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Abstract
The growth of frequency spectra and spectral parameters of wind waves generated by cold
waves, a kind of severe weather system, in the northern East China Sea is studied in this paper. Based on a
third-generation wave action model (the Simulating WAves Nearshore model), simulations were developed
to analyze the spatiotemporal characteristics of wind waves and to output spectral data. It is shown that the
cold wave-induced spectra can be well described by the modiﬁed Joint North Sea Wave Project spectral
form. The growth of wave spectra is comprehensively reﬂected by the evolution of the three characteristic
parameters: peak frequency, spectral peak and wave energy. Besides, the approximations of dependences
between spectral parameters and the three types of universal induced factors are obtained with the least
squares method and compared systematically. Fetch and peak frequency turn out to be suitable parameters to
describe the spectral parameters, while the dependences on the inverse wave age vary in diﬀerent sea areas.
In general, the derived relationships improve on results from previous studies for better practical application
of the wind wave frequency spectrum in the northern East China Sea.
Keyword: cold wave; frequency spectra; wind wave parameters; Simulating WAves Nearshore (SWAN);
northern East China Sea

1 INTRODUCTION
The northern East China Sea (NECS), which
mainly includes the Bohai Sea and the northern
Yellow Sea, is a typical semi-enclosed shallow body
of water bounded to the north and west by China and
to the east by Korea (Mo et al., 2016), as shown in
Fig.1. In winter, cold air masses form over the ocean
east of Novaya Zemlya, west of Novaya Zemlya or
south of Iceland, which invade the NECS along three
tracks: the north track, the northwest track and the
west track (Ding and Krishnamurti, 1987). This is the
so-called cold wave. Cold waves, including cold-air
outbreaks, represent one of the most extreme
meteorological systems and occur much more
frequently than typhoons in high-latitude waters.
They are often accompanied by strong winds
exceeding Beaufort scale 6 (10.8–13.8 m/s) or even 8
(17.2–20.7 m/s). The NECS responds vigorously to

the passage of cold waves, including signiﬁcant sealevel rise and large waves that have a serious impact
on human life and shipping. However, because of the
complexity and changeability of the weather systems,
there is still a lack of systematic studies on the growth
of wind wave frequency spectra caused by cold
waves.
With the ongoing development of numerical
simulations, great progress has been made in
simulation studies of ocean waves. Some researchers
in China have used numerical models to simulate the
wind waves induced by cold waves for case analysis
or hindcasting veriﬁcation (Pan et al., 1992; Zheng et
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Fig.1 Location and topography of the northern East China Sea
The black dashed lines are the dividing lines between the Bohai Sea, northern Yellow Sea and southern Yellow Sea. Wave measurements were made at buoys
B1, B2 and B3 (ﬁlled blue squares for case in 2015) (Section 2). Five sites were chosen (ﬁlled red triangles) for further research (Sections 3 and 4).

al., 2010; Liu et al., 2013; Yao et al., 2013). These
results have veriﬁed the applicability and promoted
the practical application of prediction models. In
addition, frequency spectrum analysis, as a standard
procedure, has been widely used to analyze and
predict wind-generated ocean waves since it was ﬁrst
introduced in wind wave studies around 1950. Most
of the common measures of wind waves, such as
signiﬁcant wave height and average period, are
conveniently related to the frequency spectrum
moments. Hence, as the observations of cold wavegenerated spectra are lacking, this study investigates
the growth properties of the one-dimensional energy
spectrum of cold wave-generated waves in the NECS
with the aid of a third-generation wave model.
The remainder of this paper is organized as follows.
Section 2 brieﬂy describes the wave model and its
conﬁguration, discusses the spatiotemporal variation of
wind ﬁelds and signiﬁcant wave heights using a
representative cold wave case, and compares the
simulated results with the observations to validate the
reliability of the model. Then in Section 3, based on the
output frequency spectral data, the spectral form for
cold-wave waves is conﬁrmed and the spatiotemporal
evolutions of characteristic spectral parameters are
presented. To further explore the growth of wave
spectra during a cold-wave period, the dependences of
spectral parameters on three types of induced factors
are determined and compared with previous proposed
relationships in Section 4. Finally, the conclusions of
the study are summarized in Section 5.

