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Abstract—High-frequency (HF) surface wave radar has been
widely used for measuring sea surface current, but its accuracy
and spatial coverage of sea wave measurement are limited. A
wave height mapping method based on HF radar-measured surface
currents is proposed in this article. The tidal currents are first esti-
mated and subtracted from the radar-measured surface currents,
and then the geostrophic currents are removed. The remaining
currents, along with the wind directions, are used as input data
to a cascaded long short-term memory network. This network
contains two stages. The first stage divides the input data into two
groups of high and low sea states, and the second stage performs
wave height inversion for each group separately. By combining
the inversion results of the two groups, wave height maps are
obtained. The algorithm is verified using the experimental data
from the southwestern Taiwan Strait. Using the numerical wave
height fields as the ground truth, the proposed algorithm has a
root-mean-square error of 0.35 m and a correlation coefficient
of 0.90.

Index Terms—High-frequency (HF) radar, long short-term
memory (LSTM) network, surface current, wave height map, wind
direction.

I. INTRODUCTION

ACCURATE measurement of coastal wave height is cru-
cial for maritime safety, coastal engineering, climate and

weather studies, environmental monitoring, and wave energy
resource assessment. High-frequency (HF) surface wave radar
enables all-weather, real-time, and continuous monitoring of sea
surface without the need for physical instruments in the water,
making it a powerful tool for measuring sea wave height.

In 1977, according to the first-order [1] and second-order [2]
sea surface scattering theory, Barrick [3] proposed a wave
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height inversion algorithm for HF radar which is based on the
integral ratio of the second-order continuum spectrum to the
first-order spectrum. Since then, many scholars have worked on
simplifying and optimizing this algorithm [4], [5], [6]. Besides,
since the wave height can be easily calculated from the ocean
wave spectrum, much effort has been put into inversion of the
wave spectrum from the second-order continuum spectrum of
HF radar [7], [8], [9], [10], [11]. To obtain the wave height
map using these methods, beamforming is usually required
to resolve the second-order scattering echoes from different
azimuths, which is not applicable to the compact HF radar due
to its broad beam width. In addition, the accuracy of wave height
inversion is vulnerable to the signal-to-noise ratio (SNR) of the
second-order continuum spectrum, which is usually low in low
sea state and long distance situations [12]. Moreover, due to the
wide frequency range occupied by the second-order continuum
spectrum, vessel echoes and radio communication signals tend
to interfere with the inversion accuracy [13].

In order to solve the above-mentioned problems, a wave height
inversion algorithm based on the power of first-order Bragg
peaks [14] is proposed. Because of the relatively high power
of first-order peaks, this method significantly increases the mea-
surement distance and makes it possible to distinguish the echo
azimuths by the direction-finding algorithm [15], thus allowing
the wave height map to be obtained. However, this method is
not suitable for high sea state, as the Bragg waves are usually
saturated in this case. In addition, the inversion performance is
influenced by the wave directional spreading [16].

The wave height inversion method based on the power ratio
of the second-order harmonic peak (SHP) over the first-order
peak [17], [18], [19] provides a solution to the inapplicability
problem in high sea state. The accuracy of this method is limited
by the SNR of SHP, so its accuracy and coverage of wave height
estimation in low sea state are challenging.

Inverting wave height from the power ratio of the first-order
peaks associated with two radar frequencies [20], [21] can
address the directional spreading problem, but it is not suitable
for short-distance application because the power ratio is not
sensitive to wave height variation in this case [22].

In summary, the existing HF radar wave height inversion
algorithms still have many challenges in terms of spatial
coverage, accuracy, and measurable wave height range.
Some researchers [23], [24] have attempted to use a neural
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network-based approach to invert wave height by combining
multiple Doppler spectral features as described previously, but
the improvements are limited.

In contrast, the surface current measurement capability of HF
radar has been widely recognized and applied [25], [26], [27].
Both the Ekman and Stokes components of surface current
are closely related to wave height. Thus, based on the surface
currents estimated by HF radar, a new wave height mapping
algorithm is proposed in this article. Initially, the tidal and
geostrophic components are estimated and removed from the
surface current and the remaining current is defined as the
ageostrophic residual current (ARC). Then, the wind direction is
extracted from the ratio of the positive frequency first-order spec-
tra to the negative one. Furthermore, a cascaded long short-term
memory (LSTM) network, which is composed of two stages, is
proposed to invert the wave height map from the ARCs and wind
directions. The first-stage divides the input data into two groups
of high and low sea states, and the second-stage performs wave
height inversion on each group separately. The final wave height
maps are generated after combining the inversion results of the
two groups.

The rest of the article is organized as follows. Section II
presents the theoretical background of the wave height inversion
algorithm. Section III details the inversion method. The retrieval
results of a field experiment and the discussion are given in
Section IV. Finally, Section V concludes this article.

