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Abstract

The HY-2A satellite, which is equipped with a radar altimeter and was launched on August 16, 2011, is the first
Chinese marine dynamic environmental monitoring satellite. Extracting ocean tides is one of the important
applications of the radar altimeter data. The radar altimeter data of the HY-2A satellite from November 1, 2011 to
August 16, 2014 are used herein to extract global ocean tides. The constants representing the tidal constituents are
extracted by HY-2A RA data with harmonic analysis based on the least squares method. Considering tide aliasing
issues, the analysis of the alias periods and alias synodic periods of different tidal constituents shows that only the
tidal constituents M,, N,, and K, are retrieved precisely by the HY-2A RA data. The derived tidal constants of the
tidal constituents M,, N, and K, are compared to those of tidal gauge data and the TPXO tide model results. The
comparison between the derived results and the tidal gauge data shows that the RMSEs of the tidal amplitude and
phase lag are 9.6 cm and 13.34°, 2.4 cm and 10.47°, and 8.1 cm and 14.19° for tidal constituents M,, N,, and K,,
respectively. The comparisons of the semidiurnal tides with the TPXO model results show that tidal constituents
have good consistency with the TPXO model results. These findings confirm the good performance of HY-2A RA

for retrieving semidiurnal tides in the global ocean.
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1 Introduction

An ocean tide refers to the periodic vertical fluctuation and
horizontal reciprocating movement of sea water under the ac-
tion of celestial body tidal forces, such as the moon and the sun.
Tides are an important factor affecting sea surface fluctuations
and variations in ocean circulation and have an important im-
pact on the variations in Earth’s rotation and the restoration of
satellite gravity fields. People began to study ocean tides very
early, and ocean tide studies have gone through several develop-
mental stages. In 1687, Newton proposed the equilibrium tide
theory based on statics, marking the beginning of modern tide re-
search. In 1776, Laplace organically combined tidal statics and
dynamics to establish the Laplace tidal equations. In 1883, Dar-
win (2009) proposed a harmonic tidal analysis method. Doodson
(1921) quoted a more precise lunar motion formula to further de-
rive the harmonic expansion of tides. Munk and Cartwright
(1966) proposed a tidal response analysis method based on the
idea of signals and systems. In 1975, Groves et al. corrected the
response function and proposed the orthogonal response meth-
od (Zhang et al., 2015). In 1980, the first global ocean tide model
was constructed (Schwiderski, 1980). Inspired by the needs of
navigation and restricted by in situ observations, the knowledge
of ocean tides remained confined to the vicinity of coastlines and
midocean islands where tides can be directly observed. Although
global ocean tide studies are attractive, challenges must be faced
when conducting this research due to the lack of observational

data. At the same time, global ocean tide research critically influ-
ences the study and application of many fields, especially
geodesy, geophysics and astronomy (Lambeck, 1977).
Determining accurate cotidal charts is the key to global ocean
tide research. Historically, tides were measured only by tide
gauges along continental coastlines or by bottom-pressure re-
corders located at a few hundred deep-sea sites near islands.
Since the advent of satellite altimetry in the late 1970s, tide stud-
ies have entered a new era called the “Altimetry Era”. Altimeters
can directly measure travel times, thus recording the distance
from the satellite to the sea surface. After various range correc-
tions, the sea surface height can be calculated relative to the ref-
erence ellipsoid. Therefore, each observation point on the satel-
lite ground track can essentially be regarded as a tide gauge sta-
tion in the ocean. The advent of satellite altimetry has been totally
revolutionary: it offers, for the first time, a means to estimate
tides everywhere over the global oceans. The Geosat satellite
launched in 1985 provided the first altimetric data for global tide
research, and a global ocean tide model with an improved accur-
acy over the Schwiderski model was derived (Cartwright and Ray,
1991). Le Provost (2001) identified four main approaches for the
development of tidal models using satellite altimeter data. These
approaches include the direct empirical tidal analysis of alti-
metry; the empirical tidal analysis of altimeter residuals after first
removing a prediction derived with an adopted prior model; the
tidal analysis of altimetry in terms of some kind of spatial basis
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functions; and the use of inverse methods that solve the hydro-
dynamic equations via data-assimilation techniques. The direct
empirical tidal analysis altimetry methods mainly include two
kinds: harmonic analysis methods (Doodson, 1921, 1958) and or-
thotide formulation methods (Munk and Cartwright, 1966). Since
the launch of TOPEX/POSEIDON (T/P) and its successors
(Jason-1/2/3 and other altimetry missions), studies on global
ocean tides have progressed dramatically with the development
of models with unprecedented accuracies by many authors.
These latest global ocean tide model versions include GOT4.8
(Ray, 1999), NAO.99 (Matsumoto et al., 2000), OSU12 (Fok, 2012),
DTU10 (Cheng and Andersen, 2011), EOT20 (Hart-Davis et al.,
2021), HAM12 (Taguchi et al., 2014), FES2014 (Carrere et al.,
2016) and TPX09 (Egbert and Erofeeva, 2002). These various
models have been compared and evaluated against different
global ocean tide models (Shum et al., 1997; Stammer et al.,
2014).