2 MODEL SETUP AND VALIDATION
2.1 Model setups
For this study, we used the SWAN (Simulating
WAves Nearshore; Booij et al., 1999) model, version
41.01. SWAN is a third-generation wave-action model
and has been widely applied around the world (e.g.
Gorman and Neilson, 1999; Ris et al., 1999; Jin and Ji,
2001; Roger et al., 2003; Deng et al., 2012). It is
designed as a shallow-water wave model, which is
suitable for simulating waves in lakes, estuaries and
coastal regions. Based on the Euler approximation and
linear random surface gravity wave theory, the main
goal of the SWAN model is to solve the spectral action
balance equation. In general, six physical processes are
included in the model: the wind input, whitecapping,
bottom friction, depth-induced wave breaking and wavewave nonlinear interactions (both triads and quadruplets).
A series of sensitivity experiments have been
conducted to determine the settings for some of the
simulation parameters (Huang, 2008). The results
show that the computational time step, domain size,
grid resolution (when reaching a certain extent) and
grid shape have little eﬀect on the output data. Thus, in
this study, simulations were performed in a relatively
simple, convenient and eﬃcient way. The simulations
were performed in the nonstationary mode and started
at least one day earlier than the observations to ensure
that the output results are reliable and not aﬀected by
the initial states. To avoid system errors induced by
boundaries, deep water boundaries should be far from
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Fig.2 Evolution of wind vector and signiﬁcant wave height distributions from 07:00 UTC on 10 December 2015 to 01:00
UTC on 12 December 2015, with a 6-h time interval between panels

the observation sites. The numerical model was
established on a 120×48 rectangular cell grid covering
the NECS (117.0°–127.0°E, 37.0°–41.0°N) with 5
resolution both in longitude and latitude. The time step
was set to 30 min. Spectra were computed at 36 equally
spaced propagation directions and 35 logarithmically
spaced frequencies (f) between 0.04 and 1 Hz, covering
typical mean frequencies for the studied area, with a
relative step of Δf/f=0.1. The bathymetry data used in
the model were obtained from the ETOPO-5 dataset.
The wind forcing inputs used for the model were
1-hour data from the CFSR dataset. In the computations,
all the six processes were included to ensure accuracy.
Based on previous studies (Yang, 2004; Huang, 2008),
the exponential growth of wind input and whitecapping

expressions according to Komen et al. (1984) were
used for the NECS. The coeﬃcients for determining
the rate of whitecapping dissipation and the
dependency of the whitecapping on wave number
were set to be 1.0e-5 and 0.5 respectively. Default
options and values were chosen for the other processes.
2.2 Model validation
Cold wave-induced wind is a stable and continuous
weather system that aﬀects the NECS mainly from
October to April. Given space limitation, cold wave
case from 10 to 12 December 2015 (UTC, the same
hereinafter) was selected as a representative to
validate the established model and analyze the growth
of wind wave spectra. Figure 2 shows the wind
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Fig.3 Simulated (blue lines) and observed (red crosses) time series of signiﬁcant wave height and mean wave period induced
by cold waves at the three buoys B1, B2 and B3 in December 2015

vectors and simulated signiﬁcant wave height (SWH)
for the cold wave case. During this period, the sea
state was dominated by a homogeneous and stationary
generalized northeastern wind. In the early morning
of 10 December, the cold wave invaded the NECS
and brought a strong wind, with the maximum wind
speed exceeding 17 m/s. The extreme area of SWH,
with a maximum exceeding 2 m, appeared in the
northeast of the Bohai Sea and northern Yellow Sea.
As time passed, the induced strong wind lasted for
more than 24 h, resulting in a maximum SWH
exceeding 4 m. The extreme area of SWH moved
along the wind directions from the upstream wind
side to the downstream wind side, and ﬁnally located
in the centers of the studied seas. Besides, the passage
of cold wave had a time lag in the northern Yellow
Sea, where the SWH lagged behind the Bohai Sea.
Later on, the intensity of the cold wave decreased,
hence the wind and the SWH decreased.
Comprehensively considering the spatiotemporal
variations of SWH, there is good agreement between
the wind ﬁeld and the wave ﬁeld over the whole cold
wave process. That is, the distribution of the SWH
extreme area is in accordance with the distribution of

