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A B S T R A C T   

This study aims to extract the observed internal wave signals in the northwestern Pacific from Argo floats with 
Iridium-telecommunication that can directly measure the hourly temperature, salinity and pressure near 1000 
dbar. Vertical displacements and spectral features of internal tides can be interpreted from Argo float data. More 
than 10,000 parking-phase observations of 252 Argo floats were used to estimate their spatial-temporal char-
acteristics. Vertical displacements attributed to internal tides exceeded 30 dbar near energetic sources, such as 
the Luzon Strait, Izu ridge, Mariana Arc and Palau. The observed internal tides feature both seasonal and spring- 
neap cycles corresponding to barotropic tidal variations. The diurnal and semidiurnal peaks in the energy spectra 
differed with latitude in related to different internal wave properties. Particularly, energetic local-trapped 
diurnal internal tides (topographic waves) occurred at 33◦N near Izu Ridge, which is poleward of diurnal crit-
ical latitude. The internal tidal energy was calculated by theoretical fitting the vertical displacements from one 
layer to the full-depth water. The observed e-folding decay scales of the semidiurnal internal tidal energy were 
estimated as ~550–950 km in the deep basin. The Argo parking data provide a unique view for observing the 
basin-scale pattern and energy sink of deep-ocean internal tides, which could supplement the widely-used surface 
altimetry observations and contribute to a more accurate parameterization of tidal mixing.   

1. Introduction 

Internal tides play an important role in numerous oceanic processes, 
such as vertical particle transport and acoustic propagation (Sharples 
et al., 2007; Wang et al., 2007; Duda et al., 2013; Shanks, 2021). It has 
been widely emphasized that internal tides contribute significantly to 
ocean mixing, which maintains the basin scale meridional overturning 
circulation (Munk and Wunsch, 1998; Oka and Niwa, 2013; Wang et al., 
2016). Furthermore, a key task for developing climate-scale models is to 
parameterize the subgrid-scale internal tides and associated mixing, 
which cannot be explicitly resolved (Mackinnon et al., 2017; Vic et al., 
2019; Fox-Kemper et al., 2019; Zhang et al., 2022). Therefore, a better 
understanding of internal tides, both regionally and globally, could 

facilitate the understanding of their impacts on other oceanic processes, 
as well as their connection to climate change (Melet et al., 2016; Alford 
et al., 2015; Whalen et al., 2020). 

Much interest regarding internal tides has focused on their energy 
redistribution after generation (Alford, 2003; Rainville and Pinkel, 
2006; Alford et al., 2007, 2016, 2019; de Lavergne et al., 2019; Lahaye 
et al., 2020; Buijsman et al., 2020; Wang et al., 2021). Internal tides can 
propagate hundreds to thousands of kilometers in the open ocean and 
throughout the water column, inducing spatial variable patterns, both 
horizontally and vertically (Arbic et al., 2012; Zhao, 2014; Wang et al., 
2021; Zhao et al., 2021). These long-range radiation processes remark-
ably spread internal tide signals and redistribute internal tidal energy 
(Wilson, 2011; Kelly et al., 2013; Xu et al., 2016), resulting in the 
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significant spatiotemporal variations from the Garrett-Munk spectrum 
(GM76) which describes the quasi-universal background internal wave 
spectral level (Garrett and Munk, 1975; Cairns and Williams, 1976; 
Klymak and Moum, 2007; Hennon et al., 2014; Whalen et al., 2020). The 
low-mode internal tidal energy can further cascade to high modes or 
turbulence through topographic scattering (Xu et al., 2013; Legg, 2014; 
Waterhouse et al., 2017; Zeng et al., 2021) and wave-wave interactions 
(Mercier et al., 2012; Van Haren et al., 2019; Jithin et al., 2020). The 
subinertial eddies may also contribute to the instability of low-mode 
internal tides (Kerry et al., 2014; Buijsman et al., 2017). 

Direct observations of basin-scale internal tides remain a challenge 
to oceanographers. Compared to the large-scale low-frequency circula-
tions, their smaller horizontal scales, more complex vertical structures, 
high oscillating frequencies, and temporal variations require observa-
tions on much finer spatial and temporal scales (Bruno et al., 2000; 
Klymak et al., 2011; Rainville et al., 2013; Alford et al., 2015; Chang 
et al., 2019). In-situ mooring data with high sampling frequencies have 
been used to analyze internal tidal variability, but owing to the high 
cost, the data are too sparse to provide a basin-scale observed map of 
internal tides (Alford, 2003; Huang et al., 2018). For this reason, nu-
merical simulation has been widely used for studying internal tides, on 
both regional and global scales (e.g. Simmons et al., 2004; Niwa and 
Hibiya, 2004; Buijsman et al., 2012; Xu et al., 2021). 

