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Abstract
The global distributions of eight principal tidal constituents, M2, S2, K1, O1, N2, K2, P1, and Q1,
are derived using TOPEX/Poseidon and JASON-1(T/P-J) satellite altimeter data for 16 a. The
intercomparison of the derived harmonics at 7000 subsatellite track crossover points shows that the
root mean square (RMS) values of the tidal height differences of the above eight constituents range
from 1.19 cm to 2.67 cm, with an average of about 2 cm. The RMS values of the tidal height
differences between T/P-J solutions and the harmonics from ground measurements at 152 tidal
gauge stations for the above constituents range from 0.34 cm to 1.08 cm, and the relative deviations
range from 0.031 to 0.211. The root sum square of the RMS differences of these eight constituents
is 2.12 cm, showing the improvement of the present model over the existing global ocean tidal
models. Based on the obtained tidal model the global ocean tidal energetics is studied and the
global distribution of the tidal power input density by tide-generating force of each constituent is
calculated, showing that the power input source regions of semidiurnal tides are mainly concentrated
in the tropical belt between 30◦S and 30◦N, while the power input source regions of diurnal tides
are mainly concentrated off the tropic oceans. The global energy dissipation rates of the M2, S2,
K1, O1, N2, P1, K2 and Q1 tides are 2.424, 0.401, 0.334, 0.160, 0.113, 0.035, 0.030 and 0.006 TW,
respectively. The total global tidal dissipation rate of these eight constituents amounts to 3.5 TW.

Key words: satellite altimetry, global ocean tides, tidal energetics, tidal power input

1 Introduction

Since Newton’s era, ocean tide has been an impor-

tant scientific subject concerned by oceanographers.

Before the application of satellite altimeter to the mea-

surement of sea surface heights, the studies of ocean

tides mainly rely on the data observed at coastal and

island tide gauge stations, and the observations by

seabed pressure gauges. Since the late 1970s, the satel-

lite altimeter data have greatly enriched the knowledge

of ocean tides in open oceans by making it possible to

study the tides of the whole basin of the world ocean

and to promote the development of ocean tide models.

In the last 20 a, a number of global ocean tidal models

have been developed from analyzing satellite altime-

try. These global ocean tidal models can be generally

divided into three categories: The first kind of models

solely uses satellite altimeter data, such as Desai et

al (1995); Eanes’s (1994) CRS4.0 model; Ray’s (1998)

GOT99 model, etc. The second kind of models is the

numerical hydrodynamic model, such as the FES94

model by Le Provost et al. (1994). The third kind of

models is the data assimilation model, e.g., the SCW80

model (Schwiderski, 1980), which assimilates tidal sta-

tion data; the NAO99 model (Matsumoto et al., 2000),

the TPXO7.0 model (Egbert and Erofeeva, 2002), the

FES2002 (Lefevre et al., 2000), and FES2004 (Lyard

et al., 2006) models. The last four assimilate T/P data

into hydrodynamic models.

Chinese oceanographers have also carried out a

Foundation item: The National Natural Science Foundation of China under contract No. 40676009 and 40606006; the Basic
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number of studies of the extraction and analysis of

ocean tides using the satellite altimeter data (e.g., Li

et al., 1999; Bao et al., 2000; Hu et al., 2001; Dong

et al., 2002; Li et al., 2002; Liu et al., 2002; Li et al.,

2002; Mao et al., 2002; Fang et al., 2004). However,

most of these studies focused on the seas adjacent to

China. There are also some studies of the global tides

(Fang et al., 2000; Shen et al., 2006), but only a few

tidal constituents were selected and the temporal cov-

erage of the altimeter data used was not long enough.

The satellite altimeter data employed in this

study are 16 a T/P-J sea surface observations from

October 1992 to August 2008. The accuracy of the

observations reaches a level of being approximately 3

cm, and the sampling interval is 9.915 6 d. The obser-

vational domain covers the near-global ocean between

66.15◦S and 66.15◦N. In the present study, we use har-

monic analysis method to extract harmonic constants

of 14 tidal constituents. We will show that the accu-

racy of the present study is higher than existing mod-

els.