the wind speed extreme area. This is mainly because
sea states in the NECS, whose special geographical
region restricts the growth of waves, consist mostly of
local wind-generated waves, with a low percentage of
swell and mixed waves. In addition, the contours of
SWH in the studied area are basically parallel to the
isobaths. This illustrates that the distribution of wave
height is greatly inﬂuenced by fetch and water depth.
In general, wave height increases downwind over
deep waters, but the restrictions of upwind fetch and
the inﬂuence of bottom friction become evident in the
distribution of wave height over the banks. This can
be seen, for example, where the trend of increasing
wave height with fetch is reversed in crossing the
shallow bank.
To verify the simulation ability of the SWAN
model, we chose two of the most common and
representative wind wave characteristics: the SWH
and the mean wave period (MWP). The measured
data were collected from three buoys, B1 (38.02°N,
119.51°E), B2 (39.30°N, 120.36°E) and B3 (38.09°N,
121.04°E), whose locations in the case are shown in
Fig.1. The comparisons between the simulations and
observations of SWH and MWP are shown in Fig.3.
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Table 1 Summary of the statistical errors for the simulations
of signiﬁcant wave height (SWH) and mean wave
period (MWP) at the three buoys B1, B2 and B3
during the cold wave in December 2015
Buoy
B1

B2

B3

Data

ME

RMSE

SI

SWH (m)

-0.203 8

0.453 6

0.274 5

MWP (s)

-0.626 8

1.018

0.186 2

SWH (m)

-0.226 2

0.405 3

0.225 2

MWP (s)

-0.716 7

1.020

0.194 2

SWH (m)

-0.030 5

0.445 3

0.317 4

MWP (s)

-0.368 2

0.628 5

0.120 8
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wave processes well and can be used to study the
growth of wind wave spectra in the NECS.

3 WIND WAVE FREQUENCY SPECTRUM
Since the SWAN model does not have any a priori
restrictions on the spectrum for the evolution of wave
growth, the spectral form should ﬁrst be conﬁrmed. A
number of parametric forms of the wind wave
frequency spectrum have been proposed to date. The
best known and most widely used representation is
the Joint North Sea Wave Project (JONSWAP)
spectrum (Hasselmann et al., 1973):

ME: mean error; RMSE: root mean square error; and SI: scatter index.

All of the SWH and the MWP time series basically
follow a ﬁrst increasing and then decreasing trend,
with peak values occurring at similar times. The
trends of the SWH and the MWP are well simulated
by the established model. However, there are slight
diﬀerences between both curves in magnitude. The
SWAN simulations tend to underestimate the SWH at
the peaks and underestimate the MWP where wave
heights are relatively low at the initial stage of a cold
wave.
For a quantitative evaluation of the performance of
the SWAN model, three error statistics, namely the
mean error (ME), the root mean square error (RMSE),
and the scatter index (SI), are adopted. The statistics
1 n
are
calculated
as:
ME   i 1  Pi  Oi  ,
n
1 n
2
,
and
SI=RMSE / O ,
RMSE 
  Pi  Oi 
n i 1
where Pi represents the ith simulated SWH/MWP in a
time series, Oi represents the corresponding observed
value, n is the total number of the samples in a time
series, and the overbar marks the calculation of the
arithmetic mean. Table 1 reports the calculation
results of the error statistics: the deviations of SWH
are less than 0.5 m and the deviations of MWP are
less than about 1.0 s; the percentages of deviations
with respect to mean observations of SWH and MWP
are less than about 30% and 20% respectively. The
probable reasons are: 1) there is still some gap
between ETOPO data and actual bathymetry (between
CFSR data and actual wind ﬁeld) which brings local
eﬀects to wind waves; 2) some parts of the source
term, such as the air-water and wave-wave nonlinear
interactions, in SWAN are still not well understood
and introduce errors; 3) in the practical observations,
the instruments also introduce errors. In general, the
SWAN model simulates the wave ﬁeld during cold
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The spectral shape parameter σc has little inﬂuence
on the ultimate spectral form. Since previous fetchlimited studies have found no systematic trend within
the scatter of values, this parameter has been assumed
constant
at σc=0.07 when ffp and σc=0.09 when ffp.

