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tidal currents
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Based on the modal decomposition and least square method, full-depth tidal
currents and corresponding internal tidal modes can be obtained from limited
observations. Through a series of experiments based on direct observations at
the mooring MP1 and synthetic observations at the moorings MP2 and MP3 in
the South China Sea, the essential observations for reconstructing full-depth
tidal currents are determined. Both observations in the upper ocean (especially
near the thermocline) and deep layer (below 500 m) are essential in the
reconstruction. For the upper ocean, an up-looking acoustic Doppler current
profiler near the thermocline is generally essential, which can also be replaced
by at least 2-4 current meters (CMs). The number of CM depends on the
complexity and range of buoyancy frequency variation. For the deep layer,
more observations are needed as water depth increases. The observations with
the CM interval/water depth ratios about 0.2 can effectively reconstruct full-
depth tidal currents below 500 m based on one barotropic mode and first three
baroclinic modes. Significantly, the CMs in the middle of the deep layer are
more important than those at two ends of the deep layer, which may provide
more cost-effective design at a small loss of accuracy. Furthermore, the CMs
with the depth interval/water depth ratios less than 1/8 in the deep layer can
effectively reconstruct full-depth tidal currents with high-mode
baroclinic motions.
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1 Introduction

As a ubiquitous motion in the stratified ocean, internal tides
(ITs) play an important role in dissipating surface tidal energy
(Munk, 1997; Egbert and Ray, 2000) and enhancing ocean
mixing (Niwa and Hibiya, 2001; Rudnick et al., 2003; Tian
et al, 2009; Li et al, 2021; Wang et al, 2021), and finally
contribute to large-scale ocean circulations (Xie et al.,, 2018,
Wang et al.,, 2019). In regional oceans, ITs are an important
intermediate process in the generation of internal solitary waves
(Chao et al., 2007), and can interact with near-inertial waves
(Guan et al., 2014) and mesoscale eddies (Dunphy and Lamb,
2014). Generated by barotropic tidal currents flowing over
varying topographies, intense ITs are always found near mid-
ocean ridges, seamounts, continental shelves and slopes, such as
the Hawaiian Ridge (Rudnick et al., 2003; Simmons et al., 2004;
Zhao et al., 2010) and Luzon Strait (Jan et al., 2007; Alford et al.,
2011; Buijsman et al., 2012; Buijsman et al., 2014; Zhao, 2014;
Alford et al., 2015).

One important approach to study ITs is to place subsurface
moorings and analyze their observations. Through analyzing
observations from acoustic Doppler current profilers (ADCPs),
current meters (CMs), CTDs and thermometers, characteristics of
ITs, such as coherence, incoherence, modal structure, energy flux
and seasonal variability, have been studied by many scholars (Zhao
et al., 2010; Alford et al., 2011; Guo et al., 2012; Xu et al., 2013; Cao
et al,, 2015; Shang et al., 2015). Among these characteristics, the
modal structure and energy flux are of great importance,
representing the vertical structure and propagation of internal
tidal energy. However, analysis on the modal structure and energy
flux requires full-depth observations in principle. Great challenges
still remain for the acquisition of full-depth observations in the
deep ocean due to water depth and limitations of measuring
instruments. Katsumata et al. (2010) used vertical interpolation
and extrapolation of the moored point measurements to know
velocity and pressure throughout the water column. However,
purely mathematical interpolation tools such as linear, polynomial,
or spline functions, which could be used for interpolation/
extrapolation, usually lack physical explanations. Fortunately,
recent studies indicate that full-depth tidal currents can be
reconstructed from limited observations based on the modal
decomposition and least square method (Nash et al., 2005; Zhao
et al., 2010; Cao et al,, 2015; Shang et al., 2015). Nash et al. (2005)
used this method to obtain full-depth, continuous data for the
estimation of internal wave energy fluxes in the case of temporally
well-sampled but vertically gappy data. Shang et al. (2015) used this
method to analyze the characteristics of each tidal current, but they
did not fill the missing data, due to a large gap (~1000 m) in their
observation site, which may render higher-mode fits unstable in
the modal decomposition. Zhao et al (2010) further investigated
effects of weight in the modal decomposition and Cao et al (2015)
determined that one barotropic mode and three baroclinic modes
is the appropriate mode number for their prescribed motion. In
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addition, using too many modes may cause unreasonable results
with limited observing depths, because of the existence of
measurement errors and the nonorthogonality of normal modes.
Given that the least square method is used, a question arises
consequently: how many observations are essential and sufficient
to correctly obtain full-depth tidal currents at a mooring? In other
words, it needs to be figured out the smallest number of necessary
observations to reconstruct full-depth tidal currents accurately,
which would be useful for the design of moorings in the future.