The ocean tides contain an enormous energy, and

the tidal energy dissipation may cause the earth ro-

tation to slow-down. Thus the tidal energy dissipa-

tion is of great significance for geophysics (Egbert and

Ray, 2000). Cartwright and Ray (1991) calculated the

ocean tidal energy dissipation using GEOSAT satel-

lite altimeter data. Kantha et al. (1995) studied the

tidal power input distributions of M2 and K1 based on

T/P satellite altimetry data. In this study, the distri-

butions of global tidal power input and tidal energy

dissipation rates of 8 constituents will be estimated

from the obtained global ocean tidal solutions.

2 Data and analysis methods

The data used in the present study are the T/P-

J altimeter data, which extend from October 1992 to

August 2008. There are totally about 510 cycles. The

accuracy of the data is about 3 cm. The T/P satellite

was launched in September 1992, and its mission was

stopped and replaced by JASON-1 in 2005. Figure 1

Fig.1. Ground tracks of TOPEX/Poseidon and JASON-1 satellites.

shows the ground tracks of T/P-J.

To extract ocean tides, we use T/P-J measured

sea surface heights relative to the solid earth surface:

h = hss − hss − hset − hlt − hpt, (1)

where hss represents the sea surface height above the

reference ellipsoid; hss the mean ocean surface; hset
the solid earth tide; hlt the loading tide; and hpt the

pole tide. The data were provided by Jet Propulsion

Laboratory in MGDR-B (Benada, 1997).

In addition to the crossover points (Fig. 1), we

selected 15 equally spaced points between each pair

of neighboring crossover points along each track. The

T/P-J measured heights are linearly interpolated to

these fixed points. The valid records at these points

are used in the harmonic analysis, in which the conven-

tional tidal function is employed to fit the interpolated

heights:

ĥ = H0 +
∑

fiHicos[ωit+ (Vi + ui)−Gi], (2)

where H0 is the mean height; H the amplitude; G

the Greenwich phase-lag; ω the angular speed; f the

nodal factor; V +u the initial phase of the equilibrium

tide with u representing nodal adjustment angle of the

initial phase; and the subscript i represents the con-

stituents considered in the analysis, as listed in Table

1, which is similar to Fang (2004). Since the T/P-J

data have been used in this study for nearly 16 a, there

is no aliasing problem for these constituents (Li et al.,

1999, Fang et al., 2004). The least squares fitting
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Table 1. Tidal constituents and their periods

Species Constituent Period Species Constituent Period

Long-period Sa 1.0 a Diurnal Q1 26.868 h

Ssa 0.5 a Semidiurnal N2 12.658 h

Mm 27.555 d M2 12.421 h

Mf 13.661 d S2 12.000 h

Diurnal P1 24.066 h K2 11.967 h

O1 25.819 h Quarter-diurnal M4 6.210 h

K1 23.934 h MS4 6.103 h

yields the harmonic constants Hi and Gi (e.g., Fang

et al., 1986).

3 Accuracy evaluation of harmonics derived

from T/P-J altimeter data

3.1 Evaluation methods

After obtaining the tidal harmonic constants of

the global ocean at the computation points, we use

two approaches to evaluate its accuracy. The first

approach is to compare T/P-J-derived harmonic con-

stants at the crossover points from ascending and the

descending records; the second one is to make compar-

ison between harmonic constants derived from T/P-

J altimetry and those derived from the ground tide

gauge data.