II. THEORETICAL BACKGROUND

The sea surface current �U measured by HF radar can be
expressed as the sum of wind-induced current �Uw, wave-induced
current �Us, tidal current �Ut, and geostrophic current �Ug [28], [29]

�U = �Uw + �Us + �Ut + �Ug. (1)

Among these components, the ones most closely related to
wave height are �Uw and �Us, which are governed by Ekman
theory and Stokes mass transport theory, respectively.

A. Wind-Induced Current

A classical view of the wind-induced current is Ekman’s
solution of a momentum balance between the wind stress and
Coriolis force [30]. Under the assumption of a steady, homo-
geneous, horizontal flow with friction on a rotating Earth and
constant vertical eddy viscosity, the Ekman drift model can be
expressed as

�Uw =
�τe−iπ/4

ρw
√
fAz

sinh
[
(1 + i)(h− z)

√
f/(2Az)

]
cosh

[
(1 + i)h

√
f/(2Az)

] (2)

where �τ is the wind shear stress, i is imaginary unit, ρw is the
water density, f = 2ωE sinϕ is the Coriolis parameter, ωE is
the angular velocity of Earth, ϕ is the latitude, Az is the vertical
eddy viscosity in the water, h is the undisturbed water depth, z is
the vertical distance between the observation point and the sea
surface. The value of Az cannot be obtained theoretically and is
generally calculated from experimental observations.

The wind shear stress �τ can be written as [29]

�τ = ρaCDV10
�V10 (3)

where ρa is the air density, CD is the drag coefficient whose
value is related to the wind speed [31], and �V10 is the wind
vector at a height of 10 m above the sea surface.

Equations (2) and (3) suggest a quadratic relation between the
wind-induced current speed and the wind speed. However, since
Az and CD are not constants in practice, the real relationship is
more complicated.

When wind blows over the ocean surface, it transfers energy
to the water, causing not only currents but also waves. Many
studies have been done to obtain the wind wave spectrum, or
the relationship between wind and statistical characteristics of
waves, such as the wave height. One of the most widely applied
formulas was proposed by Sverdrup and Munk and later revised
by Bretschneider (SMB equation), which can be written as [32]

gHs

V 2
10

= 0.26 tanh

[
1

102

(
gF

V 2
10

)1/2
]

(4)

where g is the gravitational acceleration, Hs is the significant
wave height, and F is the wind fetch.

Another well-known formula is based on the JONSWAP wave
spectrum [32]

gHs

V 2
10

= 1.6× 10−3

(
gF

V 2
10

)1/2

. (5)

It can be concluded from (2), (4), and (5) that wind is the
main factor of both wind-induced current and wave height, so
the wind-induced current and wave height should be numerically
correlated.

B. Wave-Induced Current

In addition to winds, surface gravity waves also affect sur-
face currents through wave-induced currents and wave–current
interactions [33].

The wave-induced current component, i.e., the Stokes drift
�Us, can be estimated from wave energy spectrum distribution
E(Ω, θ) as the following [34]:

�Us =
2

g

∫ 2π

0

∫ ∞

0

Ω3κ̂e−2κzE(Ω, θ)dΩdθ (6)

where Ω is the sea wave radian frequency, θ is the sea wave
propagation direction,κ is the magnitude of wavenumber vector,
and κ̂ is the unit vector in the wave propagation direction.

The significant wave height can also be estimated from the
wave energy spectrum using the following equation [32]:

Hs ≈ 4

√∫ 2π

0

∫ ∞

0

E(Ω, θ)dΩdθ. (7)

Equations (6) and (7) suggest that the Stokes drift and the sig-
nificant wave height can be linked by the wave energy spectrum.

In addition to Stokes drift, waves also affect the acceleration
of surface currents by momentum fluxes from the atmosphere.
During wave growth, the momentum flux from winds that goes
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Fig. 1. Simulated current speed and direction at 1.9 m depth for different
wave heights. (a) Ekman drift speed. (b) Stokes drift speed. (c) ARC speed.
(d) Intersection angle between ARC and wind direction.

into currents is reduced by 10%− 30% since a portion of the
flux enters the wave field. After the waves have traveled a long
distance and time, they release their momentum to the surface
currents through wave breaking [33]. Moreover, wave–current
interactions result in small-scale surface current patterns, such
as Langmuir circulation cells [35] and rip currents [36].

C. Numerical Simulation

In order to further observe the relationship between surface
current and wave height, Fig. 1 presents the simulation results
based on (2) and (6). Fig. 1(a) and (b) shows the variation of
Ekman drift speed and Stokes drift speed with significant wave
height, respectively. Fig. 1(c) and (d) demonstrates how the
speed and direction of the sum of the Ekman drift and Stokes
drift vary with the significant wave height, respectively. In this
article, we define the sum of the two currents as ARC �Ua

�Ua = �Uw + �Us. (8)

Since the experimental data used in Section IV of this article
are provided by an HF radar operated at 13 MHz, which mea-
sures current at a depth of 1.9 m below the sea surface [37],
z is set to 1.9 m in the simulation. The undisturbed water
depth h is set to 27 m. Az is set as a linear function of depth
Az = 0.4z

√|�τ |/ρw [38]. The JONSWAP wave spectrum [39]
is adopted and the wind fetchF is set to 400 km. The mean wave
direction is assumed to be consistent with the wind direction.