In this study, we choose a mooring from the South China Sea
(SCS) Mesoscale Eddy Experiment (Zhang et al., 2016) and
prescribed two ideal mooring to answer the aforementioned
question. The paper is organized as follows. Section 2 introduces
the mooring observation and the method to reconstruct full-
depth tidal currents. In section 3, a series of experiments are
carried out to assess the importance of different parts of
observations in the reconstruction of full-depth tidal currents
and to determine the essential observations at different
moorings. Section 4 gives the generalized suggestions for the
design of moorings and conclusion in the paper.

2 Data and method
2.1 Mooring observation

In this study, one three-month-long time series (from 1 March
to 31 May 2014) of current data observed by mooring (MP1) in the
northern SCS (Figure 1) are used. Mooring MP1 is located at the
edge of the SCS basin, where the water depth is 980 m. It is
equipped with one up-looking and one down-looking 75-kHz
ADCP, which can measure currents at almost full depth with a
time interval of one hour. In addition, the density and buoyancy
frequency in this study are calculated using the temperature and
salinity from the World Ocean Atlas 2018 (WOA18) data
(Figures 2A-C). Cao et al (2015) confirmed that the observed
temperature shows good agreement with that from WOAO05 data at
the mooring MP1, so the density obtained from the new version
WOAI8 (Boyer et al,, 2018) can be regarded as the real value and
used to calculate the buoyancy frequency. In addition, some studies
confirmed that temperature and salinity from WOAI18 and
previous versions WOA13 are valid dataset to be used as
reference (Li et al., 2017; Gouretski, 2018; Costa and
Tanajura, 2022).

2.2 Method to reconstruct full-depth
tidal currents

In the ocean, ITs can be represented as a superposition of
discrete baroclinic modes which depend on the buoyancy
frequency. For horizontal tidal currents including barotropic
tides and ITs, which is represented,
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Topography and bathymetry of the SCS. The yellow star denotes the position of the mooring MP1 and two red stars denote two prescribed

moorings of two ideal experiments.
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where u and v represent zonal and meridional current
components of one tidal constituent (e.g. the M,), z is depth, ¢
is time, u,, and v, are tidal current components of the m-th
mode (m=0 represents the barotropic mode and m>0 represents
the baroclinic mode), U,, and V,, are coefficients corresponding
to u, and v,, respectively, and ¢,, is eigenfunction of the
eigenvalue problem. Refer to Appendix for the calculation
of eigenfunctions.

Figures 2D-F displays the stratification and corresponding
normal modes (9¢,,/0z) at the mooring MP1. Using the normal
modes and the limited tidal current observations, U,, and V,,
can be calculated with the least square method according to
Equation 1. Then tidal currents of each mode can be calculated.
By adding the barotropic tidal currents to all the baroclinic ones,
the full-depth tidal currents are reconstructed.

3 Result

3.1 Reconstruction results with different
observations at the mooring MP1

Cao et al. (2015) demonstrated that the observations from
two ADCPs at the mooring MP1 can effectively reconstruct the
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full-depth M, tidal currents (through harmonic analysis) based
on one barotropic mode and three baroclinic modes. Figure 3
shows the observed and reconstructed full-depth M, tidal
currents as well as the barotropic and baroclinic tidal currents
of each mode at the mooring MP1. Calculation of the horizontal
kinetic energy density (HKE) of each mode shows that the M,
tidal currents here are dominated by mode-1 (1830 J/m?) which
accounts for 65.9% of the total HKE, followed by the barotropic
mode (776 J/m?) explaining 27.9% of the total HKE. Higher
modes account for smaller proportions with the mode-2 (150 J/
m?) and mode-3 (23 J/m?) explaining 5.4% and 0.8% of the total
HKE, respectively.

In this paper, the less or simpler observations are used to try
to effectively reconstruct full-depth M, tidal currents. 18 real
experiments (REs) using different layers of ADCP data are
carried out at the mooring MP1, of which details are displayed
in Figure 4. It should be noted that one ADCP is replaced by
several virtual CMs in all the REs except RE-1 and RE-2.
Observations of virtual CMs are the real currents measured by
ADCPs at the corresponding depth. Based on the modal analysis
conducted in Cao et al (2015), one barotropic mode and three
baroclinic modes are adopted in RE-1 to RE-18.