There are several methods to evaluate the dis-

crepancy between two sets of the harmonic constants

of the same constituent. A straightforward approach

is to examine the root mean square deviations of the

amplitude and the phase-lag separately:

d
rmsH

=
[ 1

K

K
∑

k=1

(Ha,k −Hd,k)
2
]1/2

, (3)

d
rmsG

=
[ 1

K

K
∑

k=1

(Ga,k −Gd,k)
2
]1/2

, (4)

where H and G represent the amplitude and phase-

lag; the subscripts a and d indicate the solutions ob-

tained from observations on the ascending and de-

scending passes, respectively (or T/P-J derived values

and tidal gauge derived values, respectively); K is the

total number of comparison sites. Though this ap-

proach is relatively intuitive yet it is not an ideal one

for evaluating the phase-lags. We know that when the

amplitude H is small, the calculated phase-lag G is

unstable, and the error in G has little influence on

the tidal heights. Therefore, it is not appropriate to

average all phase-lag differences without taking into

account of the corresponding amplitudes in Eq. (4).

An alternative and more objective method can be used

to consider the root mean square (RMS) values of the

differences between the tide heights. For a specific

tidal constituent at a given location, the tidal heights

can be written as

h = Hacos(ωt−Ga), (5)

where t denotes the time. The RMS value of the tidal

heights is equal to

hrms =
{

lim
T→∞

∫ T

0

[Hacos(ωt−Ga)]
2dt

T

}1/2

=
1√
2
Ha. (6)

While the RMS value of the differences between the

tidal heights calculated from harmonics Ha and Ga
and those from harmonics Hd and Gd is equal to

drms =
{

lim
T→∞

∫ T

0

[Hacos(ωt−Ga)−Hdcos(ωt−Gd)]
2dt

T

}1/2

=
{1

2

[

(HacosGa −HdcosGd)
2 + (HasinGa −HdsinGd)

2
]

}1/2

(7)
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the RMS value for the tidal heights and the RMS value

for the tidal height differences at K points are, respec-

tively

hrms =
[ 1

2K

K
∑

k=1

H2
a,k

]1/2

, (8)

drms =
{ 1

2K

K
∑

k=1

[

(Ha,kcosGa,k −Hd,kcosGd,k)
2 +

(Ha,ksinGa,k −Hd,ksinGd,k)
2
]

}1/2

. (9)

The relative deviation is then equal to

r = drms/hrms. (10)

In order to synthetically assess the accuracy of the

total tidal heights produced by eight constituents, we

employ the root sum square difference (RSSd) defined

as follows:

drss =
{ 1

2K

J
∑

j=1

K
∑

k=1

[

(Ha,k,jcosGa,k,j −

Hd,k,jcosGd,k,j)
2 + (Ha,k,jsinGa,k,j −

Hd,k,jsinGd,k,j)
2
]

}1/2

, (11)

where j is the index for the tidal constituents of M2,

S2, K1, O1, N2, K2, P1 and Q1; and J the number of

the tidal constituents (J=8 in the present study). The

relative deviation is defined as

rs = drss/hrss, (12)

where

hrss =
[ 1

2K

J
∑

j=1

K
∑

k=1

H2
a,k,j

]1/2

. (13)

3.2 Intercomparsion of T/P-J derived harmo-

nics at crossover points

Owing to the lack of completeness of observations

at the crossover points near the northern and southern

boundaries (≈66.15◦N/S) of the T/P-J coverage, we

select crossover points (about 7200 in total) located

between 64◦S and 64◦N for the intercomparison. Ta-

ble 2 displays the mean amplitude, root mean square

of tidal heights, root mean square of tidal height dif-

ferences and relative deviation for all the obtained 14

constituents (Table 1) at crossover points on the as-

cending and descending passes. We can see from the

table that the results of the RMSd are more or less

independent of frequency, with a maximum of 2.32 cm

for K1 and a minimum of 1.19 cm for Sa. The averaged

difference of all constituents is 1.98 cm. The RMSd of

the M2 constituent is 1.90 cm, close to the averaged

difference, while its relative deviation is the smallest

(0.067) due to its great amplitudes. The relative devi-

ations of Mm, M4 and MS4 are greater than 1, that is,

the RMS differences of these constituents are greater

than the RMS amplitudes themselves. This indicates

that the harmonics constants of these constituents ob-

tained from the harmonic analysis at individual point

are not representative of the true values. The relative

deviations of Ssa , Mf , Q1 and K2 are between 0.5 and

Table 2. Mean amplitude (H), root mean square tidal heights (hrms), root mean square tidal height differences (drms)

and relative deviation (r) for all obtained constituents at crossover points on ascending and descending passes