The first Chinese ocean dynamic environmental satellite, HY-
2A, was launched on August 16, 2011; this satellite first flew on a
14-day repeat polar sun-synchronous orbit with a mean altitude
0f 971 km. Since March of 2016, the HY-2A satellite course
changed to a 168-day repeat orbit with a mean altitude of 973 km
to complete the geodetic mission. A dual-frequency radar alti-
meter (Ku-band and C-band), which was designed to measure
the sea surface height (SSH), sea surface wind speed, and signi-
ficant wave height, was equipped on the HY-2A (Jiang et al.,
2012). The HY-2A satellite stopped working in June of 2020. HY-
2B, HY-2C and HY-2D, the successors of HY-2A, are also equipped
radar altimeters and were launched on October 25, 2018,
September 21, 2020 and May 19, 2021, respectively. With the 14-
day repeat-orbit HY-2A SSH data covering a period more than 2.5
years, the global ocean tides can be retrieved by the HY-2 alti-
meter.

In this paper, the preliminary global ocean tide results re-
trieved by the HY-2A radar altimeter are presented with the tide
harmonic analysis method, and the results are compared to tidal
gauge data and the results of the TPXO tide model. The second
section provides a brief overview of the HY-2A data, tidal gauge
data, TPXO model and harmonic analysis method. In the third
section, global ocean tides are retrieved from the HY-2A alti-
meter data. The fourth section analyzes the retrieved global
ocean tide results by comparing the results to tidal gauge data
and the TPXO model results. Finally, the main results of this pa-
per are concluded in the fifth section.
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2 Data and methods

2.1 HY-2A radar altimeter data

The HY-2A satellite, which is equipped a radar altimeter (RA),
was the first Chinese oceanic dynamic environment monitoring
satellite. The HY-2A RA has a repeat cycle of 14 days, and there
are 386 passes in a single HY-2A cycle. The along-track spatial
resolution is approximately 7 km. The maximum distance
between two adjacent tracks at the equator is close to 200 km.
The latitude coverage is between 80°S and 80°N. Limited by the
display effect, it is impossible to clearly show all the ground or-
bits of the HY-2A RA in one map. The ground tracks in the north-
ern Pacific Ocean are shown in Fig. 1. Time-series SSH data can
be obtained at the same measuring points from the long-period
HY-2A RA data. The level-2 GDR data of the HY-2A RA during the
period spanning from November 1, 2011 to August 16, 2014 (75
cycles), distributed by the National Satellite Ocean Application
Service (NSOAS), are used in this study. The altitude of the satel-
lite, the range between the satellite and sea surface, all range cor-
rections, including the dry and wet tropospheric corrections,
ionospheric corrections, sea state bias corrections and other geo-
physical corrections, are involved in the GDR data of HY-2A RA,
and the SSH can be calculated using these parameters.

2.2 Tidal gauge data

To validate the tidal harmonic constants of the different tidal
constituents retrieved by the HY-2A RA data, tidal constants from
the Permanent Service for Mean Sea Level and World Ocean Cir-
culation Experiment (WOCE) are collected in this study. Pelagic
tidal constants (for tidal constituents Q,, O,, P;, K, Ny, M,, S,,
and K,) are derived from sea bed pressure recorders located re-
motely from land (Smithson, 1992). Tidal harmonic constants
(the amplitude and phase lag of each tidal constituent), which
were produced by analyzing the full multiyear time series recor-
ded at each station, are derived from the WOCE “delayed-mode”
sea level Data Assembly Centre operated by BODC and used in
this study. In addition, the tidal constants in the Chinese coastal
area are also used (Fang et al., 2004; Zu et al., 2008). A total of 119
stations are considered, and the spatial distribution of these tidal
gauge data is shown in Fig. 2.