Figure 5 illustrates reconstruction results of all REs. As can
be seen from Figures 5A, B, when only observations from one
ADCP are used, reconstructed tidal currents show obvious
difference from the observed results (Figure 3B), especially at
the depths outside the measuring range (e.g. 500-980 m in RE-1
and 0-500 m in RE-2). That indicates that it is nearly impossible
to reproduce full-depth real tidal currents using only
observations from one ADCP at the mooring MPI.
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FIGURE 2

Spring (A) temperature, (B) salinity, and (C) density from WOA18 data at the mooring MP1. (D) Buoyancy frequency, and parts of (E) ¢,, and

(F) normal modes d¢,,,/dz at the mooring MP1

Reconstructed tidal currents in RE-1 differ dramatically from
those in RE-2. In RE-1, the error in reconstruction is mainly
concentrated on the magnitude of currents below 500 m with
reconstructed tidal currents being about triple larger than the
real ones. While in RE-2, both amplitudes and phases show great
differences between reconstructed tidal currents and the real
ones outside the ADCP measuring range. In the upper 500 m,
the amplitudes of reconstruction results are much larger than the
real ones. Given that the least squares method is used in the
reconstruction, it can be deduced that lack of essential
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observations results in the unreasonable reconstruction in RE-
1 and RE-2. To evaluate the reconstructed results, mean absolute
errors (MAEs) between amplitudes (phases) reconstructed with
part of the observations and the observed results in each RE are
shown in Table 1. As can be seen, the MAEs of amplitudes of u
and v in RE-1 are much smaller than those in RE-2, while the
MAE:s of phases are larger than those in RE1-2. From the above
statistics and Figures 5A, B, it can be concluded that the
observations from the up-looking ADCP are more important
than those from the down-looking one. The main reason is that
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(A) Observed and (B) reconstructed M, tidal currents as well as (C-F) corresponding modes at the mooring MP1. Black lines in each subfigure
represents the instantaneous currents at 01:00 local time (UTC+8) 1 Mar 2014.

tidal currents vary remarkably near the thermocline, which is
within the measuring range of the up-looking ADCP.

As discussed above, it is difficult to accurately reproduce the
full-depth tidal currents at the mooring MP1 using only
observations from one ADCP. Because the least square
method is used in the reconstruction, adding observations may
increase the accuracy of reconstruction results. Obviously,
observations from two ADCPs are sufficient for perfect
reconstruction. However, are all the observations from two
ADCP essential? Would additional observations from several
CMs besides those from one ADCP make reconstructed tidal
currents more accurate? In order to investigate these problems,
RE-3 to RE-18 are carried out. As can be seen from Figures 5C-
F, when observations from both the up-looking ADCP and one
virtual CM at 500 (600, 700, 800) m are used (from RE-3 to RE-
6), the reconstructed tidal currents are close to the real ones. The
result with one virtual CM at 800 m is closest to the real one (RE-
6). The MAEs of amplitudes of v and v are 0.38 cm/s and 0.18
cm/s, which are much smaller than the precision of the 75kHz
ADCP (0.50cm/s), and the MAEs of phases of u and v are 1.32°
and 4.33°. Comparing the results from RE-3 to RE-6 (Table 1),
with the increase of depth of the virtual CM, the reconstructed
tidal currents are gradually approaching to the real ones. The
result that the virtual CM is 400-500 m away from the up-
looking ADCP (RE-6) is better than those of the other three
schemes (from RE-3 to RE-5), suggesting that the observations
of RE-6 are sufficient to obtain the real full-depth tidal currents
at the mooring MP1. Results from RE-1 and RE-6 indicate the
importance of observations in deep layer in the reconstruction of
full-depth tidal currents.
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However, tidal currents cannot be accurately reconstructed
from the observations of the down-looking ADCP and two
virtual CMs in the upper ocean (from RE-7 to RE-12),
although their MAEs decrease compared with RE-2 (Table 1).
Interestingly, changes of the depth of the two virtual CMs within
the upper water column significantly influence the accuracy of
reconstruction results. In RE-7 (RE-8) where the two virtual
CMs are placed at 50 m and 100 m (200 m), compared with
other schemes, the reconstruction results are closer to the real
ones (Figures 5G, H). However, the MAEs of amplitude and
phase are still large (Table 1, RE-7 and RE-8), the schemes are
not sufficient to reconstruct the full-depth tidal currents
effectively. In addition, in RE-9 to RE-12 where the two virtual
CMs are placed at other depth, the real tidal currents cannot be
reconstructed at all (Figures 5I-L). Even if tidal currents cannot
be effectively reconstructed from observations of the down-
looking ADCP and two virtual CMs, their results show that
the CMs near the thermocline (50-200 m) play an important role
in the reconstruction of full-depth tidal currents.

When three virtual CMs are used to replace the up-looking
ADCP (Figures 4M-P), the results of RE-13 to RE-16 are shown
in Figures 5M-P. In RE-15 (RE-16) where the three virtual CMs
are placed at 50 m, 100 m and 300 m (200 m), the tidal currents
can be reconstructed. The MAEs of amplitudes of u and v are
smaller than 0.5 cm/s and the MAEs of phases of u and v are
smaller than 4°. Compared with RE-7, adding only one more
CM at 200 m or 300 m can make the results more accurate.
Without CM at 50 m in RE-13 and without CM at 100 m in RE-
14, although there are three CMs in these schemes, the results
are still inaccurate, which indicates the importance of
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(A—R) Observed M, tidal currents in RE-1 to RE-18. The abscissa range is -0.2 m/s to 0.2 m/s. The depth layers of the virtual CMs measured by
up-looking ADCP are 50, 100, 200 and 300 m, respectively. The depth layers of the virtual CMs measured by down-looking ADCP are 500, 600,

700 and 800 m, respectively.

observation at depth near 50-100 m. When four virtual CMs
replace the up-looking ADCP, the result in RE-17 is closest to
real one (Figure 5Q). The MAEs of amplitudes of u and v in RE-
17 are 0.31 cm/s and 0.20 cm/s and MAEs of phases of u and v
are 1.86° and 2.49°.