Fig. 1 illustrates that with the increase of significant wave
height, the velocities of both Ekman and Stokes drifts increase,
with the latter increasing slowly at significant wave heights lower
than 2 m. As wave height increases, the speed of the ARC

Fig. 2. Procedure of wave height map inversion.

increases and its direction turns closer to the wind direction.
Apparently it is promising to invert wave height from the ARC
due to the strong correlation between them.

However, it is not suitable to calculate the wave height directly
from the ARC, first, because the existing analytical expressions
are not accurate enough due to the ignorance of many com-
plex wave–current interaction mechanisms, and second, because
some parameters in the analytical expressions are difficult to
determine, such as the wind fetch and the wave energy spectrum.
Therefore, a deep learning-based approach is proposed in this
article.

III. WAVE HEIGHT INVERSION METHOD

A. Algorithm Steps

Fig. 2 shows the steps of the wave height map inversion
algorithm proposed in this article.

Step 1: The radial current map is extracted from the raw radar
data.

When grazing-incidence HF electromagnetic waves illumi-
nate the sea surface, those sea waves propagating along the
radial direction with wavelengths half the wavelengths of the
electromagnetic waves generate Bragg scattering. In this case,
waves moving toward the radar produce first-order Bragg peaks
with positive frequencies in the Doppler spectrum of radar
echoes, and waves moving away from the radar produce negative
frequency first-order peaks. The power of the first-order peaks
is proportional to the first-order backscattering cross-section of
HF radar which is given by [1]

σ1(ω) = 26πk4
∑

m=±1

E(−2m�k)δ
(
ω −mωB + 2�k · �vc

)
(9)

where ω is the angular frequency of radio waves, �k is the wave
number vector of radio waves, and k is its magnitude. ωB is the
angular frequency of Bragg waves, δ(·) is Dirac function, and
�vc is the surface current. It can be seen that the surface current
can cause the shift of the first-order peaks relative to the Bragg
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frequency, i.e.,

Δω = 2�k · �vc = 2kvr (10)

where vr is the radial component of surface current. Thus, the
radial surface current can be calculated from the offset of first-
order peaks.

During extraction of the radial current map, the range cell
separation is achieved through pulse compression of the echoes,
and the specific steps include frequency mixing the echoes with
the transmitted frequency modulated interrupted continuous
wave (FMICW) signal, low-pass filtering and Fourier trans-
forming. The azimuth information is extracted using the digital
beamforming technique or the multiple signal classification
algorithm [15].

Step 2: The vector current map is synthesized using the radial
current maps from two or more HF radars.

Step 3: The tidal current map is estimated from the vector
current map with the method detailed in Section III-B.

Step 4: The geostrophic current is estimated and the ARC map
is calculated using the following equation, which is derived from
(1) and (8):

�Ua = �U − �Ut − �Ug. (11)

Step 5: The wind direction map is extracted from the raw radar
data.

In (9), if the ocean wave spectrum E(�κ) is expressed for
simplicity as a product of the omnidirectional ocean wave spec-
trum E(κ) and the wave directional spreading function G(θ)
[40], [41], [42] as follows:

E(�κ) = E(κ)G(θ) (12)

then the power ratio of the positive frequency first-order peak to
the negative frequency one is

R =
E(−2�k)

E(2�k)
=

G(π + θr − θw)

G(θr − θw)
(13)

where θr is the direction where the radar beam is pointing and
θw is the mean direction of sea waves with wavenumber 2 k. It
can be seen that if θw is assumed to be the same as the wind
direction, then the wind direction can be calculated from R.

Step 6: The wave height map is obtained by substituting the
wind direction map and the ARC map into the cascaded LSTM
network.

B. Tidal Current Extraction

Tidal currents are highly periodic, whereas other current
components are generally not. Using this feature, it is easy to
separate the tidal currents from the total ocean currents. The
most commonly used method is harmonic analysis [43].

The time series of vector current in each space cell U(t)
can be decomposed into the eastward component u(t) and the
northward component v(t)

U(t) = u(t) + iv(t). (14)

Since the tidal current can be represented by the sum of a
series of harmonic constituents, the two components of vector

current can be denoted as{
u(t) = u0(t) +

∑
j uj cos (σjt− ξj)

v(t) = v0(t) +
∑

j vj cos (σjt− ηj)
(15)

where u0(t) and v0(t) are the two orthogonal residual cur-
rent components. Residual current means the remaining por-
tion of the vector current after removing the tidal current.∑

j uj cos(σjt− ξj) and
∑

j vj cos(σjt− ηj) denote the two
orthogonal tidal current components. uj , ξj , vj , and ηj are
the harmonic constants at the frequency σj , which are usually
calculated using the least squares method. In this article, an open
source MATLAB toolbox T Tide [44] is used for the harmonic
tidal analysis, and the harmonic analysis and residual current
calculation are performed separately for each space cell.