2.3 TPXO tide model
TPXO09 is the latest version of a series of tidal solutions (eleva-

tions plus barotropic currents) produced using a representer-
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Fig. 1. Sketch map of the ground tracks of the HY-2A RA in the northern Pacific Ocean. The black lines show the ground tracks of the

HY-2A RA.
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Table 1. Initial phase and angular speed of the tidal constituents

Fig. 2. Spatial distribution of the tidal constant data used in the
study. The triangles indicate the locations of the tidal gauges.

based variational scheme to assimilate satellite altimetry data,
and sometimes other data, into a global shallow-water model
(Egbert and Erofeeva, 2002). Fifteen tidal constituents named M,,
S,, N, K,, K, 0,, P,, Q;, Mm, Mf, M,, Mn,, MS,, 2n, and S, are in-
cluded in the TPXO atlas. TPX09 has a resolution of (1/6)°. Com-
pared to other tidal models, the TPXO9 model has the best preci-
sion and spatial resolution in the global ocean, so the tidal con-
stants of the TPXO9 model are used herein to validate the global
ocean tides retrieved from the HY-2A RA data.

2.4 Tidal harmonic analysis method

According to equilibrium tide theory, a tide can be regarded
as the superposition of many tidal constituents with different
cycles. In this study, eight tidal constituents (M,, S,, N,, K,, K;, O,
P,, and Q,) are considered. The harmonic analysis expression of
the tide height at any point on the satellite orbit can be described
as follows (Doodson, 1958; Fang et al., 1986, 2004):

8
h(t) = Hy + ZfiHicos[wit—l- (Voi + ui) — g, (D

i=1

where h is SSH relative to mean sea surface obtained by the alti-
meter, ¢is the altimeter measuring time, H; is the mean sea sur-
face, H is the amplitude of the tidal constituent, g is the phase lag
of the tidal constituent, w is the angular speed, fis the nodal
factor, and V, + uis the initial phase of the equilibrium tide, with
u representing the nodal adjustment angle of the initial phase.
The initial phase and angular speed are listed in Table 1. The
nodal factor fand nodal adjustment angle u for different tidal
constituents are given in Appendix.

s, hy, p, Nand p, used in Table 1 and Appendix are basic as-
tronomical elements that can be obtained using the following ex-
pressions.

s =277.02 + 129.384 8 (y — 1900) + 13.176 4 (D +Y+ 2—1)
hy = 280.19 — 0.238 7 (y — 1900) + 0.985 7 (D +Y+ 2—2)

p = 334.39 + 40.662 5(y — 1900) + 0.111 4 (D +Y+ i)
N = 259.157 — 19.328 2(y — 1900) — 0.053 0 (D +Y+ 2—2)

t
p1 = 281.22 + 0.017 2(y — 1900) + 0.000 05 (D +Y+ ﬂ> :

@

where y is the year of measurement, D is the number of days from
1January of year y (where 1 January is the Oth day), Y'is the num-

Tidal constituent Vy /() o/((°)-h1)
M, 360—2S+2h1 28.984 104 24
S, 360 30.000 000 00
K, 360+2h1 30.082 137 28
N, 360—3S+2h1+p 28.439 729 54
K, 90+h1 15.041 068 64
0, 270—23+h1 13.943 035 59
P, 270—]’11 14.958 931 36
Q, 270-3s+h+p 13.398 660 88

ber of leap years from 1900 to year y, and t is the hour.
Expression (1) can be expanded to the following equation:

8
h(t) =H, + Z{Hificos gicos [w;t + (Vo; + w;)] +
i=1
Hf;sin g;sin [w;t + (Voi + ui)]}, ©)

8
h(t) = H0+Z{Aif,»cos [wit + (Voi + w;)|+Bifisin [w;t + (Vo + wi)]},

i=1
“4)

where A; = H;cos g; and B; = H;sin g;.

