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Abstract Internal waves play important roles in modulating the temperature variations and heat transfers

in stratified oceans. However, due to the deep ocean measuring approach limitations, it is still challengeable to
characterize the temperature fluctuations induced by internal waves in the deep oceans below 2,000 m. In this
study, a fleet of rapid-sampling deep profiling floats with an approximately daily sampling rate was deployed

in the northeastern South China Sea (SCS), Philippine Basin (PB), Mariana Arc (MA), and Kuroshio Extension
(KE). Results show that the internal waves, internal tides or near-inertial waves, have considerable imprints on
local temperature fluctuations. Geographically, the internal wave induced temperature fluctuations are generally
larger in the PB and MA, indicative of a strong deep signature of internal tides generated by local energetic
tide-topography interactions or radiation from remote sources. The temperature fluctuations at 4,000 m can
reach up to 7 m°C in most regions, which may cover up real signals of temperature change, posing challenges to
assess the deep ocean warming rate through currently insufficient deep profiling floats. Besides, the amplitude
of isopycnal displacement in the PB and MA is evidently larger than in KE at 4,000 m, which implies enhanced
diapycnal diffusivity and mixing in the deep layers of open oceans with rough topography.

Plain Language Summary Internal waves are ubiquitous in the global ocean, and their
propagations are accompanied by the rise and falls of isopycnals which induce fluctuations in local temperature.
However, in situ observations of high-frequency temperature fluctuations in the deep ocean are still insufficient.
Here we used a fleet of rapid-sampling deep profiling floats to assess the temperature fluctuations induced by
internal waves. We found that the magnitude of internal wave induced deep ocean temperature fluctuations is
evidently stronger than the long-term trend, especially in the Philippine Basin (PB) and Mariana Arc (MA) with
rough topography. Therefore, a more cautious approach should be used to assess the deep ocean warming rate
in areas with strong internal waves.

1. Introduction

The two-decade Argo array has been the most successful ocean observation network in the 21st century. Nearly
4,000 profiling floats, covering the ice-free oceans, have sustained continuous observations of temperature and
salinity from the sea surface to 2,000 m and provided unprecedented data distributed in the global ocean (Roem-
mich, Alford, et al., 2019). Over 2 million profiles of upper ocean measurements have significantly broadened
our scopes of multiscale oceanic processes (Busecke & Abernathey, 2019; Chen et al., 2017; Durack et al., 2012;
Johnson et al., 2016; Matthews et al., 2007; Wu et al., 2011) and offered new insights into ocean circulation and
climate change (Cheng et al., 2019; Campbell et al., 2019; Roemmich et al., 2012; Gleckler et al., 2016), oceanic
mesoscale eddies (Dufois et al., 2016; Zhang et al., 2014), water mass and mode water (Xu, Li, et al., 2016), and
so forth.

In addition to large-scale circulation and mesoscale processes, small-scale/short-term processes like oceanic
internal waves can also be identified and assessed regarding their impacts on temperature by repeated meas-
urements of core-Argo floats, which commonly profile the upper 2,000 m ocean in 10-day repeated cycle. The
typical timescales of internal waves (internal tides and near-inertial waves) are hours to days, much shorter than
the conventional sampling period of Argo floats. Nevertheless, a recent study by Hennon et al. (2019) suggests
that internal tides can be appropriately identified and resolved based on temperature anomalies obtained by
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Table 1

Information of 10 Deep Profiling Floats Deployed in 2019

No. Date of deployment Location of deployment Area of profiling Date of termination Cycle count CTD model  Prototype model

#1 May 11, 2019 114.98°E 114.97°—115.81°E August 11, 2019 122 SBE-37 ouc
18.10°N 17.99°-18.90°N

#2 August 5, 2019 124.55°E 123.38°-124.96°E ~ December 10, 2019 131 SBE-37 HM4000°
18.99°N 18.99°-20.16°N

#3 August 5, 2019 124.58°E 124.03°-124.99°E  December 11, 2019 132 SBE-37 HM4000
19.10°N 19.10°-20.24°N

#4 November 17, 2019 150.00°E 148.22°~150.01°E ~ March 14, 2020 124 SBE-37 ouc
16.01°N 16.01°-17.96°N

#5 September 10, 2019 152.28°E 148.19°~154.00°E  January 24, 2020 140 SBE-37 oucC
37.87°N 36.54°-38.33°N

#6 August 4, 2019 124.67°E 123.36°-124.76°E ~ December 12, 2019 115 SBE-37 ouc
19.08°N 18.78°-19.26°N

#7 November 8, 2019 149.85°E 149.28°-156.16°E  April 28, 2020 176 SBE-37 ouc
40.07°N 40.07°—44.35°N

#8 August 5, 2019 124.60°E 124.33°-124.96°E September 27, 2019 53 SBE-37 HM4000
19.11°N 19.08°-19.44°N

#9 August 5, 2019 124.63°E 124.32°-124.87°E  September 19, 2019 55 SBE-37 HM4000
19.09°N 19.09°-19.45°N

#10 August 5, 2019 124.67°E 124.54°—124.88°E  September 9, 2019 49 NOTC TJU®
19.08°N 19.05°-19.20°N

2QOcean University of China. ®Qingdao HiSun Ocean Equipment Co., Ltd. “Tianjin University.

thousands of Argo floats in conjunction with satellite observations (Zhao et al., 2016). Hennon et al. (2019)
estimated the temperature signals derived from the Argo floats that are imparted by internal tides and showed
that there is a small, positive correlation between the stationary internal tides derived from altimetry and in situ
signals, providing a practical way that links local temperature fluctuations with internal tides. Specifically, the
relationship is more prominent in regions full of intense internal waves, as well as at depths near the nominal
mode-1 maxima.