C. Geostrophic Current Estimation

Geostrophic current is a steady flow when the horizontal
pressure gradient force is in equilibrium with the Coriolis force,
without considering the effect of sea surface winds and the
friction of seawater [45]{

fvg = g ∂η
∂x

−fug = g ∂η
∂y

(16)

where ug and vg are the zonal and meridional components of
geostrophic current, respectively, x-axis points east, y-axis is
northward. η is the sea surface dynamic height, which is the
deviation of sea surface from geoid. Currently, both the sea
surface height and geoid are generally determined by satellite
geodetic techniques. The spatial resolution of sea surface height
based on satellite altimetry data is about 20− 30 km, and that of
geoid based on satellite gravity field is about 100− 150 km.
The computational error in the geostrophic current due to
measurement errors in sea surface height and geoid is about
5− 20 cm/s on a spatial scale of 100− 150 km [46], [47]. Due
to the difficulty of obtaining a fine geostrophic current map
that match the spatial resolution of the HF radar (2.5 km), this
article approximates that the geostrophic currents are consistent
throughout the experimental sea area.

Geostrophic currents can also be estimated from field mea-
surements. The experimental sea area in this article is close to
the west coast of the Taiwan Strait, whose coastline is oriented in
a northeast–southwest direction. In order to facilitate the calcu-
lation of sea currents, the (x, y) coordinate system is rotated
to (xR, yR), where xR-axis points in the offshore direction,
yR-axis is along the Chinese coastline and positive poleward.
The (xR, yR) coordinate system is shown in Fig. 4. If the surface
and bottom stresses are taken into account, the following sea
current momentum equations can be obtained [48]:

fvR = g
∂η

∂xR
− τxR

h
+

τ bxR
h

(17a)

−fuR = g
∂η

∂yR
− τyR

h
+

τ byR
h

(17b)
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where (uR, vR) is the depth-averaged current vector in the
(xR, yR) coordinate system. (τxR, τ

y
R) is the wind stress vector

and (τ bxR , τ byR ) is the kinematic bottom stress vector (m2 s−2).
The bottom stress can be parameterized as τ bxR = σhuR,

τ byR = σhvR, where σ is a friction coefficient (∼ 1.66×
10−5s−1 [49]). In the near-coast regions, vR � uR, thus (17b)
can be approximated as [48]

σvR = −g
∂η

∂yR
+

τyR
h
. (18)

In near-shore areas it is useful to write η = η0 + η′, where η0
denotes a slowly varying large-scale sea level which is externally
imposed, and η′ is a fluctuating part which depends on the sea
current [50]. In the Taiwan Strait, the pressure gradient g∂η′/∂y
is small compared to g∂η0/∂y due to the Kuroshio and/or
warmer water of the South China sea [49]. In addition, the time
scale over which η0 changes (months and longer) is much longer
than that for wind to change (a few days to 1–2 weeks) [49]. So
the alongshore gradient ∂η/∂y can be considered to be stable
compared to the wind. Therefore, it can be concluded from (18)
that using measurements of alongshore wind speed and current
velocity at different moments, it is possible to fit a relationship
between them and derive the alongshore current velocity vR0

when the alongshore wind speed is zero. vR0 can be viewed as
the geostrophic current since it depends only on the gradient
∂η/∂yR.

A large number of studies have been conducted to calculate the
steady alongshore surface current in the Taiwan Strait, and they
are close in value [51], [52], [53]. For example, it is suggested
in Zhu et al.’s [52] work that this current is 0.1 m/s and pointing
northeast, which is adopted in this article. Since the time scale
for changes in the major component of the geostrophic current
(g∂η0/(σ∂y)) is comparable to or larger than the duration
of the experiment in this article (less than two months), it is
assumed that the geostrophic currents are constant throughout
the experimental period.

D. Design of LSTM Network

LSTM network is a typical recurrent neural network (RNN).
Its main advantage lies in the ability to remember the past
information for a long time, and at the same time, it can avoid
the problems of gradient disappearance and gradient explosion
that are prone to occur in the traditional RNN, which enables the
network to better handle long sequential data. The sea surface
current data dealt with in this article are long time series, and
data at different moments are correlated. Hence LSTM network
is adopted.

Fig. 3(a) shows the ARC speed varying with the significant
wave height at the same location. The ARC speed is extracted
from HF radar data and the wave height is measured by a buoy
in the radar coverage. It can be seen that when wave height is
low, the ARC is insensitive to the change in wave height, while
when wave height is high, there is a strong correlation between
the ARC and the wave height.

Fig. 3(b) shows a scatter plot of the intersection angle between
ARC and wind direction relative to the wave height. The former

Fig. 3. (a) Radar-measured ARC speed versus buoy-measured significant
wave height. (b) Intersection angle between radar-measured ARC and wind
direction versus buoy-measured significant wave height.

is retrieved from HF radar data and the latter is provided by the
buoy. The intersection angles are scattered over a wide area at
low wave heights, but clustered over a narrow range at high wave
heights.