m0   S  f df is the lowest moment of spectrum
0
(also referred to as the wave energy).
However, a signiﬁcant amount of observation data
in previous studies (e.g. Toba, 1973; Forristal, 1981;
Kahma, 1981; Donelan et al., 1985) has suggested
that an f-4 power law may be a better description of the
rear face of the spectrum. Donelan et al. (1985)
proposed a modiﬁed version of the JONSWAP
spectrum:
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For convenience, the form Eq.2 can be transformed
into:


 f  fp

2

-4
  f -4  exp 2 c2 f p 2 1
 f 


S  f   S  f p   exp 1    
.(3)
f 


  fp  
 p



fp and S(fp) can be easily obtained from the spectra.
The value of γ was always set as the default average
3.3 or other empirical ﬁxed values for practical
application (Hasselmann et al., 1973; Ochi and
Hubble, 1976; Young, 1998). This method is easy and
eﬃcient but brings deviations between the ﬁtted
spectra and the observations. In this study, the values
of γ were obtained using the least-squares method to
attain the best ﬁts.
To analyze the results of the wave model
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Fig.4 Sample of the comparison between the six-hourly spectra (blue lines) and their equivalent modiﬁed JONSWAP
spectral function (red lines) during the cold wave period in December 2015 at the ﬁve representative sites S1 to S5

simulations in detail, ﬁve diﬀerent locations were
selected, as illustrated in Fig.1. Three points S1
(40.50°N, 121.50°E), S2 (39.00°N, 120.50°E) and S3
(37.50°N, 119.50°E) are distributed in the Bohai Sea.
Two points S4 (39.50°N, 124.00°E) and S5 (38.00°N,
123.00°E) in the northern Yellow Sea. Based on Eq.3,
some model and ﬁtted spectra at each of the ﬁve sites
are shown in Fig.4. A uniform good ﬁt to nearly all of

the output spectra during the passage of the cold wave
was attained with the modiﬁed JONSWAP spectral
formulation by Donelan et al. (1985). It can be seen
that, during the period of oﬀshore wind in December
2015, the wave spectra are unimodal with similar
shape and grow with time and space. As an obvious
feature, although the wave spectrum S(f) is distributed
between f=0 and f=∞ theoretically, a substantial part
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Fig.5 Time series of 10-m wind speed U10, peak frequency fp, spectral peak S(fp) and spectral lowest moment m0 during the
cold wave period at the ﬁve sites S1 to S5
Data for diﬀerent sites are represented by diﬀerent symbols.

of the wave spectrum of cold wave-generated waves
is concentrated in a narrow frequency band. In other
words, the main part of the energy is provided by the
wave components of the narrow band around the peak
frequency. In fact, the studied area is smaller than the
meteorological system of a cold wave, and the strong
wind induced by the cold wave is relatively uniform
and changes gently. Thus ocean waves induced by the
cold wave are mainly wind waves, with the periods
around 1/fp.
The three characteristic parameters, fp, S(fp) and m0,
can be used as the main indicators of spectral growth.
Their time series at the ﬁve sites are shown in Fig.5.
For comparison, the wind speeds at 10 m above sea
level, U10, at the ﬁve sites are also shown. S(fp) and m0

represent the maximum energy density and total wave
energy of the wave spectrum, respectively. In the
early stage of 10 December, when the strong and
uniform cold-wave wind started to prevail in the
NECS, S(fp) and m0 at the ﬁve sites all markedly
increased. But on the contrary, regardless of the
diﬀerent initial values caused by previous sea states,
peak frequencies fp all decreased slowly with time.
Nonlinear interaction among composition waves of
diﬀerent frequencies is the main cause of this
phenomenon. It continues delivering energy from
medium to low frequencies, causing a peak to develop.
It is worth mentioning that this is diﬀerent from the
sudden change in peak frequencies of hurricanegenerated wave spectra. As time went on, S(fp) and m0
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both ﬁrst increased and then decreased with the wind
speed. They have the similar changing trends because
of the typical narrow-band spectrum. At the peak time
of S(fp) and m0, fp stopped to decrease and then
remained essentially constant. fp at S1 and S4 is larger
than that at S2, S3 and S5. This reveals that areas with
a longer fetch tend to have a smaller peak frequency,
and this ﬁnding is in agreement with the observed
JONSWAP data (Hasselmann et al., 1973).