As the most widely known internal waves in the ocean, internal tides are commonly generated by barotropic tides
flowing over rough topography and provide mechanical energy for deep ocean mixing (Ferrari & Wunsch, 2009;
Garrett & Kunze, 2007). Furthermore, global deep ocean mixing is thought to be dominated by internal tides
which contribute half of the energy to sustain the deep ocean stratification and maintain the meridional overturn-
ing circulation (Munk & Wunsch, 1998). However, in spite of the well-known global distribution of internal tide
generation, its propagation and dissipation are not well understood, especially in the deep ocean (Vic et al., 2019).
Compared with the upper 2,000 m of the ocean, observational studies of internal tides in deep oceans are quite
limited due to insufficient in situ data (Levin et al., 2019).

To increase the sampling density below 2,000 m, full-depth floats were designed with the aim of having 1,200
floats in the future global ocean (Johnson et al., 2015; Kobayashi et al., 2011; Le Reste et al., 2016; Roemmich,
Alford, et al., 2019, Roemmich, Sherman, et al., 2019). The original purpose of maintaining over 1,000 Deep
Argo floats is to close the heat, freshwater, and sea-level budgets, characterize decadal variability in deep ocean
water masses and estimate the mean and decadal variability in deep ocean circulation including the meridional
overturning circulations (Johnson et al., 2015). Because of the nearly 250 Deep Argo floats deployed in deep ar-
eas of the South Pacific, South Indian, and Atlantic Ocean, we are currently able to estimate the warming rate of
deep water in some basins (Johnson et al., 2019, 2020) and reexamine the deep currents in some basins (Racapé
et al., 2019; Tamsitt et al., 2019; Zilberman et al., 2020). Likewise, it is possible to have assessments on internal
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Figure 1. Deployment locations and trajectories of 10 deep profiling floats.

waves in deep oceans and their impacts on changes of local water properties when Deep Argo arrays become

more available as deep ocean observational data are continuously accumulating.

Quantifications of fluctuations in temperature induced by deep ocean internal waves are challenging, but of great

importance is trying to provide a range of uncertainties when one attempts to estimate deep ocean warming rate

by sporadic Deep Argo floats. It is possible that, at a certain depth, high-frequency temperature fluctuations may
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Figure 2. The maximum depth of deep profiling floats.
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alias on the profiles obtained by Deep Argo floats, which introduce uncer-
tainties in evaluating the deep ocean warming rate (Johnson et al., 2019). In
this regard, it is necessary to first tell how much fluctuations of temperature
that internal waves account for before we can confidently evaluate the warm-
ing/cooling trend using the increasing numbers of Deep Argo floats.

In this study, we analyzed five daily sampling deep profiling floats deployed
in the South China Sea (SCS) and Western Pacific (WP), and attempted to
assess the temperature fluctuations induced by internal waves. Results show
that the internal waves, either internal tides or near-inertial waves, have con-
siderable imprints on deep ocean temperature fluctuations and may poten-
tially give rise to spurious signals when assessing the deep ocean warming
rate via sporadic Deep Argo floats. Given the incomplete knowledge on deep
ocean internal tides with respect to their geographical distributions of ener-
gy conversion, evolution, fate, and parameterization scheme, the results in
this study may provide some favorable references. The rest of this paper is
organized as follows: in Section 2, we introduce the deep profiling floats
deployed in 2019, as well as the data and procedure used to extract internal
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Figure 3. Temperature profiles of five deep profiling floats in the South China Sea (SCS, #1), Philippine Basin (PB, #2 and #3), Mariana Arc (MA, #4), and Kuroshio
Extension (KE, #5), with topography being overlaid.
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Figure 4. The probability density function (PDF) of time intervals between adjacent profiles for the selected deep profiling floats and Deep SOLOs.
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Figure 5. Trajectories of 14 Deep SOLO floats in the Southwest Pacific. The IDs of Deep SOLO floats are indicated.

wave imprints on temperature. Detailed results, including the temperature fluctuations at the tidal and inertial
frequencies, will be presented in Section 3. The feasibility of sampling strategies was verified by comparing with
nearby moorings in Section 4, followed by the summary and discussion of this study in Section 5.