Tidal constituents H/cm hrms/cm drms/cm r Tidal constituents H/cm hrms/cm drms/cm r

Q1 2.77 2.73 1.92 0.705 K2 4.86 3.31 2.19 0.661

O1 11.49 9.37 1.89 0.202 Sa 6.67 5.90 1.19 0.202

P1 5.12 4.10 2.00 0.487 Ssa 3.13 2.82 1.48 0.526

K1 14.88 12.48 2.32 0.186 Mm 3.09 1.32 1.35 1.023

N2 8.22 6.18 1.73 0.280 Mf 2.36 2.03 1.55 0.763

M2 36.93 28.43 1.90 0.067 M4 1.84 0.87 1.54 1.775

S2 14.07 10.79 1.86 0.172 MS4 2.56 2.57 2.67 1.037

1.0, indicating that these constituents obtained from

the harmonic analysis at individual point can roughly

represent the true values.

3.3 Comparison between T/P-J derived and

ground gauge station harmonics

One hundred and fifty two ocean tide gauge sta-

tions (Fig. 2) are selected to verify the solution of the

present study. The stations include both the deep sea

pressure meter tide stations and the open ocean island

tide stations (Wang et al., 2010). In addition, the ac-

curacy of the solution from the present study is also

compared with that of the four existing global ocean

tide models, that is, the CSR4, NAO99, GOT99 and
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Fig.2. Locations of 152 ground tide gauge stations (solid dots) used in the assessment of the ocean tide

models.

FES2004 models. Note that the models CSR4, GOT99

and that from this study are empirical ones, without

assimilation; while the NAO99 and FES2004 are as-

similation models.

The RMSa, RMSp, RMSd, and r are calculated

according to Eqs (4), (9) and (10), respectively, and

are displayed in Table 3. In general, the agreement

between the harmonics derived from 152 ground ob-

servations and those derived in this study from T/P-J

measurements is satisfactory. The RMS deviations in

amplitudes of M2, S2, K1, O1, N2, K2, P1 and Q1 are

1.11, 0.89, 0.99, 0.87, 0.61, 0.50, 0.37 and 0.35 cm, re-

spectively; and those for phase-lags are 2.68◦, 7.31◦,

9.33◦, 5.92◦, 8.01◦, 16.43◦, 12.41◦ and 17.26◦, respec-

tively. The RMS differences of tidal heights are 1.08,

0.92, 0.94, 0.72, 0.69, 0.46, 0.35 and 0.34 cm, respec-

tively. The relative deviations are 0.031, 0.069, 0.084,

0.094, 0.096, 0.136, 0.092 and 0.211, respectively. The

Table 3. Comparison of five global tidal models with tide gauge data. Root mean square differences in amplitud, phase