Combining the results in RE-6 and RE-17, the real tidal
currents can be reconstructed from the observations of the up-
looking ADCP and one virtual CM at the depth layer of 800 m or
from the observations of the down-looking ADCP and four
virtual CMs at the depth layers of 50, 100, 200 and 300 m. The
result with only five virtual CMs at 50, 100, 200, 300 and 800 m
(RE-18) is shown in Figure 5R and the reconstructed tidal
current is basically close to the real one in structure. The
MAEs of amplitudes of u and v are 0.75 cm/s and 0.19 cm/s
and the MAEs of phases of u and v are 5.96° and 2.71°. In
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addition to a high MAE of amplitude of u, other evaluations are
within a reasonable range. This scheme is still feasible on
purpose of saving costs.

As can be seen from Figure 2D, the buoyancy frequency has
complex changes above 100 m, but it becomes regular to some
extent below 100 m. Therefore, the CMs at 50-100 m are
essential. The four virtual CMs at 50, 100, 200 and 300 m
basically cover the most complex variation of the buoyancy
frequency, which can replace an up-looking ADCP and can
effectively reconstruct tidal currents. If the change of buoyancy
frequency is not complex, fewer CMs can also reconstruct tidal
current. The buoyancy frequency calculated by WOAO5 is
simpler than that calculated by WOA18 due to its low
resolution. 2-3 virtual CMs can replace the up-looking ADCP
and can effectively reconstruct tidal current with the buoyancy
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(A—R) Reconstructed M, tidal currents corresponding to RE-1 to RE-18 of Figure 4.

frequency calculated by WOAO05 at the mooring MP1 (not
shown). The real buoyancy frequency is more complex, and
the thermocline coverage may be wider in other areas, so more
CMs or an up-looking ADCP is inevitable. The number of CM
depends on the complexity and range of buoyancy
frequency variation.

Combing the results of the 18 experiments, it can be
concluded that a) one ADCP measuring currents near the
thermocline and one CM below 600 m are essential and
sufficient to accurately reconstruct the full-depth tidal currents
at the mooring MP1; b) four CMs (50, 100, 200 and 300 m) near
the thermocline can basically replace an up-looking ADCP and
more CMs are required in case of more complex variation of
buoyancy frequency; ¢) four CMs near the thermocline and one
CM below 600 m can basically reconstruct the full-depth tidal
currents at the mooring MP1 in purpose of saving costs.
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3.2 Reconstruction results with different
observations at the moorings MP2
and MP3

In the deeper waters in the SCS, the structures of
temperature, salinity and the buoyancy frequency will change,
and the vertical structures of baroclinic modes are different from
those at the mooring MPI. In order to explore the smallest
number of necessary observations to reconstruct full-depth tidal
currents accurately in deeper waters, two assumed moorings
MP2 and MP3, where the water depths are 2500 m and 4300 m,
are chosen for ideal experiments (IEs). For the universality of the
experimental results, the moorings MP1, MP2 and MP3 are
selected to be far apart (Figure 1) to obtain the structures of the
temperature, salinity and the normal modes with great difference
(Figure 6). The ideal data at the moorings MP2 and MP3 are
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TABLE 1 MAEs of reconstructed tidal currents using part of the observations and the observed results in each experiment at the mooring MP1.

Experiment MAE of amplitude of u (cm/s) MAE of phase of u (°)  MAE of amplitude of v (cm/s) MAE of phase of v (°)