Historically accumulated altimetry data have been used to investi-
gate internal waves, primarily internal tides (Ray and Mitchum, 1996; 
Mitchum and Chiswell, 2000; Ray and Cartwright, 2001). Recently, 
regarding the basin-scale map, the global propagation pattern of mode-1 
internal tides have been constructed by conducting a plane wave fitting 
method (Zhao et al., 2016; Zhao, 2019; Zaron, 2019). Zhao (2018) also 
extracted the global mode-2 semidiurnal patterns. Nevertheless, only 
the coherent portion of the internal tides could be extracted based on 
altimetry data (Zhao et al., 2016). Moreover, the altimeter only sensed 
the surface signal of internal tides. Uncertainties still exist regarding the 
submarine characteristics such as the internal tidal vertical oscillating 
magnitude, as well as their temporal variations. 

Here, we estimate the basin-scale map of internal tides using drift 
data recorded by Iridium-telecommunication Argo floats which have a 
broad spatial coverage and record the high-frequency (hourly) infor-
mation near 1000 dbar. Pioneer work by Hennon et al. (2014) first used 
this type of float data to examine the distribution and variability of in-
ternal tides. These floats usually cycle vertically between 2000 dbar and 
the sea surface with a ~10-day period and record vertical profiles when 
rising to the surface (Roemmich et al., 2004). They also measure the 
hourly temperature, salinity and pressure during their parking phase at 
~1000 dbar. It should be noted that the 1000 dbar depth approximately 
coincides with the permanent pycnocline’s lower bound (Fig. 1, Feucher 
et al., 2016) and approximately corresponds to the maximum 
displacement of the mode-1 internal tides in the open ocean (Rainville 
et al., 2013; Hennon et al., 2019). Therefore, the hourly data can capture 
the internal tidal fluctuations at this depth (Hennon et al., 2014). 

Our focus is in the northwestern Pacific (NW Pacific), which is 
globally one of the most energetic areas of internal tides (Kantha and 
Tierney, 1997; Niwa and Hibiya, 2011; Zhao et al., 2016; Li et al., 2015, 
2017; Savage et al., 2017; Zaron, 2019; Song and Chen, 2020; You et al., 
2021). Recently, internal waves in the NW Pacific are found to have 
considerable imprints on temperature fluctuations using rapid-sampling 
deep profiling floats (Gao et al., 2021). It should be noted that the 
magnitudes of internal tides are usually much larger than that of 
near-inertial waves at 1000 dbar in the open ocean (Hennon et al., 
2014). Previous in-situ observational studies in the NW Pacific have 
been focused on the hotspot Luzon Strait (Alford et al., 2011; Rainville 
et al., 2013; Zhao 2014; Pickering et al., 2015; Alford et al., 2015). 
Regarding the basin-scale map of internal tides in the NW Pacific, 
studies were mainly based on numerical modeling and altimetry data. 
Multiple semidiurnal internal tidal sources, such as the Luzon Strait, 
Ryukyu Islands, Bonin Ridge and the Mariana Arc, have been revealed to 

radiate long-distance propagating internal tides into the deep basin 
(Niwa and Hibiya, 2001, 2004; Zhao and D’Asaro, 2011; Kerry et al., 
2013; Varlamov et al., 2015; Zhao et al., 2016; Wang et al., 2018), while 
diurnal internal tides mainly radiated from Luzon Strait and have larger 
propagation speeds than semidiurnal (Zhao, 2014; Zaron, 2019). Many 
aspects of the characteristics of internal tides in the NW Pacific, such as 
their temporal variability and energy sinks, remain unclear. 

In this study, we reveal the spatiotemporal variability of internal 
waves, primarily at tidal frequencies, in the NW Pacific using Iridium- 
telecommunication Argo data. The data processing and method is 
explained in Section 2. Detailed results derived from the Argo obser-
vations are presented in Section 3. Section 4 provides discussion and 
summary. 

2. Data and method 

2.1. Data 

The Argo Program has provided high-quality observational temper-
ature and salinity data in the ocean’s upper 2000 m in the past two 
decades, with a global array of over 4000 profiling floats (Roemmich 
et al., 2019). A typical work cycle of an Argo float consists of diving to 
the parking depth, usually 1000 dbar, drifting at the parking depth for 
~9 days (parking-phase), sinking to 2000 dbar, rising to sea surface and 
profiling temperature and salinity along the way, and finally trans-
mitting the data with the position information to the data center via 
satellite (Fig. 2a, Roemmich et al., 2004). The cycle repeats about every 
10 days, while it can be several days for faster cycling floats. Some of 
these Argo floats are implemented with Iridium satellite telecommuni-
cation system and thus are able to store and transmit more data than 
others (henceforth, Iridium-telecommunication Argo floats, Wu et al., 
2011; Hennon et al., 2014). These floats record hourly temperature and 
salinity as a function of pressure during the parking-phase period at the 
drifting depth, providing an unprecedented database for examining the 
variability of tidal-frequency internal waves. 