With the time series data representing altimeter-measured
SSHs, parameters A and B can be resolved by the least square
method. Then, the constants of the tidal constituents can be ob-
tained by determining A and B.

3 Tidal analysis

Performing a global ocean tide analysis using HY-2A RA data
mainly involves three steps. First, the HY-2 RA data are prepro-
cessed, and the SSH relative to the mean sea surface (that is, the
sea level anomaly or SLA) is obtained at each point on the ground
track. Second, to determine the reference cycle of HY-2A RA and
to collinearly process all cycle data to the time series data of each
point on the ground track of the reference cycle, a 3o-standard is
used to eliminate outliers in the time series data. Finally, tidal
constants are obtained by the HY-2A RA time series data using
the least square method. The technical flow of the process by
which global ocean tide analysis is performed using HY-2A RA
data is shown in Fig. 3.

3.1 HY-2A RA data processing

A satellite altimeter directly measures the distance from the
satellite to the instantaneous sea surface. Because the traveling of
electromagnetic waves is affected by physical factors such as the
atmosphere during their propagation process, it is necessary to
perform dry and wet tropospheric corrections, an ionospheric
correction, a sea state bias correction, an inverted barometer cor-
rection and a high-frequency fluctuation correction to calculate
the SSH. In addition, the mean sea surface (MSS), solid earth tide
(SET), pole tide (PT) and load tide (LT) are removed from the
SSH to obtain the sea surface height information (also called the
sea surface height anomaly or SLA), which is used in the sub-
sequent tidal analysis considering altimeter data. The expression
used to calculate the SLA is given as follows:

h =SSH — MSS — SET — PT — LT = Hy — (R + Ra+
Ry + Ri + Rssp + IB + HF) — MSS — SET — PT — LT,  (5)

where H,, is the altitude of the satellite, R is the range measured
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Fig. 3. Technical flow of the tidal analysis process using HY-2A
RA data.

by the altimeter, R, is the dry tropospheric correction, R, is the
wet tropospheric correction, R; is the ionospheric correction, Rggp
is the sea state bias correction, IB is the inverted barometer cor-
rection and HF is the high-frequency fluctuation correction. The
MSS is obtained from the CNES_CLS2015 model (Pujol et al.,
2018).

According to the data quality control standards (data editing
criteria) provided in the HY-2A RA user manual, the SLA data of
all HY-2A RA cycles are calculated using the level-2 GDR data
provided by NSOAS. Considering that the tide heights are less
than 5 m in most areas of the global ocean, any HY-2A RA SLAs
larger than 5 m are removed. The repetition period of the HY-2A
RA is 14 days. In theory, this means that the ground tracks repeat
exactly every 14 days and that the measurement of every point on
the ground track is repeated exactly every 14 days. However, the
ground tracks of different cycles exhibit little differences due to
orbital drift. To obtain the SLA time series on the same measur-
ing point of the ground track, the reference cycle must first be de-
termined by comparing the different HY-2A RA cycles. The HY-
2A RA cycle with the most observation data is regarded as the ref-
erence cycle. More than 220 000 measuring points are contained
in each reference cycle. Then, the HY-2A RA data of different
cycles are processed using the measuring points of the reference
cycle by bilinear interpolation. Finally, the time-series SLA data
at all measuring points of the reference cycle are obtained. Fig-
ure 4 is an example of these time-series SLA data.

3.2 Tidal constants retrieved by the HY-2A RA

Because the ocean tide sampling frequency by HY-2A RA
(1/(14x24) cph, cph: cycleperhour) is largely less than the diurn-
al tide (approximately 1/24 cph) and semidiurnal tide (approx-

Table 2. Tidal periods and alias periods of the HY-2A RA
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Fig. 4. Time series sea level anomaly (SLA) data obtained at one
HY-2A RA measurement point.

imately 1/12 cph) frequencies, the tide aliasing effect must be
considered when analyzing altimeter data (Schlax and Chelton,
1994). At each measuring point on the ground track, the sea sur-
face heights are sampled at a time interval equal to the orbital re-
peat period of the satellite. The Nyquist critical frequency corres-
ponding to the sampling interval is calculated as follows:

fo=1/(200). ©)