the wind is a good estimation of X (Babanin and
Soloviev, 1998).
Using the above steps, the data for diﬀerent sites
are shown in Figs.6, 7. The approximations of the
 on 
X during the cold
f p and m
dependences of 
0
wave case are as follows:

4 GROWTH RELATIONS OF SPECTRAL
PARAMETERS

Equations 4 and 5, which are developed for fetchlimited waves, are remarkably good ﬁts to the data
and in good agreement with the experimental and
observational dependences proposed in other studies.
Besides, the wave height Hs and period Ts of signiﬁcant
waves can be calculated by the empirical relations:
H s  4.005 m0 , Ts=0.937/fp. The well-known 3/2
power law proposed by Toba (1972) is: H*=BT*3/2,
where H*=gHs/U*2, T*=gTs/U* and B=6.2×10-2. Guan
and Sun (2002) have illustrated that most proposed
wind wave relations are basically consistent with the
3/2 power law. According to the deﬁnition of wind
stress and the drag coeﬃcient from Wu (1982), H* is
plotted against T* for all the data from the ﬁve sites
during the cold wave case (Fig.8). The data points
appear to coincide well with the line of the 3/2 power
law. This agreement further conﬁrms the reliability of
the fetch-limited relations obtained.
Power-law regression has also been produced of
f p  S  f p  g 3 / U105
dimensionless spectral peak S 
versus 
X (Fig.9):

The growth of frequency spectra of cold-wave
waves is considered by introducing parameters that
directly or indirectly reﬂect the eﬀect of wind ﬁeld or
other external environmental factors on the spectrum.
In this section, dimensionless least-squares ﬁts and
log-log plots of the various wave spectral parameters
against three universally used parameters, fetch (wind
factor), inverse wave age (wave factor) and peak
frequency (spectral factor) are presented and
compared. The obtained growth relations of spectral
parameters are valuable not only for the study of the
growth mechanism of ocean waves, but also for the
calculation and prediction of cold-wave waves.
4.1 Fetch dependences
Among the various research methods, the wind
wave growth relation is the most widely used and also
an important basis of other related methods.
International researchers have made considerable
eﬀort and proposed many fetch-limited growth
relations to date (e.g. Mitsuyasu, 1968; Hasselmann
et al., 1973; Davidan, 1980; Kahma, 1981; Donelan et
al., 1985; Dobson et al., 1989; Wen et al., 1989;
Ewans and Kibblewhite, 1990; Babanin and Soloviev,
1998) based on data from site investigations with
diﬀerent timescales in diﬀerent seas. Most of the
proposed relations reﬂect changes in the dimensionless
peak frequency 
f p  f pU10 / g and dimensionless
  m g 2 / U 4 with the dimensionless
wave energy m
0
0
10
X  Xg / U102 . Following the proposed forms, it
fetch 
is assumed that any particular parameter will obey a
b
  a
relationship of the form P
X , where P is the
spectral parameter, and a and b are constants to be
determined. According to the output frequency
 can be derived easily.
f p and m
spectra, data for 
0
The fetch X is deﬁned as the unobstructed distance
that wind can travel over water in a constant direction.
The distance to the coast in the upwind direction of

-0.304

,
f p  3.10 
X

(4)

1.03
  7.21  10-8 
m
X .
0

(5)

 

 

1.55
S 
f p  3.71  10-9 
X .

(6)

The parameter S(fp), not like fp and m0, does not
correspond to any external characteristic parameters
of waves directly. That may be the reason why
previous researchers rarely investigated it. Though
the values of S(fp) can be easily known from data of
spectra in the cases of hindcasting, the growth relation
of S(fp) is of great importance for analyzing the growth
of wave spectrum.
The peak enhancement factor γ represents the ratio
of the spectral peak to the peak of the corresponding
Pierson and Moskowitz spectrum at the same peak
frequency. It not only characterizes the spectral peak
properties, but also is an important measure of
diﬀerent wave development states. Hasselmann et al.
(1973), in a careful study of fetch-limited waves,
found no obvious relation between γ and 
X.
According to ocean wave data measured in the East
China Sea and coastal waters of Japan using a
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cloverleaf buoy, Mitsuyasu et al. (1980) found that γ
is clearly fetch dependent. In fact, the data of γ is
more highly scattered than the above scale parameters
(Fig.10). This is why few fetch dependences of γ have
been investigated. During the cold wave period, the
dependence of the best-ﬁtted spectral γ on 
X has the
approximate form:

  5.23X

-0.105

.