Comparing Fig. 3(a) and (b) with Fig. 1(c) and (d), respec-
tively, it can be seen that the trends of ARC speed and direction
with wave height for the measured data are close to those of the
numerical simulations, although not exactly the same in value.
The measured angles between ARCs and wind directions at
low wave heights are very different from the simulation results,
largely due to the big error in wind direction measurements in
this case caused by the unsteady airflow. In addition, at low wave
heights, ARC is low in speed and thus is easily to fluctuate under
the influence of the surrounding environment, which leads to the
instability of its direction. At high wave heights, ARC is similar
in direction to a theoretical Ekman current at the surface (45◦ to
the right of the wind), indicating that the wind-induced current
is the main component of ARC in this case.

The input variables for the cascaded network contain the zonal
and meridional components of the ARC and the wind direction.
It can be seen from Fig. 3(b) that although the intersection angle
between ARC and wind direction does not highly correlate to
the wave height, its distribution range does. Therefore, wind
direction is also used as an input variable to the cascaded
network.

Since the distribution characteristics of the ARC with respect
to the wave height at high sea state are quite different from those
at low sea state, using different inversion models for high and
low sea states is beneficial to improve the inversion accuracy,
which is why a cascade-structured network is adopted in this
article. Based on the data characteristics shown in Fig. 3(a)
and (b), wave heights below 1 m are defined as low sea state
and those above 1 m are defined as high sea state.

The cascaded LSTM network can be divided into two stages.
As Fig. 2 shows, the first stage is the sea state classification
model, which divides the input data into two groups of high
and low sea states. The second stage contains two models, one
performing wave height inversion for low sea state data and one
processing high sea state data. The final wave height maps are
obtained by combining the wave height values from these two
models.
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Fig. 4. Experimental map in Taiwan Strait. Two stars mark the radar sites
(XIAN and SHLI) and one dot marks the buoy. The two black arrows indicate
the coordinate system of (17) (cross-shore and alongshore).

TABLE I
HF RADAR PARAMETERS

IV. EXPERIMENTAL RESULTS AND DISCUSSION

A. Experiment Background

To verify the performance of the proposed method, experi-
mental data obtained from February to March in 2013 on the
western side of Taiwan Strait are used. As shown in Fig. 4,
during the experiment, two HF radars were deployed in XIAN
and SHLI, respectively, which are 60.5 km apart. The transmit-
ting waveforms of both radars are FMICW, and the receiving
antennas are compact monopole/cross-loop antennas. The two
radars are capable of achieving 100 km of ocean surface current
observations, whose coverage area are marked by the sectors in
Fig. 4. The main operating parameters are given in Table I.

The ground truth data used to evaluate the algorithm perfor-
mance come from two sources. One is a buoy deployed at a
distance of 46 and 42 km from XIAN and SHLI, respectively, as
shown in Fig. 4, which measures wave height, surface current,
wind speed and direction every half hour. The other is the numer-
ical wave height field provided by European Center for Medium-
range Weather Forecasts (ECMWF) [54]. In order to spatially
and temporally align with the radar wave height inversion results,
the initial numerical wave field with a temporal resolution of 6 h
and a spatial resolution of 0.125◦ × 0.125◦ is linearly interpo-
lated in three dimensions (time, latitude, longitude), resulting
in a temporal resolution of 0.5 h and a spatial resolution of
0.025◦ × 0.025◦. The correlation coefficient (CC) between the
wave heights from the buoy and the numerical model at the buoy
position is 0.98 and the mean square deviation is 0.21 m.

Fig. 5. Radar-measured (a) vector current map, (b) ARC map, and (c) wind
direction map at 1:30 A. M. Feb. 11. The color bar denotes the current velocity
in m/s.

TABLE II
SIGNIFICANT TIDAL CONSTITUENTS AT THE LOCATION OF THE BUOY

B. ARC Map and Wind Direction Map

Fig. 5(a) shows a typical vector current map obtained during
the experiment. The velocities range from 0.5 to 1 m/s and are
slightly greater in areas near the coast than away from the coast.
The directions are mainly southwest and parallel to the coastline.
The vector currents measured by the radars at the location of
the buoy are in good agreement with the buoy measurements.
Using the buoy data as the ground truth, it is calculated that the
root-mean-square error (RMSE) and CC are 0.091 m/s and 0.93
for current velocity and 28.4◦ and 0.94 for current direction,
respectively [55].

Table II gives the four main tidal components obtained from
harmonic analysis of the radar-measured currents at the location
of the buoy, where freq means frequency in cycle per hour
(cph), vmax is the maximum velocity, and vmin is the minimum
velocity. It can be seen that the M2 tidal component is the most
significant constituent, which suggests that the tidal current here
is predominantly semidiurnal.

Subtracting tidal and geostrophic currents from the vector
currents gives the ARCs, as shown in Fig. 5(b). The velocities
are between 0.1 and 0.5 m/s, which are significantly reduced
compared to the vector current velocities. The directions are
mostly southwest and nearly parallel to the coastline.
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Fig. 6. Structure of LSTM sea state classification model.