In this study, we use more than 10,000 parking-phase observations 
from 252 Iridium-telecommunication Argo floats. These Iridium- 
telecommunication Argo floats were deployed and operated in the NW 
Pacific. The trajectories of these floats covered the entire NW Pacific 

Fig. 1. Vertical profile from Argo float. (a) The black color indicates the 
variation range of vertical profiles of temperature from Float 2901494, the red 
line indicates the averaged value. (b) The blue color indicates the variation 
range of vertical profiles of stratification; the red line indicates the aver-
aged value. 
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basin (Fig. 2b). Thus, we can extract information for the basin-scale 
pattern of internal tides. 

2.2. Methods 

The Iridium-telecommunication Argo floats drift freely near the 
parking depth. The hourly potential density calculated from the hourly 
temperature, salinity and pressure could indicate the isopycnal vari-
ability. Vertical isopycnal displacements can be derived by the potential 
density fluctuations and the vertical gradient of potential density 
(Equation (1)). The total displacements should be attributed to internal 
gravity waves. Because the parking pressures of the Iridium- 
telecommunication Argo floats selected for the present study are 
1000 dbar, the effect of near-inertial waves are usually minor at that 
depth (Alford et al., 2016). The NW Pacific also has been suggested to 
generate energetic internal tides. Therefore, the hourly fluctuations of 
the derived isopycnal displacements are thought to be mainly caused by 
internal tides (Fig. 1), although the spectrum is generally in the similar 
form as Garrett-Munk spectrum. 

The isotherm displacement was used to translate the temperature 
fluctuations in the study of Hennon et al. (2014). Since the potential 
density is more monotonic in depth than temperature, the isopycnal 
displacement is used to represent the potential density fluctuations in 
the present study. Due to the quasi-Lagrangian nature of the Argo floats, 
we did the analysis of spectra, temporal variability in the Lagrangian 
framework. The spatial map of displacements is derived by 
time-averaging the hourly values in geographical bins with size of 0.8◦

× 0.8◦. 
We calculated the hourly isopycnal displacements for each parking 

period using 

ηPden(t) =
ρ(t) − ρ

μ (1)  

in which μ =
dρr
dp is the vertical gradient of potential density, where ρr is 

the reference potential density derived from the profile data. ρ(t) is the 
calculated hourly potential density using the hourly temperature, 
salinity and pressure, and ρ is the time average potential density for each 
parking-phase period. Both the reference potential density and hourly 
potential density are calculated with the Gibbs Sea Water toolbox 
(McDougall and Barker, 2011). 

The floats are not isobaric and possess small vertical motions, 
ηFloat(t), which need to be removed from the ηPden(t). The ηFloat(t) is 
defined as (Hennon et al., 2014) 

ηFloat(t)=P(t) − P (2)  

where P(t) is the hourly collected pressure during the parking-phase 
period and P is the time averaged value for each parking period. Then 
we can get the corrected isopycnal displacement, η(t)

η(t) = ηPden(t) − ηFloat(t) (3) 

Quality controls were implemented following Hennon et al. (2014) 
to reduce the unreasonable estimates for the data analysis: 1) the ver-
tical gradient of potential density was derived using the local-mean 
profiles of temperature and salinity. Unreasonable gradients caused by 
the measurement bias were discarded; 2) the parking depth for some of 
the Argo float were significantly different than 1000 dbar. Data from 
these floats were not included in the estimation of displacements and 
energy; 3) the vertical movement of float that deviates >50% of the 
isopycnal displacement was not included. Furthermore, some unrea-
sonable values, which were not a result of the internal waves but by the 
spatial varying subinertial processes, were removed using a detrend 
method. 

To illustrate the validity of the data and method used in our study, 
we give an example of analysis for a selected Iridium- 
telecommunication Argo float (Float number: 2901494). This float 
was deployed in the east of Luzon Strait on September 2011 and 
measured data until February 2016. The trajectory of float 2901494 is 
presented in Fig. 3a and part of the trajectory (plotted in blue) was well 
within the radiation range of internal tides from Luzon Strait and 
Miyako Strait (Niwa and Hibiya, 2004; Wang et al., 2018). This float 
drifted within a relatively smaller region over a long period and thus can 
characterize the time variability for this region. We calculated the 
hourly vertical displacements of each parking-phase period for this float 
(Fig. 3b). A Butterworth filter with cutoff frequency bands at 0.8–1.2 cpd 
and 1.7–2.3 cpd were used to extract the diurnal and semidiurnal signals 
for this float, respectively. 

Periodic features were evident in both the raw calculated displace-
ment values (blue line) and the band-passed (0.8–2.3 cycle per day) 
filtered signal (red line). Furthermore, a spring-neap-like cycle is clearly 
present (black dashed line). Notably, the values of the band-pass filtered 

Fig. 2. (a) Schematic for the working cycle of Iridium-telecommunication Argo floats (redrawn from https://argo.ucsd.edu/about/); they measure and reserve 
hourly temperature, salinity and pressure data during the parking-phase; (b) Trajectories (color lines) of Iridium-telecommunication Argo floats in the NW Pacific. 
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signals account for most of the displacement variance, further proving 
the dominant role of internal tides in generating the vertical displace-
ments near the parking depth. 

