation is applied to simulate the one-dimensional and two-dimensional wave 
spectra, in order to examine WW3’s ability in simulating detailed wave structure during Hurricane Juan.
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1 Introduction
Harsh ocean environments present risks to human activities 

and ocean, marine and coastal engineering, in which hurricane-
generated waves are the most devastating and primary factor. 
It is important to consider the statistical and spectral proper-
ties of ocean waves, as their seemingly random characteristics 
strongly affect the reliability and durability of marine structures 
and ocean shipping. Wave spectra can reveal the detailed in-
ner structure of ocean waves. One of the most outstanding ob-
served wave spectral studies in the past, the PM spectral form 
(Pierson and Moskowitz, 1964) is designed for fully developed 
waves. The JONSWAP spectrum (Hasslemann et al., 1973; Bat-
tjes et al., 1987) has been applied widely in theoretical studies, 
targetting spectra for laboratory experiments and operational 
wave modelling. The TMA spectrum extends the applicability 
of the JONSWAP spectrum from deep water to arbitrarily deep 
water, by introducing a simple form of transformation function 
(Bouws et al., 1985). The FRF spectrum, based on the approxi-
mation of f-4 tail (the corresponding wavenumber spectrum in 
deep water would be proportional to k−5/2) is proposed (Miller 
and Vincent, 1990), and this fits well with observed spectra, later 
found to be forced by the quadruplet wave-wave interactions 
in shallow water (Resio et al., 2001). An improved JONSWAP 
spectral formulation (Goda, 1988) has been developed, to avoid 
the difficulties in defining the accurate fetch and getting stable 
sustained local winds in the original JONSWAP form. However, 

none of the above spectral formulations can ensure a reason-
able fit for hurricane-generated wave spectra. 

In hurricane-generated waves, strong wind waves and swell 
coexist, so wave strength and wave direction change dramati-
cally during a hurricane. It is impossible to deploy enough 
buoys to measure wave spectra in a hurricane area. Up until 
now, there have never been enough measurements available for 
a hurricane-generated wave spectral study. Numerical studies 
have been carried out to simulate hurricane-generated waves, 
and wave models generally can provide wave parameters, in-
cluding wave height, wave period, and wave length, with high 
precision. However, even the most up-to-date spectral wave 
models are still not able to simulate wave spectral structure 
accurately, especially for hurricane-generated waves, which 
include strong wind waves and swell, and which continuously 
change with time and space. These hurricane-generated wave 
spectra are usually multi-peak spectra, and therefore their spec-
tral patterns change dramatically during each hurricane. Hur-
ricane Juan (Sep., 2003) was one of the most devastating storms 
in the history of Nova Scotia, Canada, and there happened to 
be several buoys located within the area affected by Hurricane 
Juan: on the hurricane’s direct track, to the right and left sides 
of its track, on the maximum wind radius, in deep open ocean, 
and in shallow coastal water. Therefore, Hurricane Juan provid-
ed us the best opportunity to explore hurricane-generated wave 
spectral patterns and variation during its course. 
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2 Hurricane Juan and wave observation stations around 
Juan’s track 

2.1 Hurricane Juan
Detailed discussion of Hurricane Juan’s development is giv-

en by Fogarty et al. (2006) and the Canadian Hurricane Center 
(http://projects.novaweather.net/work.html). Juan reached 
hurricane strength by 12:00UTC on Sep. 26 2003 near Bermuda, 
and it moved northward and then northwestward, as a subtrop-
ical ridge, to the northeast of its location, extended to the west. 
It reached a maximum sustained wind intensity of 46.30 m/s at 
18:00UTC on Sep. 27, and then turned northward to Nova Sco-
tia, with increasing propagation speed. By 18:00UTC on Sep. 28, 
Juan was in the north of the Gulf Stream, and its intensity began 
to weaken due to the cooler shelf waters south of Nova Scotia. 
Figure 1 shows Hurricane Juan’s track and observation stations 
in the Northwest Atlantic. Figure 2 shows Hurricane Juan’s track 
near the Scotian Shelf. However, Juan spent little time over 
these cooler waters and therefore did not weaken significant-