2. Data and Methods
2.1. Deep Profiling Floats and Deployment in 2019

China began the development of 4,000-m profiling floats in 2016 (Deep Argo Workshop second report, 2019). In
2019, 10 prototypes of 4,000-m deep profiling floats designed and manufactured by Ocean University of China,
Qingdao HiSun Ocean Equipment Co., Ltd. and Tianjin University (Table 1) were deployed in the SCS, Philip-
pine Basin (PB), Mariana Arc (MA), and Kuroshio Extension (KE) (Figure 1). All three models of deep profiling
float were designed technically following the Deep SOLO floats (Roemmich, Sherman, et al., 2019), and adopted
a glass ball with the controller and lithium batteries inside; hydraulic system, satellite transmission module and
related sensors outside. The whole system is about 55 kg and expected to work normally under pressure of up to
50 Mpa (~5,000 m).

It should be noted that nine prototypes were equipped with a SBE-37sm CTD rather than the conventionally
used SBE-41/41CP/61 CTDs manufactured by Sea-Bird Electronics. Being not a specialized CTD designated
for mobile platforms, the SBE37sm CTD equipped on a profiling float does not perform as well as conventional
CTD, particularly for the conductivity/salinity data. Since we only focus on ocean temperature measured by the
profiling float, as will be discussed later, it will not pose too serious a problem on the data analysis or change our
conclusions substantially.

To verify the stability and working performance of the floats in a short time as much as possible, all the deep
profiling floats were set a daily repeated cycling with the maximum profiling depth down to 4,000 m. Different
from the 1,000 m parking depth of routinely used Deep Argo floats, no parking depth was set for the testing floats,
which means all floats sample up and down all the time. There were six floats, including one OUC, one TJU, and
four HM4000, deployed in the PB, and the other four OUC floats were deployed in the SCS, MA, and KE regions,
respectively (Figure 1 and Table 1).
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Figure 6. Profile-to-profile variability of temperature. Two color-bars are labeled for the results above/below 2,000 m.

2.2. Performance of Deep Profiling Floats

In terms of the total number of profiles, there are seven floats (#1, #2, #3, #4, #5, #6, and #7) that reached over
100 cycles and 3 floats (#8, #9, #10) only reached ~50 cycles (Table 1). Considering at least 65 cycles needed for
harmonic analysis, as will be stated in Section 2.3, floats #8, #9, and #10 are excluded in the subsequent analysis.
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Figure 7. Amplitude of temperature fluctuations (logarithmic scale) derived from floats #1, #2, #3, #4, and #5 within the period band 0.1-1.8 days. The blue line,
green line, and orange line denote semidiurnal, diurnal, and near-inertial frequency, respectively.

Among these prequalified floats, the maximum depth of #6 and #7 was quite unstable (Figure 2), indicative of a
bad performance on buoyancy control. Thus, floats #6 and #7 were excluded in the following analysis. The maxi-
mum diving depth of float #1, though shallower than 4,000 m and behaved somewhat unstable during its lifetime,
it was not excluded because the maximum profiling depth was adjusted concurrently according to its trajectory
and local topography in the northern part of SCS. In this study, therefore, we only use five deep profiling floats
(#1, #2, #3, #4, and #5) that were qualified in their performance on stable profiling maximum depth and sufficient
repeated cycles.

Figure 3 shows the temperature profiles of the five selected deep profiling floats in the WP and SCS. For float
#1, it drifted northeastward before reaching the continental slope region of SCS, with a distance of approximately
100 km during its lifetime. For floats #2 and #3, they both shifted northwestward over 100 km away from their
deployment locations. Float #4 was deployed near MA and its trajectory appeared to be drifting northwestward
due to the background North Equatorial Current (NEC). Float #5 was deployed within a warm-core eddy at the
very beginning (figure not shown), and it drifted rapidly to the east after separating from the eddy and joined the
swift eastward KE jet.
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Table 2
Temperature Amplitude (m °C) and Its Standard Deviation at 3,000 m
SCS PB MA KE SP
Frequency #1 #2 #3 #4 #5 Deep SOLOs
Diurnal 0.32+0.15 10.72+3.97 528+5.12 928+4.12 . .
Semidiurnal 036 +0.09 3.62+1.17 380+1.65 2.73+1.34 2.86 + 1.18 4.87 +3.43
Near-inertial  0.34 + 0.06 1.10£0.58 251 +£0.68 271 +0.78 1.14 £ 0.52 5.36 £+4.93
Total 1.02+0.21 1544 +£3.53 11.59+527 1473 +4.58 4.00 + 1.36 10.22 +5.95

Although the deep profiling floats were set to dive and rise once a day, the cycling period is not as accurate 24 hr
as expected. The sampling time intervals were influenced by a variety of factors such as the maximum profiling
depth, background currents, density contrast between adjacent profiles, time spent during data communications,
etc. Generally, as shown in Figure 4, the selected five deep profiling floats profiled once a day following pre-
scribed configurations, particularly for floats #2, #3, and #5. Float #1 profiled somewhat faster at an average time
interval of 22 hr, which is presumably due to insufficient profiling range in the shallower part of the northern SCS.

2.3. Extracting Temperature Fluctuations and Isopycnal Displacement Induced by Internal Waves

To quantitatively evaluate how much deep ocean temperature fluctuations are contributed by internal waves,
particularly for internal tides and near-inertial waves, we conducted a series of harmonic analysis on potential
temperature at certain depths. This is a simple but effective approach to extract signals at different frequencies.
It should be noted that the selected five deep profiling floats adopted two sampling strategies. For floats #1, #4,
and #5 (OUC model), the sampling interval was set 5 min, while floats #2 and #3 (HM4000 model) ascend and
sample at preprogrammed layers. In this sense, all temperature data were interpolated onto the pressure grid from
surface to the maximum depth with a vertical interval of 30 dbar.