Fig. 5(c) shows the radar-measured wind direction map at
the same moment. The wind directions in the lower part of the
map are close to the directions of ARCs in the same area. Using
the ECMWF-provided numerical model as the ground truth, the
RMSE of the radar’s wind direction measurements is calculated
as 45.4◦. This error is larger than that documented in the existing
literature [55], mainly because the former is the result of a large
sea area comparison and the latter is the result of a single point
comparison. As stated in Section III-D, it is the variation range of
the angle between ARC and wind direction rather than the angle
value itself that is utilized to estimate wave height, so the wind
direction is still used as an input parameter despite its large error.

C. Result of Sea State Classification Model

Fig. 6 shows the structure of the LSTM sea state classification
model, which includes an input layer, a hidden layer, a fully
connected layer (FC layer), and a softmax classifier. The data
entering the input layer include the two orthogonal components
(latitudinal and meridional) of the ARCs and the wind direc-
tions. The hidden layer, which contains 200 LSTM neurons,
maps the input data to high-dimensional feature space and learns
the dependency relationships between the data based on their
recurrent structures for feature extraction. The FC layer maps
the high-dimensional features output by the hidden layer to the
label space. The softmax classifier calculates the probability that
the input data at each moment corresponds to a high sea state and
the probability that it corresponds to a low sea state, respectively.
Whichever of these two probabilities is greater than 0.5, the input
data at this moment is classified into the corresponding sea state
category, i.e., either the high sea state category or the low sea
state category.

During the two-month experiment, a total of 2670 sets of
data were acquired at a 0.5-h interval, of which the first 70%
(1869 sets) are used for model training and the second 30%
(801 sets) are used for testing. When training the model, the sea
state categories obtained from the buoy-measured wave heights
are used as the labels, the training epochs is 100, the batch size
is 32, the initial learning rate is 0.001, and the Adam optimizer
is used.

In order to evaluate the performance of LSTM sea state
classification model, two other classification models based on
backpropagation (BP) neural network and support vector ma-
chine (SVM), respectively, are used for comparison. These two
models are trained using the same datasets as the LSTM model.

Fig. 7. Spatial distribution of accuracy for three sea state classification models.
(a) BP model. (b) SVM model. (c) LSTM model. The color bars denote the
classification accuracy.

Taking the sea state categories corresponding to the buoy
measurements as the true categories, the classification accura-
cies in the grid where the buoy is located computed using the
testing datasets are: BP—0.92, SVM—0.92, LSTM—0.96. All
three models have over 0.9 accuracy, with the LSTM network
having the highest. Accuracy is defined in this article as the
ratio of the number of samples with correct category judgments
to the total number of samples tested. In order to test the
spatial generalization ability, the three models are applied to
all spatial grid cells within the radar’s coverage, and the outputs
are compared with the sea state categories corresponding to the
numerical wave fields. Fig. 7 shows the classification accuracies
calculated using the testing datasets. Over a wide range of sea
surface, the accuracies of all three models are above 0.8. The
LSTM model has the highest accuracy, which can be attributed
to the fact that the LSTM model better utilizes the temporal
correlation of the input data.

D. Result of Wave Height Inversion Model

Based on the sea state category results, the ARC and wind
direction data can be categorized into two groups: high and low
sea states. The high sea state wave height inversion model and
the low sea state wave height inversion model process these two
groups of data, respectively. The final wave height inversion
results are obtained by combining the outputs from these two
models. The high sea state inversion model and the low sea
state inversion model have the same structure, but since they are
trained separately using different data, they have different model
weights. Fig. 8 shows the structure of each LSTM wave height
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Fig. 8. Structure of LSTM wave height inversion model.

Fig. 9. Schematic diagram of grouping and combing data. Circles and dia-
monds in red indicate data that are categorized into the high sea state group and
those in blue indicate data that are categorized into the low sea state group.

inversion model, which consists of an input layer, a hidden layer
and an FC layer. The input layer inputs the categorized time
series data, and the hidden layer, which contains 300 LSTM
neurons, performs the feature extraction and learning. The FC
layer is used to linearly transform the high-dimensional features
output by the hidden layer into the network prediction results,
i.e., the wave heights. Fig. 9 illustrates how the output data from
the two inversion models are combined into the final wave height
inversion results. In the input time series, the six datasets are
numbered in chronological order. The input data are then cate-
gorized into two groups: high sea state and low sea state. The red
circles indicate data that are treated as high sea state data and the
blue circles indicate data that are considered to be low sea state
data. The order of the datasets is changed after grouping, but the
original moments corresponding to each dataset are additionally
recorded. Two inversion models perform wave height inversion
for these two groups, respectively, and the outputs of the models,
which are represented by red and blue diamonds, are in the same
order as the grouping results. Finally, the outputs of the two
inversion models are rearranged in chronological order based
on the original moments corresponding to each dataset recorded
earlier.