and tidal height, and relative differences are given

N2 M2

RMSa/(cm) RMSp/(◦) RMSd/(cm) r RMSa/(cm) RMSp(◦) RMSd/(cm) r

CSR4 0.58 8.98 0.74 0.101 1.31 5.05 1.27 0.037

NAO99 0.6 7.91 0.68 0.096 1.13 2.37 1.12 0.033

GOT99 0.53 8.54 0.66 0.087 1.26 3.56 1.24 0.035

FES2004 0.59 8.06 0.71 0.094 1.23 2.92 1.17 0.033

This study 0.61 8.01 0.69 0.096 1.11 2.68 1.08 0.031

S2 K2

RMSa/(cm) RMSp/(◦) RMSd/(cm) r RMSa/(cm) RMSp(◦) RMSd/(cm) r

CSR4 0.94 9.38 0.94 0.074 0.53 18.5 0.56 0.166

NAO99 0.92 9.61 0.95 0.076 0.48 17.3 0.44 0.129

GOT99 0.93 9.06 0.93 0.071 0.46 19.76 0.45 0.124

FES2004 0.83 5.77 0.88 0.067 0.64 13.19 0.55 0.163

This study 0.89 7.31 0.92 0.069 0.5 16.43 0.46 0.136

Q1 O1

RMSa/(cm) RMSp/(◦) RMSd/(cm) r RMSa/(cm) RMSp(◦) RMSd/(cm) r

CSR4 0.38 16.64 0.4 0.257 0.96 6.33 0.83 0.109

NAO99 0.32 19.2 0.34 0.212 0.88 5.44 0.78 0.102

GOT99 0.32 15.17 0.33 0.202 0.96 5.49 0.81 0.104

FES2004 0.31 16.17 0.35 0.22 0.86 7.1 0.71 0.09

This study 0.35 17.26 0.34 0.211 0.87 5.92 0.72 0.094

P1 K1

RMSa/(cm) RMSp/(◦) RMSd/(cm) r RMSa/(cm) RMSp(◦) RMSd/(cm) r

CSR4 0.36 15.27 0.35 0.094 1.09 15.63 1 0.089

NAO99 0.34 11.89 0.33 0.094 1.03 8.25 0.95 0.085

GOT99 0.35 11.8 0.35 0.093 1.03 11.4 1.06 0.092

FES2004 0.35 9.79 0.37 0.097 1.02 9.58 0.92 0.081

This study 0.37 12.41 0.35 0.092 0.99 9.33 0.94 0.084
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existing four models have similar accuracy as com-

pared with that of model obtained from this study.

However, the accuracy of the largest constituent, M2,

of this study is the best among the five models.

The root sum square differences (RSSd) are calcu-

lated using Eqs (11) and (12), and are shown in Table

4. We can see that the RSSd of this study, 2.12 cm, is

the smallest among five models.

Table 4. The square root of the total eight principal

constituents and relative deviations

CSR4 NAO99 GOT99 FES2004 This study

RSSd/cm 2.310 2.140 2.250 2.140 2.120

rs 0.057 0.052 0.054 0.051 0.050

4 Cotidal charts of global ocean

4.1 Interpolation and smoothing

The distributions of tide constituents in the global

ocean are obtained through interpolation from the har-

monic constants at the data points onto a uniform grid

of 15′×15′. The interpolation is performed on a coordi-
nate system with its axes along the T/P-J subsatellite

tracks. As done in Fang et al. (2004), we introduce

an (x, y) coordinate system in which the ascending

tracks are assigned x coordinates1, 2, 3, · · · , 127, re-
spectively; and the descending tracks are assigned y

coordinates 1, 2, 3, · · · , 127, respectively. This system
can be called T/P-J track coordinate system. The

T/P-J track coordinates (x, y) can be transformed to

the geographic coordinates (λ, φ).

At the data points the harmonic constants H and

g are converted to the cosine component, Hcosg, and

the sine component, Hsing. In the following we will

use a variable z to represent either cosine or sine com-

ponent of a constituent.

The value of z at a grid point (xn, yn) is then

interpolated from the results at its surrounding data

points within the influence distance ri, which is taken

to be 1.1 in order to cover at least two tracks. Since

the spatial scales of the tidal waves in shelf seas are not

significantly longer than the spacing of the subsatel-

lite tracks, a linear interpolation will induce noticeable

error. Here we adopt the locally weighted quadratic

polynomials to fit the data.

Suppose there are K data points within the influ-

ence distance of a grid point (xn, yn). The following

interpolating function is fitted to the variable z at each

of these points:

ẑk = b1 + b2∆xk + b3∆yk + b4∆x
2
k + b5∆x∆y +

b6∆y
2
k (k = 1, 2, · · · ,K), (14)

where ∆xk = xk−xn; ∆yk = yk− yn, with xk and yk

representing the T/P-J track coordinates of the k-th

data point.