3. Results 

3.1. Spatial map of the vertical displacements 

The long-time-mean Iridium-telecommunication Argo float vertical 
displacements, averaged into geographical bins (Fig. 4a), show signifi-
cant spatial variability. Whereas relatively smaller magnitude dis-
placements are widely distributed throughout the NW Pacific’s deep 
basin, enhanced vertical displacements, ~30–50 dbar, occur near rough 
topographic features, including Luzon Strait (LS), Miyako Strait (MY), 
Izu Ridge (IZU), Mariana Arc (MA) and Palau (PA). All of these rough 
topographic features are well-known for strong internal tidal generation 
(Fig. 4b–d) (Kerry et al., 2013; Zhao, 2014; Varlamov et al., 2015; Wang 
et al., 2018; de Lavergne et al., 2019), to which the observed enhanced 
vertical displacements can be attributed. 

In the deep basin, vertical displacement magnitudes decreased with 
increasing distance from the rough topographic features at the bound-
aries. Typical magnitudes were ~10–20 dbar or less in the middle and 
northeastern regions of the NW Pacific basin. A notable exception was 

the mid-western part of the basin (yellow rectangle in Fig. 4a), where the 
vertical displacements were enhanced even far from rough topography. 
The strong vertical displacements there were quite possibly caused by 
constructive interference between internal tides from the LS and MY. 
The constructive interference remarkably enhanced the baroclinic SSH 
(sea surface height) and internal tidal energy flux (Zhao, 2014; Wang 
et al., 2018). Another possible explanation is that these intensified 
vertical displacements could be attributed to the spring-neap variability. 
Previous numerical results showed that the subtidal processes will result 
in the incoherence of internal tides (Buijsman et al., 2017) and refract 
the propagation path of internal tides (Wang et al., 2021). These effects 
may further influence the magnitude of internal tidal isopycnal dis-
placements. The observed semidiurnal internal tides by float 2901494 
showed some inconsistency with the barotropic tide from the Luzon 
Strait, which may be induced by the multi-wave interference and 
mesoscale eddies. Since the Argo observations are not point-fixed, the 
observations may have occurred exactly during a spring tide. 

3.2. Seasonal and spring-neap variability 

Argo floats usually drift over long distances during their lifetime, up 
to orders of 1000 km (Fig. 2a), making it difficult to investigate the 
internal tidal seasonal variability for a fixed point. To investigate 

Fig. 3. (a) Trajectory of a selected float 2901494, the black dot indicates the location during the period plotted in (b), partial trajectory in blue color indicates the 
one-year long data used for seasonal analysis; (b) Time series of vertical displacements over three parking-phase periods (about a month), the blue line indicates the 
raw displacements, the red line denotes the band-passed filtered values which include the diurnal and semidiurnal-band signals. The gray dashed line is the fitted 
curve of the displacement magnitude using a polynomial fit, which indicates a spring-neap period. 
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Fig. 4. (a) Argo-derived vertical displacements 
(unit: dbar). The red rectangles indicate the regions 
(LS: Luzon Strait, MY: Miyako Strait, IZU: Izu ridge, 
MA: Mariana Arc, PA: Palau) which have been 
revealed to be generation sites of internal tides. The 
magenta pentagrams represent the locations 
selected for spectral analysis. The red rectangle in-
dicates the enhanced displacements in the north-
western part of the NWP basin; (b) Barotropic to 
baroclinic conversion rate of diurnal internal tide 
from de Lavergne et al. (2019), the dashed line in-
dicates the critical latitude for diurnal internal tide.; 
(c) As in (b) but for semidiurnal internal tide, the 
conversion rate is plotted in log scale. (d) Conver-
sion rate for the trapped diurnal internal tides to the 
north of 30◦ N from Wang et al. (2021). Note that 
the conversion rate is plotted in log scale.   

Fig. 5. (a) Yearly time variability of diurnal-band internal tides. The gray shadow represents the barotropic tide magnitude (near the Luzon Strait) and the blue 
shadow is the observed vertical displacements. (b) As in (a) but for semidiurnal-band internal tides. The magenta rectangle indicates the time period as shown in 
Fig. 7 to illustrate the spring-neap variability. 
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temporal variability, we chose an Argo float (NO. 2901494), which was 
relatively stationary over a long-time period and did not cover a large 
region (Fig. 3a) during a year. Previous studies for the area of this float 
suggested that internal tides in this region mainly radiate from the LS 
and MY (Kerry et al., 2013, 2014; Zhao, 2014; Varlamov et al., 2015). 