(7)

It is the higher values of γ at large 
X that slightly
reduce the slope of the ﬁtted dependence relative to
that from Mitsuyasu et al. (1980). Diﬀerences of γ
among the diﬀerent sites can be summarized as
follows: values of γ at sites S1 and S4, which have a
shorter fetch, are relatively higher than others, vary in
the range from 1.5 to 3.0; values of γ at S3, which has
the largest fetch, vary in the range from 1.0 to 2.0;
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values of γ at sites S2 and S5 ﬂuctuate upward and
downward around 1.8, and S5 has smaller variations.
Data at most sites generally decrease with increasing

X according to Eq.7, which is more suitable for the
wave spectra during cold wave period.
As the spectral forms developed from generation to
generation, however, the constancy of α has been
called into question. Special investigations have been
carried out to study the behavior of the Phillips

parameter α. Based on various observational and
experimental data, the fetch-limited growth relation
of α has been obtained (Hasselmann et al., 1973;
Mitsuyasu et al., 1980; Dobson et al., 1989; Ewans
and Kibblewhite, 1990; Babanin and Soloviev, 1998).
However, since the experimental areas in previous
studies are mostly open seas, the applicability of the
previous derived relations in the NECS is weak. The
parameter α is plotted against 
X in Fig.11 and the
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Fig.12 Time series of inverse wave age Uc/Cp during the cold wave period at the ﬁve representative sites S1 to S5
Data for diﬀerent sites are represented by diﬀerent symbols.

approximation of the dependence has the following
form:
 -0.366 .
  0.296X
(8)
It can be seen that the values of α at diﬀerent sites
are mainly in the range from 0.002 to 0.02, and show
X , with a good ﬁtting
a regular decreasing trend with 
eﬀect.
4.2 Inverse wave age dependences
In practical applications, dimensionless fetch is
more suitable for conditions when fetch is already
known and the wind ﬁeld remains relatively invariant.
Cold wave cases are good examples for this, but there
are many actual conditions when both wind speed and
wind direction are always changing. Thus, some
previous studies (e.g. Donelan et al., 1985; Dobson et
al., 1989; Elfouhaily et al., 1997; Young, 1998) have
used a more local wave parameter to describe the
wave spectra: the inverse wave age Uc/Cp, where Uc
represents U10 in the direction of the waves at the
spectral peak and Cp represents the phase speed of
those waves. As its name suggests, the inverse wave
age is the reciprocal of wave age, which is well known

to be an important wave factor reﬂecting wave growth
states.
The time series of Uc/Cp at the ﬁve sites during the
cold wave period are shown in Fig.12. When the coldwave wind started to strengthen in the early hours of
10 December, waves in diﬀerent areas all turned into
a uniﬁed young state and values of Uc/Cp increased
beyond 4.0. Subsequently, Uc/Cp gradually decreased
to diﬀerent extent. Elfouhaily et al. (1997) found that
waves are fully developed, mature, developing and
0.83<Uc/Cp≤1.0,
young
when
Uc/Cp≤0.83,
1.0<Uc/Cp≤2.0 and Uc/Cp>2.0, respectively. If we
classify the waves during the cold wave using this
standard, all data at S1, S3 and S4 and most data at S2
are young, while data at S5 are mostly developing and
partly mature or developed. It is apparent that waves
with a wider surface are more likely fully developed.
Donelan et al. (1985) analyzed the ﬁeld data of the
directional spectrum at steady state in an inland sea
and related spectral parameters to Uc/Cp. For open-sea
wave spectra in a variety of conditions, power-law
regressions from Dobson et al. (1989) have also been
produced. These previous obtained relations may be
not suitable for wave spectra in this cold wave case.
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Black solid lines based Eqs.9–13 are ﬁtted with data from sites S1, S2, S4 and S5.