The equations are weighted with an exponential

function

wk = exp(−rik/L), (15)

where rik = (∆x2k+∆y2k)
1/2; and L is taken 1.0 in this

study. These yields an over determined set of algebraic

equation:

MB = Z, (16)

where,

B = (b1, b2, · · · , b6)T;
Z = (z1, z2, · · · , zK)T;

M =











w1 m1 n1 o1 p1 r1

w2 m2 n2 o2 p2 r2

· · · · · ·
wK mK nK oK pK rK











in which m1 = w1∆x1; m2 = w2∆x2; mK = wK∆xK ;

n1 = w1∆y1; n2 = w2∆y2; nK = wK∆yK ; o1 =

w1∆x1∆y1; o2 = w2∆x2∆y2; oK = wK∆xK∆yK ;

p1 = w1∆x
2
1; p2 = w2∆x

2
2; pK = wK∆x2K ; r1 =

w1∆y
2
1 ; r2 = w2∆y

2
2 ; rK = wK∆y2K .

Applying least squares fit leads to the correspond-

ing normal equation

(MTM)B =MTZ, (17)

where the superscript T denotes a transpose. Eqna-

tion (17) can be readily solved through a standard

algorithm. The estimate of ẑ at (xn, yn) is equal to

b1.

After the estimates at all grid points over the

global ocean are obtained, we apply the smoothing op-

eration of five-point average to the estimates for 150

times to remove random errors.

4.2 Cotidal charts

The derived cotidal charts for tidal constituents

M2, S2, K1 and O1 are given in Figs 3–10, respectively.
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The distribution patterns of semidiurnal constituents

M2 and S2 are similar. Taking M2 constituent as an

example, one can find four amphidromic points lo-

cated at (15.3◦S, 153.3◦W), (41.4◦S, 107.2◦W), (1.5◦S,

104.9◦W) and (27.4◦N, 137.8◦W), respectively, in the

Pacific Ocean, two amphidromic points at (32.8◦S,

110.7◦E) and (1.9◦N, 62.4◦E) in the Indian Ocean, and

four amphidromic points at (60.3◦S, 0.8◦W), (29.1◦S,

19.4◦W), (16.8◦N, 63.6◦W) and (49.1◦N, 40.7◦W) in

the Atlantic Ocean. The diurnal constituents K1

and O1 have greater spatial scales and fewer am-

phidromic points than semidiurnal ones. As an ex-

ample, K1 constituent has four amphidromic points lo-

cated at (48.0◦S, 170.4◦W), (16.3◦S, 151.9◦W), (0.1◦S,

104.9◦W) and (19.0◦N, 177.1◦E) in the Pacific Ocean,

two amphidromic points at (49.5◦S, 20.3◦E) and

(0.3◦N, 81.0◦E) in the Indian Ocean, and two am-

phidromic points at (24.0◦S, 6.1◦W) and (26.5◦N,

39.9◦W) in the Atlantic Ocean.

Fig.3. M2 amplitude distribution (cm).

Fig.4. M2 phase-lag (
◦) distribution (referred to the Greenwich time).

Fig.5. S2 amplitude distribution (cm).
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Fig.6. S2 phase-lag (
◦) distribution (referred to the Greenwich time).

Fig.7. K1 amplitude distribution (cm).

Fig.8. K1 phase-lag (
◦) distribution (referred to the Greenwich time).

Fig.9. O1 amplitude distribution (cm).
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Fig.10. O1 phase-lag (
◦) distribution (referred to the Greenwich time).

5 Tidal power input in the global ocean

The global tidal energy dissipation is equal to the

energy input from the tide-generating potential into

the sea water. According to Hendershott (1972), the

rate of the energy input, or the power input can be

calculated from

P =

∫∫

Ω

ρ
[

〈V ∂ς

∂t
〉(1 + k2) + 〈ς

∂V

∂t
〉h2

]

dA, (18)

where Ω stands for the area of global ocean; dA

for the area element of the ocean; ρ is the seawa-

ter density, approximately equal to 1 035 kg/m3; ς

the tidal height; V the tide-generating potential (here

only the second order spherical harmonic component

is considered); h2 and k2 are Love numbers; angle

brackets 〈 〉 represents the average for a tidal cycle.