The observed diurnal-band displacements exhibited evident seasonal 
variability in this region, with stronger magnitudes during summer and 
winter (Fig. 5a), approximately twice as large as during spring and 
autumn. However, the semidiurnal-band internal tides do not exhibit an 
apparent seasonal variability (Fig. 5b). One important contributor to the 
seasonal variability of diurnal-band internal tides may be the barotropic 
tidal forcing. Considering that the internal tides observed by Float 
2901494 mainly radiate from the Luzon Strait, we compared the baro-
tropic tidal forcing (Fig. 5 gray shading) at LS with the float’s internal 
tidal signals (Fig. 5 blue shading). The seasonal tendency coincided 
quite well with the barotropic tidal forcing, especially for the diurnal- 
band internal tides (Fig. 5a). This finding reinforced the view that the 
seasonal nature of internal waves generated at Luzon Strait is highly 
modulated by barotropic tidal forcing, which is consistent with previous 
mooring observations (Xu et al., 2014; Cao et al., 2017). 

We further performed a cross-spectrum analysis to investigate the 
relation between the internal tides and barotropic tides (Fig. 6a). The 
cross spectrum showed that the internal tides were highly correlated 
with the LS barotropic tides. The correlation coefficients for diurnal and 
semidiurnal bands reached over 0.8 and 0.6, respectively (Fig. 6a). 
Relatively significant peaks can be also seen on the spring-neap and 
higher harmonics. 

By zooming in on the time-series in Fig. 5 (magenta rectangle), we 
can further investigate the spring-neap variability of the internal tides 
(Fig. 7a and b, for the diurnal and semidiurnal-bands, respectively). The 
spring-neap variability of internal tides was also consistent with the 
barotropic tidal forcing at LS, with the diurnal internal tides being more 
consistent. Phase lags existed between the internal tidal signal and 
barotropic forcing. The phase lags for diurnal are more stationary, which 
are around ~1–2 days as shown in Fig. 7a. The distance from LS to the 
float is about 450–600 km as shown in Fig. 3a. The phase speed for 
diurnal internal tide is ~4 m/s in this region (Zhao, 2014) and allows 
propagation distance ~350–700 km within 1–2 days. This kind of lagged 
phenomenon had been well observed by fixed-location moorings (Alford 
and Zhao, 2007). 

The lead-lag correlation was presented to further confirm the rela-
tion between the barotropic tides at LS and the diurnal internal tides 
(Fig. 6b). The largest correlation coefficient corresponded to a time lag 
about 47 h between the LS diurnal barotropic tides and diurnal internal 
tide observed by float 2901494. This is consistent with the above 
mentioned estimation that the diurnal internal tides from LS can prop-
agate to the observed area within ~1–2 days. 

Variations of semidiurnal internal tides were relatively more com-
plex. Unlike the diurnal internal tides which were dominated by those 
generated in LS, semidiurnal internal tides from both the LS and MY can 
reach this area (Niwa and Hibiya, 2004; Arbic et al., 2012; Varlamov 
et al., 2015; Wang et al., 2018). As a result, the semidiurnal internal tide 
signal for a single float may be composed of multiple semidiurnal signals 
from LS and MY, resulting in a more complex spring-neap variability of 
semidiurnal-band internal tides. 

3.3. Spatially variable power spectra 

The internal wave spectra represent the energy redistribution of in-
ternal wave energy over a wide range of frequencies and are shaped by 
wave-wave interactions. In this section, we examine the relationships 
between the observed internal wave spectrum and the expected quasi- 
universal Garrett–Munk displacement spectrum (1975). Due to the 
quasi-Lagrangian nature of the Argo floats (Hennon et al., 2014), we 
computed the power spectra in the Lagrangian framework along the 
drifting trajectories (Yu et al., 2019). Displacements from several indi-
vidual parking periods were combined, with assigning the missing part 
as local mean value, to get longer records to improve the resolution of 
the spectrum. 95% confidence levels were presented to distinguish the 
significant peaks (Fig. 8). The data used are limited by their shorter 
length for each segment. In addition, the missing values during two 
segments also decrease the spectrum resolution. Therefore, it is difficult 
to distinguish the K1 and O1 components (as well as M2 and S2 compo-
nents). Here we use the M1 and M2 to represent the diurnal and semi-
diurnal bands. M3 and M4 represent their higher harmonics. 

The power spectra vary significantly with location and latitude 
(Fig. 8). We chose six representative points for the spectral analysis (see 
magenta pentagrams in Fig. 4a), with three locations each selected near 
the source regions and in the far field. Generally, spectra near source 
regions had evident peaks at the diurnal and semidiurnal frequencies 
(Fig. 8a,c,e). Notable higher harmonics such as M3 and M4 were also 
more evident at the near-source locations (Fig. 8a,c), potentially 
contributing to local dissipation. The strong variance near the source 
region was likely attributed to strong internal tide generation. The 

Fig. 6. (a) The cross spectrum for the barotropic tide and internal tide as shown 
in Fig. 5a. (b) The lead-lag correlation between the diurnal barotropic 
component and band-passed diurnal internal tide as shown in Fig. 7b. The red 
circle indicates the time lag about 47 h corresponding to the largest correla-
tion coefficient. 