A tidal constituent of frequency fmay have a given number of
alias frequencies calculated as follows (Godin, 1972):

falm)=2mf. £f, m=0,1,2,--- (7

The particular alias frequency can be calculated using the fol-

lowing formula:
fo=min2mf. £f, m=0,1,2,--- (8)

The alias periods for each constituent are shown in Table 2.
Because the HY-2A RA repeat period is an integer day, tidal con-
stituent S, cannot be distinguished in the HY-2A RA data. The ali-
as period of tidal constituent O, of 1 036.74 days is the largest and
is close to the period of the HY-2A RA data. In general, the tidal
constituents S, and O, cannot be retrieved from HY-2A RA data.

To fully resolve the two constituents of alias frequencies f,;
and f,,, the measurement time span 7 must satisfy the Rayleigh
criterion, thatis, T = 1/| f,; - f,,|- The time span required for the
phase difference between the two associated constituents to
reach 1 cycle is called their alias synodic period (Fang et al.,
2004). The HY-2A RA alias synodic periods of each pair of con-
stituents are listed in Table 3.

Table 3 shows that tidal constituents K, and P, cannot be dis-
tinguished in the HY-2A RA data because their alias synodic peri-
od (653.36 years) is much greater than the period of the HY-2A
RA data. In general, we conclude from the above alias period
analysis that diurnal tides cannot be resolved in the HY-2A RA
data. This is also confirmed by the tidal analysis results de-
scribed in the next section.

With the time-series HY-2A RA SLA data recorded during the
period lasting from 2011 to 2014, the global ocean tidal constants
of different tidal constituents are retrieved by the least square
method introduced in Section 2.4. The tidal constants of 8 tidal
constituents (M,, S,, N, K,, K;, O,, P}, and Q,) are calculated, but
the results of the diurnal tidal constituents (K}, O,, P,, and Q,) are

M2 SZ K2 N2 Kl Ol Pl Ql
Tidal period/d 0.517 53 0.5 0.498 63 0.527 43 0.997 27 1.075 81 0.498 63 0.527 43
Alias period/d 270.13 infinity 182.62 30.68 365.23 1036.74 365.79 28.31
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aliased together and cannot be distinguished, and tidal constitu-

Table 3. HY-2A alias synodic periods of each pair of constitu-

ents (years)

M, Sy K, N, K, 0, P Q
M, - 074 154 0.09 2.84 1.00 2.83 0.09
S, 074 - 0.50 0.08 1.00 2.84 1.00 0.08
K, 154 0.50 - 0.10 0.09 0.61 1.00 0.09
N, 0.09 0.08 0.10 - 0.09 0.09 0.09 1.00
K, 284 1.00 1.00 - 1.54 653.36 0.08
O, 1.00 284 0.61 0.09 1.54 - 1.55 0.08
P, 283 1.00 1.00 0.09 65336 1.55 - 0.08
Q, 0.09 0.08 0.09 1.00 0.08 0.08 0.08 -
Note: — represents no data.
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ent S, is aliased into the mean sea surface because the tidal
height of S, remains the same over the time interval of 14 days.
Therefore, only tidal constituents M,, N,, and K, are retrieved
precisely from the HY-2A RA data.

4 Results and discussion

4.1 Comparison with tidal gauge data

To evaluate the tidal analysis results obtained from the HY-2A
RA data, the tidal constants retrieved by the HY-2A RA are com-
pared to those obtained from the tidal gauge data introduced in
Section 2.2. The data matching criteria is the spatial distance
between the HY-2A RA observation point and tidal gauge is less
than 10 km. The comparisons of tidal constituents M,, N, and K,
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Comparisons of the tidal constants of the tidal constituents M,, N, and K, between the retrieved results and tidal gauge data.
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are shown in Fig. 5. The numbers of matching points are 79, 69
and 38 for tidal constituents M,, N, and K,, respectively. The
amplitudes and phases of the tidal constituents have good con-
sistency with the tidal gauge data except the amplitude of tidal
constituent K,, which is mainly below 0.2 m. The biases and root
mean square errors (RMSEs) of the amplitude and phase lag val-
ues are calculated between the HY-2A results and tidal gauge
data. The RMSEs of the amplitude and phase lag are 9.6 cm and
13.34°, 2.4 cm and 10.47°, and 8.1 cm and 14.19° for tidal constitu-
ents M,, N,, and K,, respectively. These results indicate that the
M,, N, and K, tidal constants retrieved by the HY-2A RA have
good precision, confirming the good performance of the HY-2A

L5 : : -

Amplitude of TPXO09 M, tidal constituent/m

0 1 1
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RA for retrieving semidiurnal global ocean tides. The analysis of
the RMSEs of diurnal tides confirms that they cannot be distin-
guished or retrieved from the HY-2A RA data in the considered
data period.