Since ς
∂V

∂t
=

∂(ςV )

∂t
− ∂ς

∂t
V , and 〈∂(ςV )

∂t
〉, we have

〈ς ∂V
∂t
〉 = −〈∂ς

∂t
V 〉. Inserting the above relation into

Eq. (18) yields

P = ρ(1 + k2 − h2)

∫∫

Ω

〈V ∂ς

∂t
〉dA. (19)

According to Fang et al. (1986, p. 53), for a particu-

lar tidal constituent l, the tide-generating potential V

can be written as

Vl =
3

4
gaUΦlClcos(ωlt+ vl0), (20)

where g is the acceleration due to gravity; a the earth

radius; U a constant depending on the average dis-

tance between the earth and the moon and the masses

of the moon and earth; Φl the latitude-related factors;

ω the angular speed of tidal constituent; vl0 the ini-

tial phase of the constituent l of the tide-generating

potential. The tidal height of the constituent l can be

written as

ς = Hlcos(ωlt+ vl0 − κl), (21)

where κl is the local phase-lag, and can be converted

from the Greenwich phase-lag through the following

relationship (Fang et al., 1986):

κl = G+mlλ, (22)

where G is the Greenwich phase-lag; λ the east longi-

tude; m the species number of the constituent l, equal

to 0 for long-period tides, 1 for diurnal tides, and 2 for

semidiurnal tides

Let

al = Hlcosκl, bl = Hlsinκl, (23)

then we have

∂ς

∂t
=

∂

∂t
[Hlcos(ωlt+ vl0 − κl)]

= −ωlHlsin(ωlt+ vl0 − κl)

= −ωlHlcosκlsin(ωlt+ vl0) +

ωlHlsinκlcos(ωlt+ vl0)

= −ωlalsin(ωlt+ vl0) +

ωlblcos(ωlt+ vl0).

Inserting the above equation and Eq. (20) into Eq.

(19) yields

P =
3

8
gρaU(1 + k2 − h2)ωlCl

∫∫

Ω

Φl × bldA. (24)

The quantities of (3/8)gρaU and Φl can be obtained

from, e.g., Fang et al. (1986) as follows:

3

8
gρaU = 1.359× 103 kg/(m · s2). (25)

Φl =















1

2
− 3

2
sin2ϕ for long period tide,

sin2ϕ for diurnal tide,

cos2ϕ for semidiurnal tide.

(26)
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The quantity of (1 + k2 − h2) in Eq. (24) can be ob-

tained from Wahr (1981):

(1 + k2 − h2) =



























0.695 for long period

semidiurnal tides

Q1 and O1,

0.706 for P1,

0.736 for K1.

(27)

Equation (24) can also be written as

P =

∫∫

Ω

FdA (28)

where the integrand F is equal to

F =
3

8
gρaU(1 + k2 − h2)ωlClΦlbl. (29)

Here F represents the power input per unit area caused

by the tide-generating force. We will hereafter call it

the power input density (PID). The PID has some sim-

ilarity to the heat flux density, but they have different

physical sense. The heat flux occurs at the air-sea in-

terface, while the tidal power input is a result of the

tide-generating force acting on the full water column.

Figures 11–14 illustrate the global PID distribu-

tions for M2, S2, K1 and O1 constituents calculated

from Eq. (29), with positive value indicating input,

and negative value indicating output.

From Figs 11 and 12 we see that the semidiurnal

tidal energy sources mainly concentrate in the tropi-

cal belt between 30◦S to 30◦N. In the Pacific Ocean,

the two input peaks are nearly equally strong for M2

with the greatest values up to 5–6 mW/m2, while the

western one is stronger for S2 with a greatest value

exceeding 1 mW/m2. An energy output exists in the

Philippine Sea and the area between Australia and

New Zealand. In the Atlantic Ocean, a pronounced

energy input appears in the northeast Atlantic off Eu-

rope, besides the tropical region. The energy output

area appears as a belt extending from the east coast

of the North America to the northwest coast of Africa.