Assume the time series of potential temperature at a certain pressure level z can be represented as a linear com-
bination of a set of sinusoidal terms:

T(z1) = To(d) + ), (H,(2)cos(0;1 = 8(2))) )

=SD, D, f.x
where 7(z, t) is the measured temperature time series, 7,(z) is the mean value, Hj(z) and gj(z) are the amplitude
and phase of cosine wave package at frequency o, Here, M,(1/12.4206 hr!) and K ,(1/23.9345 hr~!) are selected
representative of main semidiurnal (SD) and diurnal (D) constituents, and f denotes the local inertial frequency.
In addition to the selected frequency bands, we linearly discretize the pending period x from 0.1 to 1.8 days with
an interval of 0.08 days.

Now, Equation 1 can be converted linearly into a set of parameters a, and bj and rewritten as:

T(z,1) = To(z) + Zj (aj(z)cos(ojt) + bj(z)sin(o;t)) )

=SD, D.f x

where

Hj(z) = \/a;(2) + b(2), g(2) = arctan(b;(2)/a,(2)) 3)

In this regard, amplitude and phase at each frequency can be obtained according to the input time series of po-
tential temperature.

Note that the above harmonic analysis only works in the condition of a fixed location where stationary internal
tidal signals are assumed constant. However, some of the deep profiling floats drifted over 100 km. The long-dis-
tance drifting is comparable to the typical wavelength of low-mode internal tides, which propagate over nearly a
thousand kilometers from their generation. The amplitude and phase extracted from the original time series may be
contaminated by introducing signals from spatial distribution of internal tides. In this case, to minimize the poten-
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Table 3
As in Table 2, but for the Vertical Displacement (m)

SCS PB MA KE SP

Frequency #1 #2 #3 #4 #5 Deep SOLOs
Diurnal 3.30 + 1.60 29.60 + 13.18 17.58 +17.03 24.29 + 12.46 P
Semidiurnal 3.69 + 0.84 12.05 + 3.88 12.63 +5.46 12.46 +3.91 8.11 +1.18 10.25 +7.22
Near-inertial 3.51 £0.53 3.65 +1.93 833 +254 9.33 +£2.87 323 +149 11.28 +10.37
Total 10.50 +2.11 51.33 + 11.68 38.54 + 17.54 41.43 +15.87 11.34 +3.84 21.53 + 12.54

tial influence from these signals, we apply a 65-point (nearly 65-day) moving window for the subsequent harmonic
analysis (sensitivity experiment for the moving window can be seen in Part 4). Similar to the above equations, we
only extract the semidiurnal, diurnal, and inertial components from the original temperature time series as:

T(zn) =To) + Y, o (H(D)cos(o)t — g(2) @

=SD, D, f

Equation 4 can be converted linearly into a set of parameters a and bj. and rewritten as:

T(z1) = To(2) + ), (aj(2)cos(c;t) + bj(2)sin(o;1)) )

=SD, D.f
Following Huang et al. (2018), the vertical displacement amplitude Aj(z), can be calculated through HJ.(z)/TZ(z).
Here, Hj(z) denotes temperature amplitude calculated from the above equations, and 7, (z) denotes the vertical
gradient of background potential temperature calculated from averaged temperature profile. Note that the har-
monic analysis with 65-point harmonic window obtained a series of amplitudes and its standard deviation was
calculated subsequently.

2.4. Modal Decomposition and Energy for Internal Tides
The baroclinic modes for vertical displacement, @(z), can be determined by the Sturm-Liouville equation,

d’®(z)  N*(2)
dz? + c2

n

Dd(z) =0 (6)

subject to the boundary conditions @(0) = @(—H) = 0, where n is the mode number and c, is the eigenspeed
(Gill, 1982). The N*(z) is the averaged squared buoyancy frequency.

The vertical displacement is expressed as:
5
DT WAL HEN 7

where @ (z) is the vertical structures, #,,(¢) represent the time-varying magnitude of the nth mode and ;1/’.(2, 1)
denotes the reconstructed time-varying vertical displacement. In this study, we used the first five modes to extract

’;jzrejature Amplitude (m °C) and Its Standard Deviation Near the Depth of 4,000 m
SCS