Fig. 7. (a) Time-series (as indicated in Fig. 5 by the magenta rectangle) of the 
diurnal-band barotropic tide and observed vertical displacements. The gray 
shadow represents the barotropic tide magnitude and the blue shadow is the 
observed vertical displacements. (b) As in (a) but for semidiurnal band inter-
nal tides. 
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spectra in the far field (far away from the generation sources), however, 
were much smoother and matched better with the GM spectra (Fig. 8b,d, 
f). This is consistent with the simulated and observational results in the 
Indonesian seas (Robertson, 2011) and South China Sea basin (Xie et al., 
2010). 

Previous studies suggested that MA, LS and Izu are all energetic 
generation sites for semidiurnal internal tides (Niwa and Hibiya, 2004; 
Kerry et al., 2013; Wang et al., 2018; Masunaga et al., 2017). Therefore, 
it is not surprising that all three near-source locations were character-
ized by strong semidiurnal peaks. The intriguing phenomenon is that 
diurnal signals were also identified near the three sources (Fig. 8a, c, e). 
The diurnal signals in the three near-source locations are attributed to 
different processes. 

Specifically, for the point near LS, the observed power spectral 
density showed comparable magnitudes for the diurnal and semidiurnal 
internal tides (Fig. 8c), which is consistent with the spectral character-
istics for LS (Jan et al., 2007, 2008; Alford et al., 2011; Xu et al., 2014; 

Pickering et al., 2015). In the near-source region of the MA, both diurnal 
and semidiurnal peaks were significant (Fig. 8e). The MA is character-
ized as a strong semidiurnal internal tide generation site, but generates 
relative weaker diurnal internal tides (Fig. 4b and c) (Niwa and Hibiya, 
2011; Müller, 2013). The long-range propagated diurnal internal tides 
from LS can reach the southern part of west MA basin, which contributed 
to the local diurnal internal tidal energy (Zhao, 2014). In addition, 
notable diurnal signals were also found in the vicinity of the Izu Ridge 
(Fig. 8a). The latitude of Izu Ridge is poleward of the diurnal critical 
latitudes (~30◦N and 27.6◦N for the K1 and O1 constituents, respec-
tively). Consequently, the generated diurnal internal tides cannot freely 
propagate and will be trapped locally or propagate anti-cyclonically 
around the ridge as topographic waves, leading to enhanced local 
dissipation (Falahat and Nycander, 2015; Dong et al., 2019; Musgrave 
et al., 2017; Masunaga et al., 2017). 

Fig. 8. The power spectra of the observed vertical displacements at the selected points in Fig. 4a (LZ: near Luzon strait; LZE: east of LS; IZUW: west of IZU ridge, IZU: 
near IZU ridge; MAE: east of Mariana arc, MAW: west of Mariana arc), the black dash lines indicate the GM spectra and the red dashed lines denote 95% confidence 
levels, both the y-axis and x-axis are plotted in log scale. M1 and M2 represent the diurnal and semidiurnal bands, respectively. M3 and M4 represent their nonlinear 
harmonics (3 cpd and 4 cpd). 
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3.4. Locally-trapped diurnal internal tides 

The locally trapped diurnal internal tides near Izu ridge was further 
investigated. In our study area, according to previous numerical and 
theoretical reports, the trapped diurnal internal tides were mainly 
generated around the Izu ridge (Niwa and Hibiya, 2011; Falahat and 
Nycander, 2014; Masunaga et al., 2017). 

The Argo float 2902052 drifted through the Izu ridge during April 
2017–June 2017 (Fig. 9a), providing a good data record to investigate 
the features of the trapped diurnal internal tide. The magnitude of 
diurnal internal wave decayed rapidly away from the source site 
(Fig. 9c). The semidiurnal decayed much more slowly, and can propa-
gate longer distance (Fig. 9b). This phenomenon indicates that the 
diurnal internal waves are locally trapped around the topography. 

The locally trapped diurnal internal waves (internal Kelvin waves) 
follows the relation 

c= Lef  

where c is the propagation speed, Le represents the e-folding distance of 
the wave magnitude away from the topography, and f is the coriolis 
frequency (Masunaga et al., 2017). The Le of the observed diurnal in-
ternal wave was about 12.8 km (Fig. 9c). We estimated the propagation 
speed of this trapped wave c is about 1.02 m/s. The e-folding distance 
and propagation speed for the observed trapped diurnal internal wave is 
comparable to previous model estimations in this region (Masunaga 
et al., 2017). 