4.2 Comparison with the TPXO tide model

Considering the sparse spatial distribution of the tidal gauge
data, the tidal analysis results are also compared with the TPXO
model results in addition to being compared with the tidal gauge
data. The comparisons of tidal constituents M, and N, are shown
in Fig. 6. The tidal constituent M, exhibits good consistency
between the tidal analysis results and the TPXO model. There is a
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Fig. 6. Comparisons of the tidal constants of the tidal constituents M,, N, and K, between the retrieved results and the TPXO model

results.
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large deviation regarding the amplitude of tidal constituent N,
when the amplitude is below 0.1 m. The largest differences in tid-
al constants are located near coasts or islands. These results also
confirm the good performance of the HY-2A RA in retrieving the
semidiurnal tides of the global ocean. The RMSEs of the tidal
constants between the retrieved results and the TPXO model also
confirm the good performance of the HY-2A RA.

The retrieved tidal constants of tidal constituent M, are dis-
tributed irregularly along the ground track of the HY-2A satellite.
To conveniently analyze the distribution of these tidal constants,
the retrieved tidal constants of tidal constituent M, are gridded
by the Kriging method (Oliver and Webster, 1990). Along with the
gridded tidal constants of the retrieved tidal constituent M,, the
M, cotidal chart is shown in Fig. 7. The M, cotidal chart of the

0° 30° 60° 90°

120°
1 1

150° E180°W 150°
1 1 1

TPXO model is also shown in Fig. 7. It can be seen in Fig. 7 that
the M, cotidal charts of the retrieved results and TPXO model
results are very consistent. The number of amphidromic points of
the M, tidal constituent retrieved from the HY-2A RA data is
completely consistent with that of the TPXO model, and the loca-
tions of amphidromic points are basically the same. The spatial
distribution of the M, amplitude is also consistent with the TPXO
model. The contour of the M, phase lag is not as smooth as the
TPXO model result, and this finding is consistent with the small
phase lag fluctuations in the real ocean due to the existence of in-
ternal tides. The M, phase lag data are subjected to spatial low-
pass filtering to smooth the isoline, as shown in Fig. 7. In general,
the M, tidal constituent information can be accurately extracted
from the HY-2A RA data. This finding also supports the ability of
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Fig. 7. Comparison of the M, cotidal chart between the tidal constants retrieved by the HY-2A RA (a) and the TPXO model (b). The
lines show the phase lag distributions (in (°)), and the colors show the amplitudes.

the HY-2A altimeter to extract global-ocean M, tides.

5 Conclusions

The first Chinese ocean dynamic environmental satellite, HY-
2A, was launched on August 16, 2011 and was equipped with a
radar altimeter; this satellite first flew on a 14-day repeat polar
sun-synchronous orbit. The HY-2A RA data recorded from
November 1, 2011 to August 16, 2014 are used herein to extract
global ocean tides. The tidal constants of 8 tidal constituents are
extracted from the HY-2A RA data with harmonic analysis based
on the least square method. Considering tide-aliasing issues, the
analyses of the alias periods and alias synodic periods of differ-
ent tidal constituents show that the diurnal and semidiurnal tides
of S, cannot be extracted from the HY-2A RA data. This is caused

by the repeat period and the period of the HY-2A RA data used in
this study. Therefore, only tidal constituents M,, N,, and K, are
retrieved precisely from the HY-2A RA data. The tidal constants
of tidal constituents M,, N, and K, are compared to those ob-
tained from tidal gauge data and the TPXO tide model. Com-
pared to the tidal gauge data, the RMSEs of amplitude and phase
lag are less than 0.1 m and 15°, respectively. The comparisons of
the semidiurnal tides with the TPXO model results show that
these tidal constituents have good consistency with the TPXO
model results. These results confirm the good performance of the
HY-2A RA in retrieving the semidiurnal tides of the global ocean.
With the successful launch of HY-2B, HY-2C and HY-2D on Octo-
ber 25, 2018, September 21, 2020 and May 19, 2021 and with the
long-time-series data accumulation of these HY-2-series alti-
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meters, global ocean tides will be retrievable by these HY-2 series
altimeters in more detail in the future.
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Appendix: Expression of fand u for different tidal constituents