(3,570 m) PB (3,930 m) MA (3,930 m) KE (3,930 m) SP (3,990 m)
Frequency #1 #2 #3 #4 #5 Deep SOLOs
Diurnal 099 +0.11 294+128 346+544  7.83+3.00 . _
Semidiurnal ~ 0.34 +£0.07  2.26 +£0.93 0.71 +0.85 3.46 +1.43 0.88 +0.43 9.87 +5.57
Near-inertial ~ 0.23 +0.07 039 +0.17 0.61 £0.32  0.94 + 0.45 0.87 + 0.69 723 +5.71
Total 1.59+0.16 559+196 478 +3.14 1223 +4.31 1.75 + 1.00 17.10 £ 9.33
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Table 5
As in Table 4, but for the Vertical Displacement (m)
SCS (3,570 m) PB (3,930 m) MA (3,930 m) KE (3,930 m) SP (3,990 m)
Frequency #1 #2 #3 #4 #5 Deep SOLOs
Diurnal 20.96 +2.01 36.04 + 15.74 42.40 + 36.02 37.37 + 16.81
Semidiurnal 7.25 +£1.31 27.67 £ 11.39 8.76 +£4.36 16.81 £7.53 4.11+043 14.98 +8.45
Near-inertial 4.89 +1.45 4.81 +£2.12 7.49 +3.16 7.18 £2.70 4.07 +£3.24 10.97 + 8.68
Total 33.51 +£2.77 68.53 +24.13 58.64 + 38.40 61.42 +23.56 8.18 +4.75 25.95 + 14.16
the vertical displacement of baroclinic mode. Although the phase of vertical displacements was considered here,
the vertical structure for each mode may be aliased due to the nearly 1-day sampling strategies.
The depth-integrated available potential energy (APE) for nth baroclinic mode is calculated through
1 0
APE= Zpo / (N*(2)n(z, D)dz. @®)
-H
Here, p,, denotes the water density, H denotes the water depth, and the angle brackets denote an average over one
semidiurnal and diurnal tidal period. The #,(z, t) denotes the time-varying vertical displacement of the nth mode.
2.5. Mooring Data and Other Deep Argo Floats Data
To demonstrate and validate the approach we used to analyze the temperature data measured by deep profiling
floats, we used the CTD data from three subsurface moorings nearby, which are located at SCS and PB, respec-
tively. In the SCS, the subsurface mooring was deployed at the northern part of SCS (18.33°N, 115.93°W) on
0 25 50 75 100 125 150 0 25 50 75 100 125 150 0
(a)
1000 A 1000 A 1000 A
1500 A 1500 A 1500
E E E
< 2000 < 2000 1 < 2000 4
Qo Qo o
[} [} [
a a a
2250 - 2250 - 2250 A
2500 - 2500 A 2500 A
2750 - 2750 2750 A
3000 A 3000 A 3000 A
3250 A 3250 A 3250 A
3500 A 3500 A 3500 -
3750 A 3750 A 3750 -
0 10 20 30 40 50 0 5 10 15 20 0 2 4 6 8 10

Amplitude [m°C]

Amplitude [m°C] Amplitude [m°C]

Figure 10. The mean temperature fluctuating amplitudes derived from five deep profiling floats at (a) diurnal, (b) semidiurnal, and (c) near-inertial frequencies. Note.
Two different horizontal axes are labeled for the results above/below 2,000 m.
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Figure 11. As in Figure 10, but for the vertical displacement.

August 31, 2017 and recovered on August 19, 2018 (Figure 13a). It collected temperature/salinity/pressure data
every 30 min. The other two moorings were deployed at PB (Figure 13b): mooring #1 (20°N, 127°W) was started
on October 16, 2019 and recovered on 14 September 2020 and mooring #2 (19°N, 128.5°W) was started on Oc-
tober 16, 2019 and recovered on September 13, 2020. The two moorings in the PB collected temperature/salinity/
pressure data every 10 min. The results derived from the subsurface moorings, as will be discussed in Section 4,
are consistent with those from the deep profiling floats.

To test the feasibility of harmonic analysis in extracting the target signals with a lower sampling frequency (e.g.,
10 days per cycle), we conducted the same analysis on the temperature recorded by recently deployed Deep
SOLO floats. Deep SOLO is a full-depth profiling float for the Deep Argo array, which collects temperature and
salinity profiles from the surface to 6,000 m every 10 days (Roemmich, Sherman, et al., 2019). In this study, we
chose 14 floats deployed in the deep basin of the South Pacific (SP) because these floats have sufficient profiles
down to 5,000 m (Figure 5). According to Roemmich, Sherman, et al. (2019), the vertical speed of Deep SOLO is
about 0.13 m/s so that the sampling time can be roughly estimated by two adjacent profiles. Similarly, we linearly
interpolated the temperature data and the corresponding sampling time onto a uniform vertical grid of 30-dbar
interval.

3. Results
3.1. Profile-to-Profile Variability of Temperature

Before performing harmonic analysis, it is beneficial to first check the profile-to-profile variability as seen from
the deep profiling floats. For simplicity, we subtracted the measured temperature of adjacent profiles. It is shown
in Figure 6 that, although the sampling period is not exactly one day, prominent alternation of temperature
between sequential profiles can still be found, indicative of the potential impact of internal tides on local isopy-
cnal displacement. In particular, the profile-to-profile variability is more evident in upper 2,000 m. Below 2,000
m, the temperature fluctuations become weaker. For those deep profiling floats (#2, #3, and #4) deployed in the
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Figure 12. The mode-1 and mode-2 available potential energy (APE) of (a) diurnal and (b) semidiurnal internal tides for floats #1, #2, #3, #4, and #5.