RE-1 482 4163 1.89 43.63
RE-2 8.61 27.55 8.93 3212
RE-3 0.53 2321 0.65 2.38
RE-4 0.48 497 0.34 6.53
RE-5 0.53 283 0.36 3.54
RE-6 0.38 132 018 433
RE-7 0.67 7.13 0.59 5.99
RE-8 0.84 493 0.55 5.75
RE-9 248 3.65 135 6.24
RE-10 126 8.72 0.54 10.08
RE-11 201 15.77 129 13.92
RE-12 5.98 23.68 3.51 2195
RE-13 1.01 5.84 0.46 7.95
RE-14 0.59 3.00 0.40 406
RE-15 0.29 2.92 0.29 2.69
RE-16 0.48 3.10 0.29 3.40
RE-17 031 1.86 0.20 2.49
RE-18 0.75 5.96 0.19 271
A B c
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FIGURE 6
(A) Buoyancy frequency, and parts of (B, C) normal modes 0¢,,/dz at the moorings MP2 and MP3.
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prescribed as follows. 1) The coefficients U,,(f) and V,,(t) of one
barotropic mode and ten baroclinic modes are obtained by
modal decomposition and least square method at the mooring
MP1. 2) One barotropic mode and ten baroclinic modes 9¢,,/0z
are calculated at the moorings MP2 and MP3 using the
temperatures and salinities from WOA18. 3) According to
equation (1), the ideal M, tidal currents u(z,t) and v(z,t) are
synthesized based on the 11 normal modes at the moorings MP2
and MP3 and the coefficients at the mooring MP1. 4) Adding the
Gaussian white noise signals (regarded as measuring errors) to
the ideal tidal currents, the prescribed full-depth M, tidal
currents are obtained, which are regarded as “observations” in
the IEs.

In equation (1), the coefficients U,,(t) and V,,(f) dominate
the energy proportion of different normal modes and different
tidal constituents. In the SCS, low modes account for larger
proportions of HKE, and this paper focuses on the M, tidal
constituents. Furthermore, the importance of the observation at
different depth layers lies in the tidal current structure, that is,
the modes calculated from the temperatures and salinities.
Therefore, the coefficients at the mooring MP1 can be applied
to the modes at the moorings MP2 and MP3.

3.2.1 Mooring MP2

The prescribed full-depth M, tidal currents, one barotropic
tidal currents and three baroclinic mode currents at the mooring
MP2 are shown in Figure 7. The vertical structure of tidal

10.3389/fmars.2022.959014

current at the mooring MP2 with 2500 m water depth is
different from that at the mooring MP1 with 980 m water
depth. The complex variation of amplitudes reaches around
200 m at the mooring MP2, while it reaches around 150 m at the
mooring MP1. Below 2000 m at the mooring MP2, the M, has
very small amplitudes and becomes rectilinear currents.

The smallest number of necessary observations to
reconstruct full-depth tidal currents accurately is explored
under this tidal current structure at the mooring MP2. In this
experiment, we still use three baroclinic modes to reconstruct
tidal observations (Cao et al, 2015), although they are
synthesized by ten baroclinic modes. Through Section 3.1, we
have realized the importance of up-looking ADCP for
reconstructing full-depth tidal currents accurately. Based on
this idea, ten IEs (Table 2) are designed, of which the up-
looking ADCP is necessary.

Table 3 lists the MAEs between the amplitudes (phases)
reconstructed with part of the observations and those with all the
observations in the ten IEs. In IE1-1, two ADCPs and four CMs
with an interval of 500 m can effectively reconstruct the full-
depth tidal current. The MAEs of amplitudes of u and v are both
0.16 cm/s, and the MAEs of phases of u and v are 5.86° and 9.38°.
IE1-3 uses only the up-looking ADCP, resulting in a large MAE,
which cannot reconstruct the tidal current at all. After adding a
down-looking ADCP (IE1-2), the MAEs of phase of # and v are
still large, and the MAE of phase of v reaches 31.25°. As can be
seen from Figures 8A, B, the amplitudes of reconstructed tidal
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Prescribed M2 mode-0 mode-1 mode-2 mode-3
0 ?(",— A =
500 | 1t 1t it it 1
=1000 - 1t 1t 1 1t 1
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=
o,
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2 1500 1t 1t 1 1F 1
2000F £ 1 T 1t 1t 1t E
’
2500 —= - :
-0.2 0 0.2 -0.2 0 0.2 -0.2 0 0.2 -0.2 0 0.2 -0.2 0 0.2
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FIGURE 7

(A) Prescribed M tidal currents in IEs at the mooring MP2, which are synthesized by (B) one prescribed barotropic modes and ten prescribed
baroclinic modes. (C—E) Only the first three baroclinic modes are shown.
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TABLE 2 Details of the IEs at the mooring MP2.

Experiment

IE1-1
1E1-2
IE1-3
1IE1-4
IE1-5
IE1-6
1IE1-7
IE1-8
1IE1-9
IE1-10

10.3389/fmars.2022.959014

Observations used to reconstruct full-depth tidal currents

Up-looking ADCP + Down-looking ADCP + four CMs (1000 m, 1500 m, 2000 m, 2495 m)
Up-looking ADCP + Down-looking ADCP

Up-looking ADCP

Up-looking ADCP + one CM (1000 m)

Up-looking ADCP + one CM (1500 m)

Up-looking ADCP + one CM (2000 m)

Up-looking ADCP + one CM (2495 m)

Up-looking ADCP + two CMs (1000 m, 2495 m)

Up-looking ADCP + two CMs (1500 m, 2000 m)