With the Ep. (2) of s, ki, p, N and p,, the nodal factor fand nodal adjustment angle u for different tidal constituents are given in the
following (Doodson, 1958; Fang et al., 1986, 2004).

Tidal constituent M,,

Ju, cos(un,) = 14 0.000 52cos(2N) — 0.037 33cos(N) + 0.000 58cos(2p) + 0.000 21cos(2p — N) (A1)
. sin(uy, ) = 0.000 52sin(2N) — 0.037 33sin(N) + 0.000 58sin(2p) -+ 0.000 21sin(2p — N)
Tidal constituent S,,
Js, cos(us,) = 1+ 0.002 25cos(N) + 0.000 14cos(2p) (A2)
Js, sin(us,) = 0.002 25sin(N) + 0.000 14sin(2p) :
Tidal constituent K,,
Ji, cos(ux,) = 1+ 0.285 18cos (N) + 0.032 35cos (2N) (A3)
i, sin(ux,) = —0.310 74sin (N) — 0.032 35sin (2N)
Tidal constituent N,,
N, cos(un,) = 1+ 0.000 52cos(2N) — 0.037 33cos(NN) + 0.000 81cos(p — p1) — 0.003 85cos(2p — 2N) (Ad)
i, sin(uy, ) = 0.000 52sin(2N) — 0.037 33sin(N) + 0.000 81sin(p — p;) + 0.003 85sin(2p — 2N)
Tidal constituent K,
Ji, cos(ux,) = 1+ 0.000 19cos(2p — N) + 0.115 73cos(N) — 0.002 81cos(2N) (AS)
T, sin(u, ) = 0.000 19sin(2p — N) — 0.115 39sin(N) + 0.003 03sin(2N)
Tidal constituent O,,
Jo, cos(up,) = 1 — 0.005 78cos(2N) + 0.188 52cos(NN) — 0.001 03cos(2p — N) — 0.006 45cos(2p) + 0.000 19cos(2p + N) (A6)
Jo, sm(uo ) = —0.005 78sin(2N) + 0.188 52sin(N) — 0.001 03sin(2p — N) — 0.006 45sin(2p) + 0.000 19sin(2p + N)
Tidal constituent P,
fo, cos(up,) =1 + 0.000 8cos(2N) — 0.001 5cos(2p) — 0.011 23cos(N) — 0.000 3cos(2p — N) — 0.000 4cos(2p) (A7)
Jo, sin(up ) = 0.000 8sin(2N) — 0.001 5sin(2p) — 0.011 23sin(N) — 0.000 3sin(2p — N) — 0.000 4sin(2p)

Tidal constituent Q,,

Jfo, cos(ug,) = 1+ 0.188 44cos(N) — 0.005 68cos(2N) — 0.002 77cos(2p) — 0.003 88cos(2p — 2N)+

0.000 83cos(p — p1) — 0.000 69cos(2p — 3N) (AS)
Jo, sin(ug,) = 0.188 44sin(N) — 0.005 68sin(2N) — 0.002 77sin(2p) — 0.003 88sin(2p — 2N)+ )

0.000 83sin(p — p1) + 0.000 69sin(2p — 3N)



	1 Introduction
	2 Data and methods
	2.1  HY-2A radar altimeter data
	2.2 Tidal gauge data
	2.3  TPXO tide model
	2.4  Tidal harmonic analysis method

	3 Tidal analysis
	3.1  HY-2A RA data processing
	3.2  Tidal constants retrieved by the HY-2A RA

	4 Results and discussion
	4.1  Comparison with tidal gauge data
	4.2  Comparison with the TPXO tide model

	5 Conclusions
	Acknowledgements
	References