PB and MA region, the temperature fluctuations appear to be more remarkable. For float #1, the temperature
variability becomes more significant with its trajectory approaching to the continental shelf, implying enhanced
internal waves generations on steep slopes (Xu, Liu, et al., 2016).

3.2. Temperature Fluctuations and Isopycnal Displacement Induced by Internal Waves

According to Equation 2, the amplitude of temperature at each frequency can be derived using harmonic anal-
ysis. Figure 7 demonstrates the calculated temperature fluctuations as functions of depth. Note that despite the
amplitudes of temperature decrease with increasing depth, a striking feature in Figure 7 is there exhibits large
values of temperature amplitude at certain frequency bands, particularly at tidal frequencies such as semidiurnal
and diurnal frequencies. With respect to the near-inertial band, however, it is difficult to be well distinguished in
most cases. Next, we only conduct specific harmonic analysis following Equations 4 and 5 regarding the internal
tides and near-inertial waves to highlight their contributions to the temperature fluctuations in different regions.

3.2.1. South China Sea

In the northern part of SCS, the diurnal signal is much more prominent between 600 and 1,600 m (results of upper
600 m are all excluded in the following figures), indicative of strong internal tides at diurnal frequency in this
region (Alford et al., 2015; Jan et al., 2007; Klymak et al., 2011; Zhao, 2014). In particular, the diurnal component
can account for approximately 0.1 °C in the upper 1,000 m (Figure 8, #1). Detailed examinations indicate that the
amplitudes at three main frequencies decreased rapidly with increasing depth and the signals are somewhat weak
below 2,600 m. In the deep layer greater than 3,000 m, the total fluctuating amplitude of temperature at three
frequencies approaches about 1 m °C. However, The total vertical displacement of isopycnals at 3,500 m reaches
over twice of that in the upper layer due to weak stratifications in the deep ocean (Figure 9 #1 and Tables 3 and 5),
which requires less tidal shears to produce stronger diffusivities.

3.2.2. Philippine Basin

Floats #2 and #3 were deployed in the PB. The amplitudes of semidiurnal and diurnal signals are all prominent
while the near-inertial component is relatively weak (Figure 7). As indicated previously, the configurations of two
deep profiling floats deployed here are quite similar, so that the results derived from the two floats are consistent
with each other. Generally, the amplitudes of signals at three frequency bands decrease with increasing depth, but
the diurnal signals seem much more prominent than the semidiurnal and near-inertial signals (Figure 8).

However, detailed analysis shows that the total fluctuations reduce to less than half of that at 3,000 m for float #2
at the depth of 4,000 m, but the vertical displacement remains nearly unchanged (Tables 2 and 4 and Figure 9).
For float #3, the vertical displacement increases to 58.64 + 38.40 m (Table 5) at the depth of 4,000 m although
the temperature fluctuations are stable below 3,000 m. The diurnal internal tide accounts for 5.59 + 1.96 m °C
for the local temperature fluctuations (Table 4). Compared to strong signals at diurnal frequency, the tempera-
ture fluctuating amplitude at semidiurnal and near-inertial frequencies are relatively weak, accounting for only
2.26 +0.93 m °C and 0.39 + 0.17 m °C, respectively (Table 4). Here, it should be noted that the standard devi-
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Figure 13. The trajectories of deep profiling floats and mooring location in the (a) South China Sea (SCS) and (b) Philippine
Basin (PB).

ations are relatively large. These large standard deviations have resulted from the effects of seasonal changes of
internal tides and variable pathways influenced by Kuroshio and mesoscale eddies (Alford et al., 2015; Huang
et al., 2018; Xu et al., 2021).

3.2.3. Mariana Arc

In the MA region, the semidiurnal signals seem stronger than the diurnal one in the upper 2,000 m (Figure 8,
#4). Unlike in other regions, the amplitudes of signals at three frequency bands do not vary too much especially
in the deep ocean. Modal decomposition implies the existence of high mode internal tides (Figure 12, #4). In
detail, the total temperature fluctuations reach up to 12.23 + 4.31 m °C at 4,000 m, much larger than that in the
PB (Table 4). Despite the uniform structure of temperature fluctuations below 3,000 m, the vertical displacement
increases prominently below 2,000 m due to weak stratification in the deep ocean (Figure 9, #4). Specifically,
the amplitude of vertical displacement reaches 61.42 + 23.56 m °C at 4,000 m (Table 5). The significant vertical
displacement reflects stronger internal tides generation in the MA and partly implies prominent turbulent diffu-
sivity and mixing in the deep ocean there (Wang et al., 2018; Zhao & D’Asaro, 2011; Zhao et al., 2016, 2021).

3.2.4. Kuroshio Extension

In the KE region, the diurnal internal tides disappear (Figure 7, #5) and the amplitude of near-inertial signals are
comparable with the semidiurnal one (Figure 8, #5) since the KE is a hot-spot for full of near-inertial waves (Liu
etal., 2019; Rimac et al., 2013; Sun et al., 2021). In contrast to float #4, the temperature and vertical displacement
amplitude of float #5 do not change substantially with increasing depth, which may be associated with the weak
internal waves in the deep ocean over flat topography in this region.