Based on the buoy-measured wave heights, the 1869 training
sets are divided into 1071 high sea state training sets and 798 low
sea state training sets, and the 801 testing sets are divided into
465 high sea state testing sets and 336 low sea state testing sets.
When training the wave height inversion models, the training
epochs is 300, the batch size is 32, the initial learning rate is
0.001, and the Adam optimizer is adopted.

Fig. 10. Wave heights at the buoy’s location. (a) BP models. (b) SVM models.
(c) LSTM models. (d) LSTM models and numerical wave height field.

In order to evaluate the performance of LSTM-based wave
height inversion models, wave height inversion models based
on BP network and SVM are also designed for comparison.

Fig. 10 shows the wave heights at the location of the buoy
retrieved from the testing datasets. Each plot is a combination
of the outputs from the high sea state inversion model and the low
sea state inversion model constructed using the same method.
In Fig. 10(a)–(c), the buoy measurements are plotted as the
ground truth data, and in Fig. 10(d), the ground truth data are
the numerical wave height field outputs. The RMSE and CC
corresponding to each plot are calculated. It can be seen that the
LSTM models have the lowest error, especially in low sea state.

E. Result of Cascaded Model

As Fig. 2 shows, the cascaded model in this article refers
to a model constructed by cascading a sea state classification
model and two wave height inversion models. The sea state
classification model and the wave height inversion models are
trained separately. When training the two wave height inversion
models for high and low sea states, the input data are classified
according to the buoy-measured wave heights which are treated
as the real wave heights in this article. That is, during the training
phase, the wave height inversion models are not related to the sea
state classification model. After the training is finished, they are
cascaded to use, i.e., the input data of the wave height inversion
models are classified according to the outputs of the sea state
classification model.



TIAN et al.: WAVE HEIGHT MAPPING FROM HF RADAR-MEASURED SURFACE CURRENT DATA BASED ON A CASCADED LSTM NETWORK 15785

Fig. 11. Spatial distribution of wave height inversion errors for LSTM-LSTM
model. (a) CC. (b) RMSE in m.

Fig. 12. Number of spatial grids with wave height inversion errors in different
intervals. (a) CC. (b) RMSE.

The comparisons in Section IV-C illustrate that the LSTM-
based sea state classification model has the highest accuracy and,
therefore, the LSTM classification model is combined with the
inversion models constructed by three methods, respectively,
to form three cascaded models, LSTM-BP, LSTM-SVM, and
LSTM-LSTM. Using the numerical wave height field as the
ground truth, wave height inversion errors in different spatial
grids in radar coverage can be calculated. Fig. 11(a) and (b)
shows the CCs and RMSEs for LSTM-LSTM model computed
using the testing datasets, respectively. CCs are basically dis-
tributed between 0.85 and 0.95, and RMSEs between 0.30 and
0.45 m. The spatial variability in error performance may be
caused by the spatial differences in geostrophic currents. In the
process of calculating the ARCs, the geostrophic currents are set
to be the same throughout the experimental area, which is not
realistic and will inevitably introduce an error into the inversion
results. Although how large this error is cannot be estimated
at this time due to the lack of ground truth data, the inversion
results suggest that the effect of the geostrophic current errors
on the wave height inversion is within the range of reception.

Fig. 12 gives the correlation and error histograms for the three
cascaded networks LSTM-BP, LSTM-SVM, and LSTM-LSTM.
In Fig. 12(a), the LSTM-LSTM network has the highest CC
overall. The mean values of CCs for the three networks LSTM-
BP, LSTM-SVM, and LSTM-LSTM are 0.79, 0.81, and 0.90,
respectively. In Fig. 12(b), the average RMSEs for the three
networks are 0.61, 0.55, and 0.35, respectively. In summary,
LSTM-LSTM network has the best inversion accuracy and
therefore serves as the final selected inversion network.

Fig. 13. Wave height maps measured in low sea state. (a) Noncascaded LSTM
network. (b) Cascaded LSTM network. (c) Numerical wave height field. (The
buoy-measured wave height is 0.6 m. The wave heights where the buoy is located
in (a), (b), and (c) are 0.78, 0.55, and 0.58 m, respectively.).

F. Ablation Experiment

In order to verify the benefit of the cascade structure on the
accuracy of wave height inversion, an ablation experiment is
performed considering a noncascaded LSTM network without
a sea state classification model. The input data to the noncas-
caded network are the ARCs and wind directions that have not
been classified by sea state, and the output data are the wave
height values. The training datasets and hyperparameters are
kept consistent with the those of the cascaded LSTM network in
Section IV-D. Fig. 13 shows the wave height maps obtained by
the noncascaded and cascaded LSTM networks, respectively, in
the low sea state case, as well as the numerical wave height field
at the same time. The numerical wave heights range from 0.52
to 0.62 m with a mean value of 0.56 m. Wave heights calculated
by the noncascaded network are significantly higher than the
numerical wave height field, ranging from 0.10 to 1.54 m, with
a mean value of 0.86 m. The cascaded network generated wave
height ranges from 0.48 to 0.80 m, with an average value of
0.60 m, which is closer to the numerical wave height field than
that of the noncascaded network.