ly, because of its accelerating translational speed. Juan made 
landfall near Halifax (03:00UTC on 29), with sustained winds of 
43.72 m/s. Figure 3 is a satellite image when Juan made landfall 
in Halifax. Figure 4 shows QSCAT winds at 22:12UTC on Sep. 28, 
2003, when Hurricane Juan arrived at the Scotian Shelf. Table 
1 gives the best track data of Hurricane Juan. Hurricane Juan’s 
wind and waves around its track have been studied in studies 
by Xu et al. (2007), and numerically simulated wave parameters 
fit well with observations. 

Spectral wave models (WW3 and SWAN) show the ability 
to provide numerical simulated wave spectral general proper-
ties during a hurricane, as shown in Moon et al. (2003). How-
ever, some detailed wave spectral patterns and spectral factor 
characteristics around a hurricane’s track are smoothed and 
neglected, due to the inherent limits of numerical models. Ob-
served wave spectra during a hurricane are extremely impor-
tant in revealing the realistic and detailed spectral properties of 
hurricane-generated waves.

2.2 Wind and wave observations
Figure 1 shows Hurricane Juan’s track, Juan’s wind swath 

isolines, and those wind and wave observation stations along 
Juan’s path. Seven buoys within or near the 10 m/s wind swath 
isoline are selected, as shown in Table 2. From these buoys, sta-
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Fig.1. Hurricane Juan’s track, wind swath isolines, wind 
and wave observation stations around Juan’s track in the 
coarse-resolution domain during WW3 simulation.
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Fig.2. Hurricane Juan’s track near the Scotian Shelf in 
the nesting intermediate-resolution domain.

Fig.3. Satellite image when Juan made landfall in Hali-
fax.
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Fig.4. QSCAT winds at 22:12UTC Sep. 28, 2003 when 
hurricane Juan was near Scotian Shelf.
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tions 44140, 44008, 44018, and 44011 are located in intermedi-
ate water depth (from now on, Station is denoted by Sta.), Stas 
44142 and 44137 are in deep water. Station 44142 is on the storm 
track; Sta. 44137 is on the right side of the track, outside of the 
maximum wind radius; Sta. 44011 is on the left side of the 20 
m/s wind swath isoline; Sta. 44140 is on the right side of the 10 
m/s wind swath isoline; Stas 44008 and 44018 are on the left side 
of the 10 m/s wind swath isoline. One-dimensional observed 
wave spectra are available in these locations. The DWR buoy is 
near the coast in shallow water: it is exposed to the open ocean. 
Sta. DWR was about 25 km to the left of Juan’s track, so two-
dimensional spectra are available at this station during Juan’s 
passing.

Figures 5a and b give observed wind velocities and wind di-
rections at Stas 44142, 44137, and 44258 during Hurricane Juan. 
Buoy 44137 was about 150 km to the right side of Juan’s track. 

The observed data for this station showed that wind speed in-
creased from 18.4 to 21.4 m/s, then decreased to 19.3 m/s over 
the time interval from 22:20UTC on Sep. 28 to 00:20UTC on Sep. 
29, 2003. Within the same timeframes, the data also revealed that 
wave heights (Hs) increased from 6.1 to 6.9 m, then decreased 
to 6.7 m. Buoy 44142 was located on Juan’s track, so it recorded 
wind speed increasing from 20 to 28.1 m/s, then decreasing to 
18.7 m/s; correspondingly Hs increased from 8.0 to 12.1 m and 
then decreased to 9.8 m. However, over the time interval from 
22:20UTC on Sep. 28 to 00:20UTC on Sep. 29, at DWR, wind speed 
increased  from 18.4 to 21.4 m/s and then decreased to 19.3 m/s, 
while Hs increased from 6.8 m to 9.2 m and then went down to 6.7 
m, during 03:11–05:11UTC on Sep. 29, 2003. Recorded winds and 
waves at buoys 44142, 44137, and DWR reflected how different 
wave properties in different locations related to the passage of 
Hurricane Juan, as illustrated in Table 3.
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Fig.5. Wind speed and wind direction at Stas 44142, 44137 and 44258 during Hurricane Juan.