Up-looking ADCP + four CMs (1000 m, 1500 m, 2000 m, 2495 m)

currents in IE1-2 are apparently smaller than the prescribed
amplitudes (Figure 7A) below 1000 m due to lack of
observations in the deep layer, suggesting that observations in
the deep layer play an important role in the reconstruction.
Then, on the basis of an up-looking ADCP, we explore the
impact of adding different numbers of CMs on the
reconstruction of full-depth tidal current. In IE1-4 to IE1-7
where one CM are placed at 1000 m, 1500 m, 2000 m and
2495 m respectively, the MAEs of IE1-5 and IE1-6 are much
smaller than those of IE1-4 and IE1-7 (Table 3), and the
observations of IE1-5 and IE1-6 have the ability to effectively
reconstruct full-depth tidal current. It can be seen from
Figures 8C, D that the reconstructed tidal current (IE1-5) is
consistent with the prescribed M, tidal current (Figure 7A),
which shows that the CMs in the middle of the deep layer
(1500 m and 2000 m) are more important than that at the ends
of the deep layer (1000 m and 2495 m).

Comparing the result of IE1-8 where two virtual CMs are
placed at 1000 m and 2495 m and the result of IE1-9 where two
virtual CMs are placed at 1500 m and 2000 m, it can be seen that
even if two virtual CMs are used, the scheme of placing the CMs
at two ends of the deep layer (IE1-8) cannot effectively

reconstruct the tidal current. Due to the two CMs in the
middle of the deep layer in IE1-9, the MAE is close to that in
IE1-1 and is equivalent to those in IE1-5 and IE1-6. Figures 8E, F
shows the observed and reconstructed M, tidal current in IE1-9.
Once the observations from both the up-looking ADCP and four
CMs with an interval of 500 m are used (IE1-10), the
reconstructed tidal currents are the closest to those in IE1-1.
Figures 8G, H shows the observed and reconstructed M, tidal
current in IE1-10, indicating that the combination of
observations from up-looking ADCP in the upper 500 m and
four CMs at 1000-2500 m can well reconstruct the full-depth
tidal current. In all IEs, the MAE of amplitude in IE1-1 has the
smallest value, but the MAEs of phase of u and v in IE1-1 reach
5.86° and 9.38°, which are higher than those in some schemes
without down-looking ADCP (IE1-5, IE1-6, IE1-9 and IE1-10).
We speculate that although the amplitude varies remarkably in
the upper 500 m, the variation of phase is not concentrated in
some depths. Due to two ADCPs are added in the upper ocean,
the fitting weights of least square method at 50-1000 m are much
greater than those at 1000-2500 m, resulting in that the
reconstruction of phase in IE1-1 is not as good as that in some
schemes with relatively uniform observations.

TABLE 3 MAEs of reconstructed tidal currents using part of the observations and prescribed tidal currents in each IE at the mooring MP2.

Experiment MAE of amplitude of u (cm/s)

IE1-1 0.16 5.86
IE1-2 0.31 12.29
IE1-3 440 19.60
IE1-4 0.42 27.55
IE1-5 0.34 545
IE1-6 0.38 412
IE1-7 0.35 7.48
IE1-8 0.29 11.73
IE1-9 0.35 483
IE1-10 0.21 5.02
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MAE of phase of u (°)
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MAE of amplitude of v (cm/s) MAE of phase of v (°)

0.16 9.38
0.32 31.25
10.02 93.27
0.27 42.47
0.30 8.64
0.29 6.82
0.26 18.48
0.21 26.50
0.30 7.50
0.20 7.99
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FIGURE 8

(A, C, E, G) Observed and (B, D, F, H) reconstructed M, tidal currents in (A, B) IE1-2, (C, D) IE1-5, (E, F) IE1-9 and (G, H) IE1-10

3.2.2 Mooring MP3

Through the conclusions of Section 3.1 and Section 3.2.1, the
importance of up-looking ADCP in the upper ocean and CMs in
the deep layer cannot be ignored for reconstructing full-depth
tidal currents accurately. At the mooring MP3 where the water
depth is 4300 m, five IEs are carried out (Table 4). In IE2-1, two
ADCPs cover 50-1000 m and seven CMs with an interval of
500 m cover 1000-4000 m. The MAEs of amplitudes of u and v
are only 0.07 cm/s, and the MAEs of phases of u and v are 3.46°
and 9.41° (Table 5), which can reconstruct the full-depth tidal
currents accurately. Regarding the MAEs in IE2-1 as a relative
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standard, the reconstructed tidal currents with fewer CMs are
explored. In IE2-2, the down-looking ADCP is replaced by one
CM at 500 m on the basis of IE2-1 (Figures 9A, B). Its MAEs are
very close to those in IE1-1. The MAEs of amplitudes of u and v
increase only 0.01 cm/s, and the MAEs of phases of u and v
increases less than 2°. When half of the CMs are removed on the
basis of IE2-2 (i.e., four CMs with an interval of 1000 m are
placed at 1000 m, 2000 m, 3000 m and 4000 m in IE2-3, Figures
9D, E), the result is still acceptable. The MAEs of amplitudes of u
and vare 0.11 cm/s and 0.09 cm/s, and MAEs of phases of u and
v are 5.18° and 13.90°. When only two CMs are used (IE2-4 and
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TABLE 4 Details of IEs at the mooring MP3.