3.3. Regional Difference of Internal Waves Imprints on Temperatures and Vertical Displacement

With respect to diurnal internal tides, it is shown in Figure 10a that the amplitude derived from float #1, which
is deployed in the northern part of SCS, is comparable with all other floats in the upper 1,200 m, but it weakens
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Figure 14. The amplitude of diurnal, semidiurnal, and near-inertial frequencies as a function of harmonic window in the (a—c) South China Sea (SCS) (dashed lines for
deep profiling floats and solid line for mooring) and (d—f) Philippine Basin (PB). The black dotted lines denote the 65-point window.

rapidly below this depth. Instead, the temperature fluctuating amplitudes derived from floats #2, #3, and #4 are
still large in the deep ocean, probably due to strong internal tides generated in these areas (Alford et al., 2011;
Zhao, 2014; Zhao et al., 2016). The amplitudes are very close between floats #2 and #3, but more prominent for

::‘r:;ifature Amplitude (m °C) and the Standard Deviation at Three Levels Derived From the Subsurface Mooring and Float #1

Diurnal Semidiurnal Near-inertial Total
Depth(m) M F M F M F M F
2,456 1.77 £ 0.33 257+ 1.15 1.62 +0.20 2.58 +0.67 0.70 £ 0.21 1.10 + 0.26 4.10 +0.48 6.25 + 1.60
2,950 0.42 +0.14 1.35 £ 0.81 0.50 + 0.08 0.73 +£0.29 0.17 £ 0.06 0.31 £0.12 1.10 £ 0.18 2.39 £ 091
3,659 0.21 + 0.07 1.24 + 0.68 0.05 + 0.01 0.24 +0.17 0.19 £ 0.10 0.21 +0.24 0.45+0.16 1.79 + 0.99
Note. M, Mooring; F, Float.
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Table 7
Temperature Amplitude (m °C) and the

Subsurface Mooring (3,600 m) and Floats at PB

float #4 whose maximum fluctuating amplitude could exceed 16 m °C even
at the depth of 3,800 m (Table 4). In contrast to the temperature amplitude,
the vertical displacement below 2,000 m generally increase but have different

Standard Deviation Derived From

Frequency Mooring #1

Mooring #2

vertical structures (Figures 11a). Besides, the small proportion of mode-1

Float #2 Float #3

2.73 £ 0.50
1.06 + 0.30
0.27 +0.13
4.07 £0.72

Diurnal
Semidiurnal
Near-inertial

Total

3.48 +0.69
2.98 +£0.29
0.53 +0.25
6.98 +0.71

internal tides in APE partly implies higher tidal shears and mixing in the
4.15+2.30

3.00 £ 0.86
1.12 + 0.56
8.28 +2.39

4.15 +£2.30
3.01 £ 0.86
1.12 + 0.55
717 +£3.42

deep ocean, particularly in the MA region (Figure 12, #4, Wang et al., 2018).

Compared to the diurnal frequency, the temperature fluctuating amplitudes at
semidiurnal frequency derived from the five deep profiling floats are some-
what weaker, particularly for the deep ocean below 1,500 m (Figure 10b).

The amplitude of temperature fluctuations from floats #2, #3, and #4 are

more prominent than floats #1 and #2 (Figure 10b). Specifically, the ampli-
tude derived from float #4 is much larger than the other four floats at 4,000 m, probably due to abundant gen-
erations of semidiurnal internal tides over rough topography near the MA (Zaron, 2019). Besides, the evidently
increased vertical displacements of floats #2 and #4 below 3,000 m imply the role of tide-induced diapycnal
diffusivity over rough topography (Figure 11b).

As for near-inertial waves, the amplitudes are found much weaker compared to the internal tides imprints on
local temperature fluctuations, as shown in Figure 10c we applied the harmonic analysis with a 65-point (near-
ly 65 days) moving window to extract the near-inertial signals. However, the near-inertial waves are generally
generated episodically by weather-scale events, for example, midlatitude storms and typhoons, while the results
as seen from the floats are kind of 65-day average, which is likely to underestimate these episodically generated
near-inertial waves.

3.4. Results From Deep SOLO Floats

In addition to rapid-sampling floats deployed in the WP, we employed 14 Deep SOLO floats currently operating
in the SP to validate our preliminary results shown above. Here we use full-time series of temperature and salinity
derived from Deep SOLO floats to extract internal wave signals. Likewise, we only derived the semidiurnal and
near-inertial signals of temperature in this particular area where most of Deep SOLO floats are beyond the critical
latitude of diurnal internal tides. Below 2,000 m, we find a relatively stable amplitude ranging from 3 to 10 m °C,
with a local maximum at 3,800 m (Figure 8). Unlike the semidiurnal internal tides, the amplitudes at near-inertial
frequency are generally weak, with the amplitude of 5.36 + 4.93 m °C at the depth of 3,000 m (Table 2).

Despite large uncertainties among the floats, the results above are in good agreement with our findings by the
deep profiling floats. Both of them indicate that a few millesimal degrees of temperate fluctuations are induced
by internal waves either the tidal or near-inertial component. This has an important implication that internal
waves play a nonnegligible role in assessing the long-term changes in deep ocean temperatures by deep profiling
floats. In addition, the amplitude of vertical displacement increases promi-
nently in the deep ocean, which implies nonnegligible diapycnal mixing and
diffusivity in the deep layer, especially in the regions of rough topography.