Table 1. Characteristics and best track of Hurricane Juan
Date (UTC) Sep. 27 Sep. 27 Sep. 27 Sep. 27 Sep. 28 Sep. 28 Sep. 28 Sep. 28 Sep. 29 Sep. 29

Time (UTC) 03:00 09:00 15:00 21:00 03:00 09:00 15:00 21:00 03:00 09:00

Latitude (N) 33.7° 34.9° 35.3° 35.9° 36.8° 37.6° 39.4° 41.2° 44.5° 47.8°

Longitude (W) 61.9° 62.4° 63.0° 63.4° 63.8° 64.1° 64.1° 64.1° 63.8° 63.4°

MSLP/hPa 984 981 979 970 970 970 973 973 974 987

Eye diameter/km 27.78 27.78 37.04 27.78

Max. wind /m∙s−1 36.01 38.58 38.58 46.30 46.30 46.30 43.72 43.72 36.01 30.86

34 kn NE/rad∙km−1 324 324 324 324 324 324 370 370 278 278

34 kn SE/rad∙km−1 185 185 185 222 222 222 278 278 185 278

34 kn SW/rad∙km−1 93 111 111 111 93 148 185 185 185 185

34 kn NW/rad∙km−1 222 222 222 222 222 222 350 222 185 278

50 kn NE/rad∙km−1 56 74 74 74 93 93 111 111 111 148

50 kn SE/rad∙km−1 56 74 74 74 93 93 111 111 111 148

50 kn SW/rad∙km−1 56 74 56 56 93 93 111 111 111 74

50 kn NW/rad∙km−1 56 74 74 74 93 93 111 111 111 74

64 kn NE/rad∙km−1 37 37 37 46 56 56 111 111 111

64 kn SE/rad∙km−1 37 37 37 46 56 56 56 56 56

64 kn SW/rad∙km−1 37 37 37 46 56 56 56 56 56

64 kn NW/rad∙km−1 37 37 37 46 56 56 56 56 56

Notes: Mean sea level pressure is denoted as MSLP; kn is the symbol for knot–a unit of speed, nautical miles per hour, 1 kn=1.852 
km/h.

Table 2. Observation stations around Juan’s track
Station 44137 44142 44008 44018 44011 44140 DWR

Water depth/m 1 300 4 500 62.5 74.4 88.4 90.0 29.0 

Location 42.26°N 

62.00°W

42.50°N

64.02°W

40.50°N

69.43°W

41.26°N

69.29°W

41.11°N

66.58°W

43.75°N

51.74°W

44.24°N

64.18°W

Spectral type 1-D 1-D 1-D 1-D 1-D 1-D 2-D
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3 Waves around Juan’s track during Hurricane Juan 

3.1 Wave composition analysis based on time series of one-
dimensional frequency spectra 
Figure 6 shows the time series of one-dimensional (1-D) fre-

quency spectra measured at buoys 44137, 44140, 44008, 44011, 
44142, and 44018. This kind of 1-D spectral pattern is also called 
Munk-Barber-Ursell diagram (Barber and Ursell, 1948; Snod-
grass et al., 1966). With a northward propagation direction from 
beginning to landfall, and with accelerating translation speed 
most of the time, the swell components in these Munk-Barber-
Ursell diagrams show paroxysmal behaviour at most of these 
locations (except for Buoy 44140), during the hurricane. 

It can be seen that waves at different locations show totally 
different behaviours in strength, duration, and spectral pattern. 
In areas along Juan’s track and on the left of the track, domi-
nant swell existed almost over 24 hours before, during, and af-
ter Juan’s passage (Stas 44142, 44137, 44011, 44008, and 44018). 
Checking Juan’s wind swath isoline (Fig. 1), Sta. 44140 is on the 
right side of the 10 m/s wind swath isoline, so it is very slightly 
influenced by hurricane-generated waves: both wind sea and 
swell are very small. Meanwhile, Stas 44008 and 44018 on the 
left side of 10 m/s wind swath isoline are seriously influenced. 
At Sta. 44011, dominant swell existed over 24 h. At Sta. 44142, 
the combination of extremely low frequency strong swell plus 
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Fig.6. Observed one-dimensional time series frequency spectra around Juan’s track at Stas 44137, 44140, 44008, 44011, 44142, and 
44018. 