Experiment Observations used to reconstruct full-depth tidal currents

1E2-1 Up-looking ADCP + Down-looking ADCP + seven CMs (1000 m, 1500 m, 2000 m, 2500 m, 3000 m, 3500 m, 4000 m)
1E2-2 Up-looking ADCP + eight CMs (500 m, 1000 m, 1500 m, 2000 m, 2500 m, 3000 m, 3500 m, 4000 m)

1E2-3 Up-looking ADCP + four CMs (1000 m, 2000 m, 3000 m, 4000 m)

1E2-4 Up-looking ADCP + two CMs (2000 m, 3000 m)

1E2-5 Up-looking ADCP + two CMs (1000 m, 4000 m)

TABLE 5 MAEs of reconstructed tidal currents using part of the observations and prescribed tidal currents in each IE at the mooring MP3.

Experiment MAE of amplitude of u (cm/s) MAE of phase of u (°) MAE of amplitude of v (cm/s) MAE of phase of v (°)

1E2-1 0.07 346 0.07 9.41
1E2-2 0.08 4.92 0.08 10.64
1E2-3 0.11 5.18 0.09 13.90
1E2-4 0.11 7.50 0.11 23.11
1E2-5 0.24 5.95 0.21 19.50
A B C D E F
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FIGURE 9
(A, D) Observed and (B, C, E, F) reconstructed M, tidal currents with (B, E) four normal modes and (C, F) ten normal modes in (A—C) IE2-2 and
(D-F) IE2-3.

[E2-5), the results are worse than other experiments, and their From the above results, it indicates that the full-depth tidal
MAEs of phases of v reach 23.11° and 19.50° respectively. current can be accurately reconstructed by using an up-looking
Similarly, the result of IE2-4 is better than that of IE2-5, which ADCP and four CMs with an interval of 1000 m (IE2-3). Even if
also confirms the conclusion of the previous chapter that the only two CMs at 2000 m and 3000 m are used (IE2-4), the MAEs
CMs in the middle of the deep layer are more important than of amplitudes of u and v are still very small (0.11 cm/s). This is
that at the ends of the deep layer. because the tidal ellipse does not change remarkably below
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1000 m (Figures 8H; 9B), no matter at the mooring MP2 with
2500 m water depth or MP3 with 4300 m water depth. In
addition, only one barotropic mode and first three baroclinic
modes are used in the fitting process, and the low-mode
baroclinic motions changes slowly, resulting in low degrees of
freedom. As long as there are a few observations below 1000 m,
the result will be close to real tidal currents. Generally speaking,
the tidal current is dominated by barotropic modes and the first
two baroclinic modes. Higher modes account for smaller
proportions of the total HKE, because the high-mode
baroclinic motions are easy to dissipate (Nikurashin and Legg,
2011). However, the energy of high-mode may not be ignored in
some sea area. Considering more modes will increase the
universality of this study and make the results more accurate.
We performed a sensitivity experiment for the five IEs listed
in Table 4, where the mode number increases gradually from 2
(one barotropic mode and one baroclinic mode) to 11 (one
barotropic mode and ten baroclinic modes). The MAEs of
amplitudes and phases of u and v for the five IEs are shown in
Figure 10. The MAEs are quite similar in the five IEs with 4
modes, except for phase of v. However, with the increase of
mode number, there are large MAEs between the results of IE2-4
and IE2-5 with two CMs and the real tidal currents with 5 or 6
modes, and there are large MAEs between the result of IE2-3
with four CMs and the real tidal currents with 10 modes.
Figure 9F shows the reconstructed tidal current in IE2-3 when
the mode number is 10. With ten normal modes, the scheme of
the four CMs with an interval of 1000 m cannot reconstruct the

10.3389/fmars.2022.959014

tidal current accurately, which has considerable MAEs of
amplitude and phase. Only IE2-1 and IE2-2 are insensitive to
the increase of mode number, and the results show a
convergence trend. With ten normal modes in IE2-2
(Figure 9C), the MAEs of amplitudes of u# and v are 0.04 cm/s
and 0.07 cm/s, and the MAEs of phases of u and v are 1.7° and
3.6°, which have smaller MAEs than that in Table 5 using four
normal modes. As discussed above, we conclude that if four
normal modes are considered, an up-looking ADCP and several
CMs with an interval of 1000 m can reconstruct full-depth tidal
current accurately. If more modes need to be considered to deal
with high-mode baroclinic motions, it is better to use an up-
looking ADCP and several CMs with an interval of 500 m.