Hence, it is of great value to ﬁnd the Uc/Cp dependences
for this type of extreme weather in this study. Among
the ﬁve sites, S3 should be treated diﬀerently. Since
the special semi-enclosed terrain limits the
development of waves, Uc/Cp is large at S3. However,
the spectra at S3 have the long-fetch characteristics.
Thence the growth relations of spectral parameters on
Uc/Cp at S3 are signiﬁcantly diﬀerent from the other

four sites. In Fig.13, the data at site S3 are temporarily
ignored to obtain dependences appropriate for the
majority of the NECS. In Fig.13a, b, c, the data still
follow a power-law distribution and suggest the
following relations:
1.37

(9)
f  0.0493 U C  ,
p

c

p

  0.0330 U C -2.82 ,
m
0
c
p

(10)
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Table 2 The root mean squared error (RMSE) and the
coeﬃcient of multiple determination (R2) for the
growth relations of dimensionless spectral
parameters to diﬀerent factors
Dimensionless

X
spectral
parameters
RMSE

R2

RMSE

R2

RMSE

R2

/

/


fp

0.015 54 0.952 5 0.027 35 0.852 4


m
0

0.001 736 0.995 9 0.001 768 0.996 5 0.000 718 7 0.999 3

 

 

-5.10
,
S 
f p  1.19  10-6 
fp

  3.54 
fp

S 
fp

0.050 2 0.998 2 0.076 4 0.996 7

0.023 1

0.999 6

γ

0.227 2 0.564 1 0.231 7 0.538 2

0.242 0

0.508 8

α

0.002 09 0.815 9 0.003 00 0.640 2

0.001 97

0.836 2

 

(11)

In Fig.13d, e, there appears to be two trends for the
diﬀerent ranges of Uc/Cp. When the waves are young,
γ and α show an increasing trend respectively with
Uc/Cp; when the waves start to develop, γ and α seem
to be fairly constant or show a slowly varying trend.
Thus, relations linking the two shape parameters to
Uc/Cp are obtained with least-squares ﬁtted piecewise
functions:
1.73 U C -0.0894 U C  2.0
c
p
c
p
 
0.633
,

1.05
U
C
U
C
 c p

c
p  2.0
0.00391U C 0.405 U C  2.0
c
p
c
p
 
2.04

0.00126
U
C
U
C
 c p

c
p  2.0 .

(15)

,

1.20

(16)
.

(17)

These relations Eqs.14–17 are compared in Fig.14
with the dimensionless spectral data and the ﬁtted
dependences:
-3.76
  1.42  10-6 
,
m
fp
0

(18)

 

-5.18
S 
f p  7.88  10-7 
fp
,

  3.31
fp
-3.72
S 
f p  0.908 U c C p  .

0.345

  0.0758 
fp


fp

Uc/Cp
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0.313

  0.0792 
fp

(19)

,

1.25

(20)
.

(21)

The data have strong dependences on 
f p and well
represented by equations Eqs.18–21. Besides,
agreements between the derived relations and the
ﬁtted relations are satisfactory.
4.4 Comparative analysis
From the above arguments, three groups of
empirical relations describing the growth of wave
 , S 
spectral parameters ( 
fp , m
f p , γ and α) during
0
the cold wave period have been obtained in the NECS.
In order to quantify the accuracy and precision of the
obtained dependences on the three wind wave
f p ), RMSE and
development factors ( 
X , Uc/Cp and 
R-square were calculated respectively (Table 2). The

 

(12)

(13)

  P  O

 O  O 

2

n

4.3 Peak frequency dependences

R-square can be calculated as R 2

The peak frequency fp is the most characteristic,
accurately deﬁned and easily measured variable of
the wave spectrum. It varies slowly during the
spectrum development and can reﬂect the wave
development stage. Mitsuyasu et al. (1980) ﬁrst tried
to use fp to determine other spectral parameters m0, γ
and α, but the observed data were very sparse. Babanin
and Soloviev (1998) also examined the
interrelationships of the spectral parameters with in
situ data in the Black Sea. Since the dependence of

f p on 
X is well described by the approximation (4),
the relations between spectral parameters and the
wave generation conditions can also be considered in
f p . On substituting Eq.4
terms of dependences on 
into Eqs.5–8, we obtain the relations:
-3.39
  3.33  10-6 
,
m
fp
0