Table 3. Observed winds and significant wave heights at buoys 44137, 44142, and DWR during Juan’s peak time

Station Time (hour UTC day) Wind speed/m∙s−1 Hs/m
Buoy 44137 22:20UTC 28 18.4

23:20UTC 28 21.4 6.1
00:20UTC 29 19.3 6.9
01:20UTC 29 6.7

Buoy 44142 21:20UTC 28 20.0
22:00UTC 28 28.1 8.0
23:20UTC 28 18.7 12.1
00:20UTC 29 9.8

DWR 03:11UTC 29 20.0 6.8
03:41UTC 29 17.2 9.2
05:11UTC 29 12.0 6.7
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the strong wind sea forms a strong spectral sharp peak within 
short time, with strong hybrid peak waves lasting for about two 
hours. At Sta. 44137, swell existed over 24 h, with strong peak 
waves (swell plus wind sea) lasting for about three hours. 

Therefore, location is an important factor for hurricane-
generated wave spectral composition, strength, and duration. 
Interestingly, with the same water depth, in the same wind 
swath isoline, and located along 10 m/s wind swath isoline, the 
time series of one-dimensional frequency spectra at Stas 44008, 
44018, and 44140 show different spectral patterns.

3.2 Wave steepness during Hurricane Juan
Wave steepness is defined as the ratio of wave height to 

length: the National Data Buoy Center (http://www.ndbc.noaa.
gov/windsea.shtml) has been using wave steepness to estimate 
wind seas and swell since 1997, by determining a separation fre-
quency, assuming that wind seas are steeper than swell and that 
maximum steepness occurs in the wave spectrum near the peak 
of wind seas energy. In this study, general wave steepness is cal-

culated with 
2

s m s2H f HS
L g

π
= = , in which, Hs, L and fm are signifi-

cant wave height, wave length, and average wave frequency, 
respectively. Figure 7 gives wave steepness at Stas 44142, 44137, 
44011, 44018, 44008, 44140, and DWR stations during the hur-
ricane. 

Figure 7 indicates that wave steepness is higher on the right 
side of Juan’s track (Sta. 44137), lower on the left side (Stas 44011, 
44018, 44008, and DWR). Wave steepness reaches the highest 
value at Juan’s peak, decreasing after Juan passes each station. 
The biggest wave steepness occurs on the track at Juan’s peak 
time (Sta. 44142). Higher wave steepness means more wind 
wave component, and lower wave steepness means more swell 
component. Sta. 44140 is near 10 m/s wind swath isoline on the 
right side of Juan’s track, and its wave steepness is almost un-

changed during hurricane process; the reason is that Sta. 44140 
is almost not influenced by hurricane-generated waves. As indi-
cated in Fig. 6b, Sta. 44008 is on the 10 m/s wind swath isoline 
to the left side of Juan’s track, and its wave steepness is slightly 
influenced. However, wave steepness at Sta. 44008 is higher 
than that of Sta. 44140 during the whole hurricane, which im-
plies that this location was affected more than Sta. 44140 dur-
ing most of Juan’s process. Sta. 44018 shows interesting behav-
ior with regular undulation of semidiurnal cycle around the 
wave steepness curve of Sta. 44008, even though Sta. 44018 is 
near Sta. 44008, and even though it falls along the 10 m/s wind 
swath isoline. Sta. 44018 is located in the Great South Channel 
between Nantucket and Georges Bank, in the Gulf of Maine, as 
shown in Fig. 8. The Gulf of Maine is home to the highest tidal 
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elevation on the planet, where strong semidiurnal tides flood 
and ebb through the Great South Channel. Therefore, the strong 
fluctuations of wave steepness at Sta. 44018 are attributed to the 
strong wave-current interactions during Hurricane Juan. 