3.5. An estimation of basin-scale mode-1 energy 

These observations are unique and valuable, as they provide us an 
unprecedented opportunity to estimate the basin-scale pattern of inter-
nal tidal energy, which is important for quantifying the remote tidal 
dissipation in the deep basin. However, the observations are not point- 
fixed and many of the floats did not follow a typical work cycle but 
park at 1000 dbar only for one or a few days, making it difficult to 
separate the semidiurnal and diurnal signals using the band-pass 
method. The internal tidal SSH (a) and the interior displacements (η) 
follows the relation (Zhao et al., 2016): 

a=
η0

g

∫ 0

− H
N2φ(z)dz (4)  

where a is the sea surface height, η0 is the maximum interior displace-
ment and φ(z) is the vertical structure of interior displacement. η0φ(z) is 
the interior displacement at different water depth. This equation in-
dicates that the SSH has a linear relation with the interior displacement. 
Based on this relation, the internal tide energy has been well derived 
from the altimetry observations (Zhao and Alford, 2009; 2016). Here, 
we estimated the ratio of semidiurnal/diurnal at each geographical bin 
(shown in Fig. 4a) using the altimetry observed internal tidal SSH by 
Zhao (2019) and Zaron (2019). Further, according to the above equation 
(4), we separated the semidiurnal and diurnal isopycnal displacements 
at each bin accordingly. 

The energy of long-distance propagating internal tides is mainly 
retained in the mode-1 component (Zhao et al., 2016; Alford et al., 
2019). We determined the mode-1 vertical structure using the 
time-mean stratification by solving the eigenvalue equation (Zhao and 
Alford, 2009; Rainville et al., 2013): 

d2Φ(z)
dz2 +

N2(z)
C2 Φ(z) = 0 (5)  

where Φ(z) is the eigenfunction, describing the mode-l structure of the 
vertical velocity and displacements (Gill 1982). 

As we obtained the shape of the mode-1 internal tide at all depths 
(Fig. 10b and c), then the full-depth displacements are calculated as 
η0φ(z). We calculated the available potential energy (APE) following 
Martini et al. (2007) 

APE=
1
2
ρ0

∫ 0

− H
N2η2dz (6) 

Except for some interference regions, the progressive wave domi-
nated in the NW Pacific (Fig. 10 of Zhao et al., 2016), the relation be-
tween APE (available potential energy) and HKE (horizontal kinetic 
energy) for progressive internal wave is 

HKE
APE

=
ω2 + f 2

ω2 − f 2 (7)  

in which ρ′ is the perturbation density and ω is the frequency of semi-
diurnal internal tide. Since the diurnal internal tide becomes subinertial 
poleward of critical latitude (where diurnal frequency equals f), Eqn (7) 
is not applicable anymore. Therefore, we only present the estimated 
energy for the semidiurnal and the progressive component of diurnal 
internal tides in this study (Fig. 10e and f). 

Fig. 9. (a) Blue curve indicates the trajectory of float 2903052, the red curve indicates the record presented in (b) and (c). (b) Magnitude of semidiurnal internal 
waves, the magenta curve indicates the exponential fit of the variation trend of the internal tide magnitude. (c) As in (b), but for diurnal internal waves. The red line 
indicates the e-folding scale of the magnitude. 
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The total energy E = HKE + APE for semidiurnal and diurnal internal 
tide were calculated (Fig. 10e and f). The magnitudes of the semidiurnal 
internal tide energy at the source regions were ~1–3 × 104 J/m2, while 
the energy magnitudes in the deep basin were generally less than 1 ×
104 J/m2. The distribution of semidiurnal energy magnitudes was 
consistent with that of the displacements, indicating stronger energy 
near the source regions. The diurnal internal tide energy mainly 
distributed in the southern part of the study region, with comparable 
magnitude to that of semidiurnal internal tide near the LS. The energy 
distribution further indicated the basin-scale redistribution of internal 
tide energy and the contribution to the remote dissipation. 

3.6. Energy decay scale 

The energy attenuation rate of internal tides in the open ocean has 
long been a key question for the development of parameterizations used 
in climate-scale ocean models (Mackinnon et al., 2017). Here we esti-
mated the energy decay of semidiurnal internal tides in the NW Pacific 
basin using the calculated energy. First, we determine the 
longitude-latitude coordinates of the five main generation sources (LS, 
MY, IZU, MA and PA). Then, for each geographical bin (Fig. 10e), we 
calculate the distance from this bin to each source and the shortest 
distance was retained. Then we used a scatter plot and regression to 
explore relationships between the distances and the semidiurnal internal 
tidal energy magnitudes. 

Note that the assumption here is that the five sources radiate internal 

tide with comparable magnitude. It would be more accurate if the en-
ergy radiating in different directions could be separated to avoid the 
influence of interference, which has been well applied in altimeter data 
(Zhao et al., 2016; Alford et al., 2019). In addition, as the semidiurnal 
beams in NW Pacific mainly radiate in east-west direction and the group 
velocity cg changes only slightly. Considering the relation between 

Fig. 10. (a) Time-mean stratification from Argo profiles; (b) Mode-1 internal wave structure; (c) The fitted full-depth displacement, the red line indicates the 
displacements at the depth of 1000 dbar. (d) The color represents the estimated semidiurnal displacements (unit: dbar); (e) The color represents the estimated 
semidiurnal energy. (f) As in (e) but for estimated diurnal energy (unit is J/m2). 