In the Indian Ocean, the energy output areas can be

found in the Arabian Sea, the Bay of Bengal, and

south of the Indonesian Archipelago.

In contrast to the semidiurnal tides, the power

input of diurnal tides in the equatorial ocean is small

and is equal to 0 along the equator, while the most off-

tropic oceans appear as energy source regions (Figs 13

Fig.11. M2 tidal power input intensity.

Fig.12. S2 tidal power input intensity.
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Fig.13. K1 tidal power input intensity.

Fig.14. O1 tidal power input intensity.

and 14). Greatest PID exists in the northeast Pacific,

where the maximum value can exceed 1.0 mW/m2 for

K1 and 0.5 mW/m2 for O1. The significant PID ap-

pears in the Arabian Sea, the Bering Sea, the south-

east Indian Ocean off the west coast of Australia, and

the southeast Pacific off the west coast of South Amer-

ica around 30◦S. The greatest power output appears in

the Asian-Pacific marginal sea, the Tasman Sea, and

the Gulf of Mexico.

The tidal energy dissipation rate in the global

ocean is equal to the total tidal power input by tide-

generating force. The global energy dissipation rates

for the eight constituents are integrated according to

Eq. (28), with the results shown in Table 5. It can be

seen from the table that the global energy dissipation

rate of the M2 tide is 2.424 TW, the energy dissipation

rates are 0.401, 0.334, 0.160 and 0.113 TW for S2, K1,

O1 and N2, respectively. The total global tidal en-

ergy dissipation rate of all eight major constituents

amounts to 3.5 TW.

Table 5. Tidal energy dissipation rate of eight principal constituents in the global ocean

Q1 O1 P1 K1 N2 M2 S2 K2

1 + k2 − h2 0.695 0.695 0.706 0.736 0.695 0.695 0.695 0.695

C/TW 0.072 17 0.376 94 0.175 43 0.530 11 0.173 86 0.908 09 0.422 48 0.114 98

P/TW 0.006 0.160 0.035 0.334 0.113 2.424 0.401 0.030

6 Summary and discussion

The TOPEX/Pseidon and Jason-1 altimeter data

obtained in 16 a are used to produce a set of empir-

ical global ocean tidal charts consisting of eight con-

stituents M2, S2, K1, O1, N2, K2, P1 and Q1. The

intercomparison between the harmonics from ascend-

ing and descending tracks at crossover points shows

that the RMS values of the tidal height differences of

the above constituents range from 1.19 cm to 2.67 cm,

with an average of 2 cm. The accuracy of the obtained

cotidal charts is examined through comparison with

the tidal gauge results at 152 stations. RMS values of

amplitude differences, phase-lag differences and ti-
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dal height differences between T/P-J solutions and

the 152 ground measurements of the above eight con-

stituents range from 0.35 cm to 1.14 cm, 3◦ to 17◦ and

0.34 cm to 1.08 cm, respectively. The relative devia-

tions of these eight constituents range from 0.031 to

0.211. The root sum differences of these eight con-

stituents is 2.12 cm, with a relative deviation of 0.050,

showing the improvement of the present model over

the existing global ocean tidal models. Based on the

obtained tidal model, the global distribution of the

tidal power input density by the tide-generating force

of each constituent is calculated. It is shown that the

power input source regions of semidiurnal tides are

mainly concentrated in the equatorial belt between

30◦S and 30◦N, while the power input source regions

of diurnal tides are mainly concentrated off the tropic

oceans, with the maximum input appearing in the

northeast Pacific Ocean. The global energy dissipa-

tion rates of the M2, S2, K1, O1 and N2 tides are

2.424, 0.401, 0.334, 0.160 and 0.113 TW, respectively.

The total global tidal dissipation rate of the eight con-

stituents M2, S2, K1, O1, N2, K2, P1 and Q1 amounts

to 3.503 TW.

It is worth pointing out that this study does how-

ever have the potential for higher accuracy. Clearly,

data assimilation can further improve the results, es-

pecially in most coastal shallow seas.
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