4 Wave spectral involvement during Hurricane Juan 

4.1 One-dimensional spectra
Three stations (44142, 44137, and DWR) are selected in the 

order that typical spectral variation behavior will be explored in 
deep and shallow water, on the right side, left side, and on the 
track of Hurricane Juan. Figures 9, 10, and 11 show the 1-D wave 
spectra at Stas DWR, 44137, and 44142: before, during, and after 

Juan’s passing. These observed spectra show dramatic change-
able spectral pattern, multiple peaks, and swell dominant fea-
tures during the hurricane process, whether in deep or shallow 
water. 

Observed 1-D wave spectra show that spectral shape chang-
es dramatically during Hurricane Juan, and low frequency swell 
spectral energy dominates before, during, and after Juan’s pass-
ing. Spectral peak and spectral energy reaches the highest value 
during Juan’s peak time, at different locations on the track, to 
the left and right side of the track. Obvious multi-peak spectral 
shape is observed at these three stations, especially around 
Juan’s peak time, which means that strong swell and strong 
wind waves coexist during peak time, whether in deep open 
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Fig.10. Juan generated 1-D wave spectra at Buoy 44137 from Sep. 27 to 29, 2003.



XU Fumin et al. Acta Oceanol. Sin., 2014, Vol. 33, No. 11, P. 112–122118

ocean, intermediate water depth, or shallow coastal water.

4.2 Two-dimensional wave spectra at Sta. DWR 
Sta. DWR is located in coastal shallow water. Observed two-

dimensional wave spectra in Fig. 12 indicate that dominant 

wave directions and directional distributions are limited to a 

specified narrow range during Hurricane Juan. As Juan’s wind 

began to affect Sta. DWR, there was already a rather small spec-
tral density swell component at low frequency. As Juan moved 
northward, winds at Sta. DWR became stronger, swell spectral 
density energy increased, maximum spectral density energy 
remained with rather stable directional distribution (70°–100°) 
during Juan’s course. Sometimes, there were more than three 
spectral peaks within the two-dimensional spectra. Main wave 
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Fig.11. Juan generated 1-D wave spectra at Buoy 44142 during Hurricane Juan process from Sep. 27 to 29, 2003.
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energy distributes within narrow directional and frequency 
bands, wind wave spectra superposed on the swell spectra. The 
maximum spectral density values grow rapidly with the maxi-
mum value occurring when Juan passed Sta. DWR. After Juan 
passed Sta. DWR, the spectral density decreased, and the direc-
tional and frequency distributions became wider.

5 Standardization of the observed wave spectra during Hur-
ricane Juan

5.1 Standardized observed 1-D wave spectra at Stas 44142 
and 44137 
Figures 13a and 14a are observed one-dimensional spectra 

during Hurricane Juan at Stas 44142 and 44137, respectively. 
Figures 13b and 14b are standardized one-dimensional spec-
tra, S(f)f p/E, in which, S(f), f p and E are wave frequency spec-
trum, peak frequency, and wave spectral density, respectively. 
Figures 13c and 14c are standardized one-dimensional spectra 
S(f)f 0/E, in which, f0 and E are average frequency and wave en-
ergy, respectively. The standardized one-dimensional spectra 
generally have similar shape, peak, and spectral width, in spite 
of the dramatic variation during the whole hurricane, as shown 
in Figs 9, 10, 11, 13a, and 14a. In particular, those standardized 
by the average frequency in Figs 13c and 14c are more reserved 
and similar in spectral shape during the whole hurricane. This 

implies that the main properties of these standardized spectra 
generally can be expressed in a simple uniform form, and aver-
age frequency is more suitable to standardize spectra than peak 
frequency; the reason will be integrated in Section 5.2. 

5.2 Peak frequency and average frequency during hurricane 
process
Among the wave frequency parameters examined herein 

(spectral peak frequency, average wave frequency), peak fre-
quency is the most commonly used wave parameter, but it 
shows unstable behavior, as shown in Fig. 15a, due to spectral 
multi-peak distributions or problems in processing obser-
vational data. Average wave frequency is also sensitive to sea 
state and data processing techniques: the narrower the spec-
tral shape, the smaller the difference between spectral peak fre-
quency and average wave frequency. In addition, average wave 
frequency is also affected by wave surface sampling interval and 
recorded frequency resolution. 