Fig. 11. Scatter plot of the semidiurnal energy with distances (distances away 
from internal tides sources). The red solid line indicates the averaged energy in 
bins with distance. The dashed lines indicate the exponential fitted curves. The 
color denotes the energy magnitude. 
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energy (E) and energy flux (F): E = cgF (Alford and Zhao, 2007; de 
Lavergne et al., 2019), we estimated the decay of semidiurnal internal 
tides using the energy. 

The semidiurnal internal tidal magnitudes decreased with distance 
from the generation sites (Fig. 11). In the vicinity of the generation 
sources, the semidiurnal internal tidal magnitudes reached ~30 kJ/m2, 
while in the open ocean, they were much weaker. Using a simple 
exponential fit to characterize the observed internal tidal energy with 
distance, the attenuation decreased with increasing distance (black 
dashed line in Fig. 11). The exponential fit compared well with the 
averaged values in bins with distance (red solid line in Fig. 11). The e- 
folding scales of semidiurnal internal tide energy in this region were 
computed to be ~550–950 km, indicating that the internal tides in the 
NW Pacific lose 70% of their energy over ~550–950 km. This finding 
compared favourablly with the altimetric and numerical results of 
Alford et al. (2019), which suggestted that the e-folding attenuation 
scale for the southward internal tide beam from Hawaiian Ridge is about 
750 km. The decay scale indicated a depth-averaged dissipation rate up 
to 1.5✕10− 10 W/kg (Alford et al., 2019). 

4. Discussion and prospects 

One unsatisfying aspect of the calculated displacements was that the 
insufficient temporal coverage of the data, despite the good spatial 
coverage. Therefore, we only analyzed the seasonal variation for some 
selected floats. Moreover, although some floats were equipped with 
Iridium telecommunication, their drifting cycles at 1000 dbar are only 
one day or a few days so the diurnal and semidiurnal bands could not be 
separated. 

It can be expected that with an increased number of Iridium Argo 
floats, the opportunity for a more robust evaluation with better temporal 
coverage of the basin-scale in-situ observations of internal tides will 
become feasible in the future. Presently, accurately simulating the in-
ternal tidal vertical displacements may be limited by the relatively 
coarse vertical grid resolution (e.g. at least 50 vertical levels are required 
to resolve the mode 1 for the z-coordinated models, Stewart et al., 2017) 
(Carter et al., 2012). This kind of dataset for deep internal tides could 
also be a good validation for the numerical simulations and for the 
development of internal tidal models. 

By concurrently using both the parking and profiling data of the 
Iridium-telecommunication Argo floats, direct observation of the deep 
internal tides on the basin scale becomes more feasible and accurate. 
This will be an effective and useful supplement to the altimeter satellite 
data which has been used to reveal the internal tide propagation pat-
terns in recent years (Zhao and Alford, 2009; Zaron, 2019). A recent 
study also suggested the profiling data could also be used to extract 
internal wave signals (Hennon et al., 2019). As data accumulate, 
extraction of both coherent and incoherent internal tidal signals from a 
longer temporal coverage of the Iridium-telecommunication Argo data 
will become more feasible. 

Most present parameterizations for internal-tide-driven mixing 
require a key variable which is the local energy available (Ed) for 
dissipation (St. Laurent et al., 2002; de Lavergne et al., 2019). With the 
estimated decay scales from the observations, a more accurate Ed can be 
derived. Combined use of the Iridium-telecommunication Argo obser-
vations, altimetry data and numerical models can better characterize the 
three dimensional internal tide energy fields and contribute to the 
improvement of ocean models. 

5. Summary 

We determined the basin-scale pattern and variability of internal 
tides in the NW Pacific basin using Iridium-communication Argo float 
data. Strong internal tidal generation sites were identified from the 
spatial distributions of the vertical displacements at 1000 dbar. Source 
sites identified included LS, IZU, MA and PA. With some selected floats 

that remained in a relatively smaller region, the internal tides were 
found to exhibit seasonal and spring-neap variability. 

Furthermore, the Argo float data revealed rich internal tide charac-
teristics. The power spectral shapes displayed different features at 
different latitudes contributed by different processes. For near source 
regions, significant energy peaks appeared at semidiurnal and diurnal 
frequencies. While in the far-field area, the spectra were more consistent 
with the Garrett-Munk spectrum. We finally gave a preliminary esti-
mation of the e-folding energy attenuation scale as ~550–950 km for the 
semidiurnal internal tides in the NW Pacific basin, which compared well 
with previous altimetric results of the southward semidiurnal internal 
tides from the Hawaiian Ridge (Alford et al., 2019). 

The results here give a worthwhile attempt to estimate the attenu-
ation scale for mode-1 internal tidal energy. It should be clear that our 
estimates have some uncertainties due to some assumptions and data 
limitations. The far-propagation of internal tides can redistribute the 
energy available for ocean mixing over a much broader range as 
revealed by the Argo observations. The results have important impli-
cations for improving climatic-scale ocean model parameterizations. 
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