Fig. 14 compares the inversion results of noncascaded and
cascaded LSTM networks in the high sea state. The measure-
ment mean values of the two networks are 2.08 and 2.13 m,
respectively, with the latter being closer to the numerical wave
height field with a mean value of 2.53 m.

From the above-mentioned comparison, it can be seen that the
inversion accuracy of the cascade network is higher, especially
in the low sea state. The reason is that the relationship between
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Fig. 14. Wave height maps measured in high sea state. (a) Noncascaded LSTM
network. (b) Cascaded LSTM network. (c) Numerical wave height field. (The
buoy-measured wave height is 2.3 m. The wave heights where the buoy is located
in (a), (b), and (c) are 1.79, 2.03, and 2.52 m, respectively.).

wave height and ARC in the low sea state is different from that
in the high sea state, so separating the low and high sea state data
before inversion can greatly improve the inversion accuracy.

V. CONCLUSION

In this article, a wave height map inversion method using
HF-radar measured surface currents and wind directions is pro-
posed. Through theoretical analysis and numerical simulation,
it is concluded that the sum of wind-induced current and wave-
induced current is closely related to the wave height. This sum
of currents, which is defined in this article as the ARC, can be
obtained by removing the tidal and geostrophic currents from
the vector current. According to the buoy-measured data, it is
found that the ARC changes differently with wave height in
high and low sea states, so a cascaded LSTM network is used
for wave height inversion which is composed of two stages. The
first stage divides the ARC and wind direction data into two
groups, high sea state, and low sea state, and the second stage
performs wave height inversion for each of the two groups. The
final wave height maps are combinations of the inversion results
of the two groups. By comparing with the numerical wave height
field, the RMSE of the radar retrieved maps is calculated to be
0.35 m and the CC to be 0.90.

There are several papers that use other different wave height
inversion methods for the same radar experimental data as in
this article. Their results are described in the following for
comparison with the method of this article.

It is difficult to obtain the wave height map using the algorithm
based on the second-order continuum spectrum due to its low
SNR, so the comparison experiment is performed only between

the inversion results of this algorithm at a distance of 10.5 km
from XIAN station and the buoy measurements, which yields
an RMSE of 0.6 m and a CC of 0.87 [55].

Using an algorithm based on the power ratio of the SHP to
the Bragg peak, the wave height maps can be obtained, which
have an RMSE of 0.33–0.77 m and a CC of 0.78–0.94 if the
buoy measurements are taken as the ground truth data [19].
The accuracy of this algorithm in the center region of the radar
coverage is close to that of the proposed algorithm in this article
(RMSE 0.30–0.45 m, CC 0.85–0.95), but due to its sensitivity
to the SNR of the SHP, it is less accurate in the border region
and in low sea states.

The wave height inversion algorithm based on first-order
peak power can also generate wave height maps, but at a radar
frequency of 13 MHz, the sensitivity of first-order peak power
to wave height is low, so this algorithm is not applicable [14].

In summary, the algorithm proposed in this article has compa-
rable or better inversion accuracy than existing algorithms, and
with fewer limitations on the spatial range and radar operating
frequency. However, the experimental data processed in this
article all correspond to wave heights lower than 5 m, so the
inversion accuracy at higher sea state still needs to be examined.

As described in Section III-C, this article assumes that the
geostrophic currents are the same throughout the experimental
sea area and constant over the duration of the experiment. Due
to the lack of the ground truth data of geostrophic currents, it
is impossible to give the errors of the geostrophic currents in
this article. However, the wave height inversion results show
that the above-mentioned assumptions are reasonable. If the
wave heights are to be inverted over a longer time span, the
variation of the geostrophic currents with time cannot be ne-
glected. Measurements of sea level anomalies from satellites or
buoys can be used to correct the geostrophic current values.
Alternatively, the cascaded LSTM network can be retrained
using wave heights from buoy measurements or from other HF
radar algorithms (e.g., second-order continuum spectrum-based
algorithm) to compensate for wave height inversion errors due
to changes in the geostrophic currents.

In the tidal current extraction of this article, the harmonic
constants of each space cell are assumed to be invariant during
the whole experiment, so the harmonic analysis is only done
once for each space cell. However, if the tidal currents are to be
calculated over a longer time span, such as one year, the change
of harmonic constants over time should be considered and
multiple harmonic analyses are required. The interval between
two adjacent harmonic analyses can be set from a few days to a
month.

Currently, this method has only been used on the western side
of Taiwan Strait, and its performance in other sea areas needs
to tested. If the method is to be applied to other sea area, there
are two problems that need to be solved. First, the geostrophic
current information of this sea area must be known. Second, if
swells are significant in this sea area, the relationship between
ARC, wind direction and wave height will be more complicated
than that in the experimental sea area in this article, which is
dominated by wind waves, so the model needs to be retrained
and possibly restructured if necessary.
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