4 Discussion and conclusions

In this study, we explore how many observations are
sufficient and essential to reconstruct full-depth tidal currents
based on the modal decomposition and least square method. A
series of experiments are carried out based on direct
observations at the mooring MP1 and synthetic observations
at moorings MP2 and MP3 in the SCS. Combing the results at
the three moorings, we can make some generalized conclusions.

Fundamentally, both observations in the upper ocean
(especially near the thermocline) and deep layer are essential
for the reconstruction of full-depth tidal currents. The
observations from the up-looking ADCP are more important

A 1 amplitudes of u B amplitudes of v
) —o—]E2-1 \/
0.8 —=—]E2-2

@ —A—]E2-3
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FIGURE 10
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Mode number

The MAEs of amplitudes of (A) u and (B) v from IE2-1 to IE2-5 at the mooring MP3 with different mode number, and the MAEs of phases of (C) u
and (D) v from IE2-1 to IE2-5 at the mooring MP3 with different mode number
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than those from the down-looking one. The main reason is that
tidal currents vary remarkably near the thermocline, which is
within the measuring range of the up-looking ADCP

For the upper ocean, at least 2-4 CMs are required to replace
an up-looking ADCP near the thermocline, and it is important to
place those CMs at the depth where the buoyancy frequency have
complex variation. In different areas, the depth of thermocline may
change, so more CMs are needed to replace an up-looking ADCP
with deeper thermocline. The number of CM in the upper ocean
depends on the complexity and range of buoyancy frequency
variation. Therefore, an up-looking ADCP is generally necessary.

For the deep layer, more observations are needed as water
depth increases. Based on the observations from an up-looking
ADCP for the stations with water depths less than 1000 m,
increasing one CM at in the middle of the deep layer can
effectively reconstruct full-depth tidal currents based on one
barotropic mode and three baroclinic modes. Due to the small
changes of tidal ellipses and buoyancy frequencies in the deep
layer, the increase of water depth does not have a linear
relationship with the increase of the smallest number of CMs.
At the mooing MP2 with depth of 2500 m, increasing four CMs
with an interval of 500 m (IE1-10) in the deep layer can make the
reconstruction result accurate enough. At the mooing MP3 with
depth of 4300 m, increasing four CMs with an interval of 1000 m
(IE2-3) in the deep layer can make the reconstruction result
accurate enough. They have a similar characteristic, that is, their
CM interval/water depth ratios are approximately equal to 0.2.
The parameter may be useful for the design of moorings with
different water depths to obtain full-depth tidal currents.
Significantly, the CMs in the middle of the deep layer are
more important than that at two ends of the deep layer, such
as RE-6 (800 m) at the mooring MP1, IE1-5 (1500 m), IE1-6
(2000 m), and IE1-9 (1500 and 2000 m) at the mooring MP2,
and IE2-4 (2000 and 3000 m) at the mooring MP3. This design
may be more cost-effective at a small loss of accuracy.
Considering the generality, if there was high-mode energy of
tidal currents at the mooring MP3, an up-looking ADCP in the
upper ocean (especially near the thermocline) and seven CMs
with an interval of 500 m in the deep layer can accurately
reconstruct the full-depth tidal currents, ie., the CM interval/
water depth ratios should be at least less than 1/8 to avoid
higher-mode fits unstable in the modal decomposition.
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Appendix: Calculation of
eigenfunctions

¢, are eigenfunctions of the eigenvalue problem for wave

speed c:
22—Zf+‘2’—;¢=0
¢p=0 at z=0 (A1)
6=0 at z=h

where N is buoyancy frequency and / is water depth. Refer to
Zhao et al. (2010) and Cao et al. (2015), the eigenfunctions
should satisfy an orthogonality condition:

(A2)

ha(pma(pn 0n#m
0o 0z dz dz—{

I n=m

According to Griffiths and Grimshaw (2007), for the
barotropic mode,

C0=\/§E

¢ =1+z/h

(A3)

Frontiers in Marine Science

16

10.3389/fmars.2022.959014

where g is the gravitational acceleration. Basing on the
Wentzel-Kramers-Brillouin (WKB) approximation, the

baroclinic modes can be calculated by taking
I=n*/2h (A4)

and the corresponding eigenvalues and eigenfunctions are

¢y~ CVKB %
— z (A5)
= OB = EU ﬂSin{'K’—”/ N(Z dz'}
¢ ¢ m \/; Nh 0 ( )
Where
1t
N= E/) N(z)dz (A6)

is the depth-averaged buoyancy frequency. Then, the normal
modes in Equation (1) can be calculated as

1
h

99
dz
z
90, _ (=1)"m /N AN
3z~ ﬁcos{%—fﬁ N(z)dz}

(A7)
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