(14)

i 1

i

n

i 1

2

,

i

where Oi represents the ith original value of outputspectra parameters and Pi represents the ith predicted
value from growth relations in this section. Through
comparing, the dependence of 
X is statistically
f p on 
more signiﬁcant than that for Uc/Cp. Excellent
agreements are indicated between the dimensionless
 and S 
f p ) and all
energy-related parameters ( m
0
the three factors. Besides, the strong correlations
among fp, m0 and S(fp) make the slightest deviations
when 
f p describes the other two. It turns out that the
growth relations of shape parameter γ are more
scattered than other parameters. α can be well ﬁtted
by 
f p but exhibit a bigger scatter when it
X and 
depends on Uc/Cp.
On the whole, it can be validated that the power
equation is good for ﬁtting the relationships between
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The relations derived from fetch dependences (black dashed lines, Eqs.14–17) and ﬁtted with the least square method (black solid lines, Eqs.18–21)
are compared.

the spectral parameters and development factors. The
good agreement of our results with those of other
investigators suggests the universal character of the
dependence describing variability of the parameters
of fp, S(fp) and m0. Dependences on the inverse wave
age during the extreme weather system like cold wave
are diﬀerent from the ordinary-wind condition and
need a special treat.

5 SUMMARY AND CONCLUSION
As studies of wind waves, frequency spectra and

growth relations have been undertaken before, we
point out that this article is a systematic study of
typical conditions in the semi-enclosed NECS during
a cold wave. In the NECS, cold waves are more
frequent and more harmful than typhoons or other
extreme weather events, and the eﬀect of cold waves
on the ocean environment, such as strong winds and
giant waves, is one of the most important marine
natural disasters. Thus, the study of wind wave spectra
is imperative for forecasting the rough seas generated
by cold waves, and provides a scientiﬁc foundation
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for disaster prevention and mitigation, marine
hydrological security, and resource development and
utilization.
A typical wave action model, SWAN, was used to
simulate ocean waves and output frequency spectra. A
representative cold-wave case was investigated. The
spatiotemporal characteristics of the wind ﬁeld and
wave ﬁeld show that cold wave seas in the NECS are
mostly local wind-generated waves and are inﬂuenced
by both winds and terrains. Despite errors from the
wind forcing data, good agreement is found between
model results and measurements not only in
magnitudes but also in phases, thus the output data are
reliable for spectral studies. Based on data from ﬁve
selected sites, the wave spectra during the passage of
a cold wave show only one signiﬁcant peak and
appear to be well-ﬁtted by the modiﬁed JONSWAP
parametric spectral form proposed by Donelan et al.
(1985). The spectra grow with time and space, and are
reﬂected by peak frequency, spectral peak and lowest
moment. The three characteristic parameters change
with the wind ﬁeld in the temporal dimension and
vary with fetch in the spatial dimension.
The growth relations of spectral parameters are
established to study the development of the cold
wave-generated spectra. In all of our analyses, we
used log-log plots to relate the physically dependent
variables (dimensionless peak frequency 
fp ,
 , dimensionless
dimensionless wave energy m
0
f p , peak enhancement factor γ and
spectral peak S 
Phillips parameter α) to the independent variables
X , inverse wave age Uc/Cp and
(dimensionless fetch 
f p ), and obtained the
dimensionless peak frequency 
least-squares ﬁtted dependences. 
f p turns out
X and 
to be suitable factors to describe the spectral
parameters. By contrasting our results with previous
proposed relations for open-sea or ordinary storm
 are universal
fp , m
situations, the dependences of 
0
and vary little with the change of sea areas and
weather systems. The growth relations of spectral
peak S(fp), which in fact has strong dependences on
the three induced factors, are ﬁrst derived in this
study. γ and α exhibit a smaller scatter than those in
other studies and show obvious dependences on 
X
f p . Uc/Cp is an important factor reﬂecting the
and 
wave growth, but the dependences of spectral
parameters on Uc/Cp vary in diﬀerent areas. In general,
the proposed relations are still lacking in investigations
to date. Thus, it is of great signiﬁcance to derive
approximations of dependences in regional seas for
practical engineering purposes.
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