The zero-crossing average wave frequency can be ob-

tained by 
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by the spectral high frequency tail. At Stas DWR, 44137, and 
44142, the correlation coefficient between f0,1 and peak fre-
quency fp are 0.841 3, −0.202 0, and 0.808 9 respectively; the cor-
relation coefficient between the f0,2 and fp are 0.836 9, −0.258 8, 
and 0.778 5 respectively; thus f0,1 is more related with peak fre-
quency, compared with f0,2.

Figure 15 gives observed peak frequency fp, observed aver-
age frequency f0,1, and observed average frequency f0,2 at Stas 
44142, 44137, and DWR during the hurricane process. The 
similar variation tendencies of fp, f0,1, and f0,2 throughout Juan’s 
course are shown at the three stations. In these figures, peak 
frequency fp shows vehement ups and downs for the three sta-
tions, and it is difficult to give a clear interpretation of the varia-
tion tendency. Meanwhile, both f0,1 and f0,2 show more stable 
variation tendency during Hurricane Juan’s development, com-
pared with the observed peak frequency. Before Juan’s passing, 
average frequency at these three stations decreases, reaches the 
lowest point during peak time, and increases afterwards. It can 
be seen that different locations around Juan’s track show differ-
ent frequency change patterns: at Sta. DWR, there is the high-
est average frequency before Juan’s passing. That is why average 
frequency has the ability to provide more uniform standardized 
spectral shape, compared with peak frequency, as indicated in 
Figs 13c and 14c. 

6 Spectral width variations during hurricane process

Spectral width is defined as 
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 is suggested (Longuet-

Higgins, 1975), which is less dependent on high-frequency in-

stability. Both the spectral width parameters satisfy ξ, ε∈(0,1). 
Waves can be seen as narrow spectra, when ξ→0, and ε→0. For 
fully developed PM spectrum (Pierson and Moskowitz, 1964), 
ξ=0.425, ε=1; for JONSWAP spectrum (Hasselmann et al., 1973), 
ξ=0.389, ε=1. Therefore, PM and JONSWAP type spectra can be 
regarded as wide-band spectra. If the spectrum is not narrow, it 
implies that there are many local water surface ups and downs, 
and these fluctuations do not cross with average water level, so 
it cannot be recorded into wave zero-crossing movement. 

Figure 16 shows spectral width variations of ξ and ε at Stas 
DWR, 44142, and 44137, during hurricane Juan. Values of ξ at 
Stas DWR, 44142, and 44137 are within the range of 0.35 to 0.6; 
values of ε at Stas DWR, 44142, and 44137 are within the range of 
0.65 to 0.83, so hurricane-generated waves are wide-band spec-
tral waves during Juan’s course. Interestingly, spectral bands at 
each station remain stable during the whole hurricane, with the 
widest band spectra at Sta. DWR, then Sta. 44142; and the nar-
rowest at Sta. 44137. Spectral width becomes wider and wider 
from the right side, on the track until the left side of Juan’s track. 

Spectral width at each station changes slightly before, dur-
ing, and after Juan’s passing, even though the real spectral peak 
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frequency, spectral energy, and spectral peak change dramati-
cally during the hurricane as indicated in Figs 9, 10, and 11. This 
also confirms that a uniformly standardized form can grasp 
most of the spectral wave characteristics, even with compli-
cated hurricane-generated waves. In the next step, adaptability 
of JONSWAP spectral form in formulating hurricane-generated 
wave spectra will be evaluated. 