—— Diurnal (deep profiling float)
——- Semidiurnal (deep profiling float)
—— Diurnal (Deep SOLO float)

=== Semidiurnal (Deep SOLO float)

e e ———

Figure 15. Relative error () as a function of r.

4. Discussions of Sampling Strategies

4.1. Role of the Harmonic Window

To determine a reasonable width of harmonic analysis window, we com-
pared the results of the floats with nearby subsurface mooring (Figure 13).
In general, the mooring results are more stable than the deep profiling floats
because of high-frequency sampling (10 min or 30 min) and stable moored
observation. Above the 65-point harmonic window, the amplitudes from all
deep profiling floats are shown nearly stable (Figure 14). In detail, total dif-
ferences of float #1 are ~2 m °C comparing with its nearby subsurface moor-
ing at 2,456 m while ~1 m °C at 3,659 m (Table 6). In the PB, the total am-
plitude of mooring #2 is consistent with the floats (Table 7). The differences
between moorings and deep profiling floats could be attributed to a variety
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of reasons. First, the deep profiling floats are like a drifting platform and it is, therefore, a regional view of the
averaging results. Second, the asynchronous observation time and locations for both moorings and deep profiling
floats may cause unavoidable differences.

4.2. Role of Random Noise

The sampling frequency for the deep profiling floats is roughly 1 cpd, which is twice lower than the frequency
of diurnal and semidiurnal internal tides. This sub-sampling time series may be contaminated more easily by un-
known/random noises than high-frequency sampling. To quantify the uncertainties on our previous results, some
ideal mathematical tests were conducted. Here we only investigated the diurnal and semidiurnal internal tides
because near-inertial waves are much weaker.

We first generate an original signal, which consists of two sinusoidal signals with frequency of diurnal and sem-
idiurnal. The amplitude of the original signal (A ;) is 15 m °C and then superimposed by a series of white noises
with amplitude ranging from O to 15 m °C. The ratio of white noise to original signal is defined as , which ranges
from O to 1. Following the same sampling strategy, we obtain the observed time series with sampling interval
of 1 day analogous to deep profiling floats and 10 days analogous to Deep SOLO floats. Finally, the harmonic
analysis is conducted to derive the amplitude of observed time series (A, ), with relative error being defined as

Anar=Aori

A

a =

It is shown in Figure 15 that « is linearly correlated with r, which means the harmonic analysis introduces more
errors along with enhanced white noise both for the two sampling schemes. In particular, the relative errors in-
crease nearly 30% if the amplitude of white noise is comparable to original signals. However, the noises in the
real ocean are much less than observed signals, so that the uncertainties induced by random noises are acceptable,
which do not change our conclusions substantially.

5. Summary and Discussion

In this study, we assessed the fluctuations in deep ocean temperature caused by internal waves in the South China
Sea (SCS), Philippine Basin (PB), Mariana Arc (MA) and Kuroshio Extension (KE) using rapid-sampling (ap-
proximately 1 day) profiling floats down to 4,000 m. Results indicate that the internal waves, either internal tides
or near-inertial waves have considerable imprints on local temperature changes. It is demonstrated that the inter-
nal tides appear much more prominent temperature fluctuations. Besides, the temperature fluctuations caused by
internal waves at three frequencies are different among regions. The imprints on local temperature fluctuations in
the KE are weak compared with other open oceans with rough topography, particularly below 2,000 m. More spe-
cifically, at around 4,000 m, the total amplitudes of temperature fluctuations can reach up to 12.23 + 4.31 m °C
(Table 4) along with evident isopycnal displacement (Table 5), which implies significant diapycnal diffusivity
and mixing in the deep ocean.

We also examined 14 Deep Argo floats in the South Pacific using the same approach. Results show that the local
temperature fluctuations induced by internal semidiurnal tides and near-inertial waves are prominent below 2,000
m as well, which account for 17.10 + 9.33 m °C even at the depth of 4,000 m. Thus, we should be careful of
assessing the temperature change using Deep Argo floats deployed in some deep basins where internal waves are
active (Johnson et al., 2019). These high-frequency tidal signals would introduce fake signals on the Deep Argo
profiles. Therefore, this may lead to overestimation/underestimation on ocean warming signals especially below
2,000 m where sufficient observations are not available.

The results derived from the deep profiling floats may also generate some uncertainties, which cannot be fully
assessed at the present stage. For example, the CTDs mounted on the rapid-sampling profiling floats are SBE-37
MicroCAT CTDs, which are designed for fixed platforms like buoys/moorings. Therefore, we cannot guarantee
their performance in accurately measuring the temperature on mobile platforms.

Although we have applied the moving harmonic analysis with a preferable time window of 65 points, we remain
cautious to use this method due to sampling at non-fixed point. Besides, the temperature fluctuations in the SCS
are a bit weak, different from the feature of prominent internal wave background. In fact, the deployment position
of float #1 was far from the Luzon Strait. Therefore, more deep profiling floats together observations are greatly
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