7 Simulated wave spectra during Hurricane Juan
A two-layer nested WW3 (Tolman, 2002) simulation is 

implemented in this study. Computational domains are cho-
sen according to Hurricane Juan’s path, swell propagation 
characteristics, and the storm’s translation speed, in order 
to optimally simulate the hurricane-generated wave energy. 
The coarse-resolution domain is from 20° to 65°N and 40° to 
75°W, as shown in Fig. 1. An intermediate-resolution domain 
is nested within this first region, covering most of the waters 

off eastern Canada and the New England States, bounded by 
42° to 52°N and 55° to 71°W, as shown in Fig. 2. Whereas space 
resolutions are 15′ and 5′, respectively, directional resolution in 
all domains is 6°. Frequencies range from 0.030 94 to 0.593 90 
Hz, with neighboring frequencies defined as fn+1 =1.1fn. An in-
terpolation methodology to blend observations with COAMPS 
(Coupled Ocean Atmosphere Prediction System) operational 
forecast winds is developed to ensure accurate model-driven 
winds (Xu et al., 2007).

Observed 1-D wave spectra were collected at buoys 44137 
and 44142, and observed 2-D wave spectra at Sta. DWR. Fig-
ures 17 and 18 compare the simulated 1-D spectra with ob-
servations at buoys 44137 and 44142. Generally, the simulated 
1-D spectra match the observations, over the entire frequency 
range: before, during, and after the highest winds occurrences, 
under wind wave-dominated as well as swell-dominated con-
ditions. Figure 19 compares simulated 2-D wave spectra with 
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the observations of Sta. DWR at the time of maximum waves. 
The simulated 2-D spectra do not fit so well with observed 2-D 
spectra at Sta. DWR, compared with the simulated 1-D spectral 
validation. While wind-waves dominate before the maximum 
waves are observed, swell is dominant afterwards; at the time of 
maximum spectral intensity, the spectra are relatively narrow in 
directional and frequency ranges. The simulated 2-D spectrum 
at Sta. DWR has wide directional and frequency range distribu-
tions, and does not capture the extent of the narrowing of the 
observed spectrum. However, the WW3 simulated 2-D spec-
trum at Sta. DWR still shows their ability in reflecting the spec-
tral frequency peak and peak direction to some extent. 

8 Conclusions
Hurricane Juan provides excellent opportunities to reveal 

the hurricane-generated wave spectral properties, being one 
of the most damaging storms to hit Nova Scotia, Canada, with 
wind wave observation Stas 44008, 44018, 44011, DWR, 44142, 
44137, and 44140 all located within the 10 m/s wind swath iso-
line, and distributed to the left side of Juan’s track, on the track 
and to the right side of Juan’s track, in deep ocean, intermediate 
water depth and shallow coastal water.

Time series of one-dimensional frequency spectra measured 
within the 10 m/s wind swath isoline around Juan’s track indi-
cate that waves at different locations show totally different be-
haviours in strength, duration, and spectral pattern. Dominant 
swell existed almost over 24 h, before and during Juan’s passing 
on the track, and to the left side of Juan’s track. While swell is not 
the dominant factor to the right side of Juan’s track. With higher 
wave steepness to the right side of Juan’s track, observed wave 
steepness around Juan’s track also confirms this conclusion. 

Observed 1-D and 2-D wave spectra show that spectral en-
ergy, spectral peak, peak frequency, and spectral shape change 
dramatically during the Hurricane Juan’s course, at different 
locations around the track. Multi-peak spectral shape charac-
teristics are obvious, especially during Juan’s peak, whether in 
deep ocean, intermediate water depth or shallow coastal water. 

The standardized 1-D spectra generally have a similar shape, 
spectral peak, and spectral width, in spite of the dramatic spec-
tral variation during the whole hurricane. Compared with peak 
frequency, average frequency has the ability to provide more 
conserved standardized spectral shape. Hurricane-generated 
waves are wide band spectral waves: spectral width changes 
slightly before, during, and after Juan’s passing at each station. 
Spectral width experiences a slight increase from the right side 
to the left side of Juan’s track.

The simulated 1-D wave spectra generally agree with obser-

vations over the entire frequency range, especially during the 
highest storm waves, at deep water locations at Stas 44142 and 
44137. The simulated 2-D spectra can capture the spectral peak 
waves to some extent, but still cannot simulate the narrow di-
rectional and frequency bands of dominant swell waves at Sta. 
DWR.
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