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Serendipitous Internal Wave Signals in Deep Argo Data

Gregory C. Johnson! (), Caitlin B. Whalen? (*, Sarah G. Purkey® (©), and Nathalie Zilberman3

'NOAA/Pacific Marine Environmental Laboratory, Seattle, WA, USA, ?Applied Physics Laboratory, University of
Washington, Seattle, WA, USA, 3Scripps Institution of Oceanography, University of California San Diego, La Jolla, CA, USA

Abstract Serendipitous measurements of deep internal wave signatures are evident in oscillatory
variations around the background descent rates reported by one model of Deep Argo float. For the 10,045
profiles analyzed here, the average root-mean-square of vertical velocity variances, 1/(w’?), from 1,000 m to
the seafloor, is 0.0045 m s~!, with a 5%-95% range of 0.0028-0.0067 m s~!. Dominant vertical wavelengths,
A, estimated from the integrals of lagged autocorrelation sequences have an average value of 757 m, with a
5%-95% range of 493-1,108 m. Both 1/(w'?) and 4, exhibit regional variations among and within some deep
ocean basins, with generally larger 1/(w") and shorter 4_ in regions of rougher bathymetry or stronger deep
currents. These correlations are both expected, since larger 1/(w'2) and shorter 4, should be found near internal
wave generation regions.

Plain Language Summary Ocean density increases with increasing depth, supporting internal
waves below the ocean surface. These internal waves are generated near the surface by varying wind forcing
such as passing storms and near the bottom by interactions of currents (including tidal) with rough bathymetry
(such as seamounts and ridges). They can travel for long distances in both the vertical and the horizontal. When
they break, they play important roles in mixing temperature, salinity, and other water properties. Deep Argo

is an observing system designed to measure temperature and salinity profiles from the surface to the bottom
of the ocean. One model of Deep Argo float serendipitously observes internal wave signals as variations in
descent rate data, which it collects primarily for navigation purposes, from the surface to the seafloor. These
observations reveal patterns in the magnitudes of these internal wave signals, with stronger internal wave
activity near continental rises and mid-ocean ridges and lower levels over smoother abyssal plains. Also,
regions with strong deep flows, such as the Samoan Passage through which bottom water is funneled into the
North Pacific, or the region south of the Campbell Plateau through which the Antarctic Circumpolar Current
flows, exhibit stronger deep internal wave signatures.

1. Introduction

Internal waves are nearly ubiquitous in the oceans (e.g., Alford et al., 2016; Garrett & Munk, 1979; Nikurashin
& Ferrari, 2013), carrying energy vertically from the surface downward and from the seafloor upward, as well
as horizontally, in some instances across ocean basins. Internal wave breaking ultimately dissipates much of
the wind and tidal energy in the oceans (Kunze, 2017; Waterhouse et al., 2014), and deep internal wave mixing
drives water-mass transformations important to the global deep ocean circulation (de Lavergne et al., 2016;
Kunze, 2017; Munk & Wunsch, 1998; Nikurashin & Ferrari, 2013). Internal waves are often measured either
from time series of isotherms (analyzing their vertical displacements or vertical strain) or horizontal velocity
(analyzing the velocities or vertical shear of those velocities) (e.g., Alford et al., 2016). Here we use descent
rate data from Deep Argo floats collected primarily for navigational purposes to assess the amplitude of vertical
velocities and vertical wavelengths of internal waves in the water column below the thermocline.

Deep Argo is a relatively new mission for the Argo program, designed to regularly sample the global ocean below
the 2,000-dbar pressure limit of core Argo floats, and hence improve monitoring of variations in ocean tempera-
ture, salinity, and currents (Johnson et al., 2015). Float models capable of profiling to 4,000 and 6,000 dbar have
been designed and successfully deployed in regional pilot arrays (Roemmich, Alford et al., 2019; Roemmich,
Sherman et al., 2019), quantifying recent warming of bottom waters of Antarctic origin in the Southwest Pacific
(Johnson et al., 2019) and Brazil basins (Johnson et al., 2020), detecting temperature-salinity variability near
Antarctic Bottom Water formation regions (Foppert et al., 2021; Thomas et al., 2020), and allowing detailed anal-
yses of deep ocean circulation (Zilberman et al., 2020). A 6,000-dbar profiling capability allows sampling from
the ocean surface to the seafloor over 98% of the ocean area and 97% of the ocean volume, with the exceptions
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Figure 1. Locations of the 10,045 Deep SOLO profiles (orange dots) analyzed here with the 4,000 m isobath (black
contours) from ETOPO2 (Smith & Sandwell, 1997). Locations of example profiles in Figure 2 are indicated by letters a—d.

being a few very deep ocean trenches, and small portions of the ocean immediately above the deepest abyssal
plains.

At the start of its descent phase, the Deep Sounding Oceanographic Lagrangian Observer (SOLO) float model
(Roemmich, Alford et al., 2019; Roemmich, Sherman et al., 2019) pumps all of the oil from its external bladder
to its internal reservoir that is required to target a 0.07 m s~! descent rate when it reaches the bottom. Hence, it
sinks most rapidly (order 0.25 m s~!) in the lightest waters near the surface, and steadily slows as it descends
into denser waters. The float controller, batteries, and buoyancy engine are inside mated 13" diameter glass
hemispheres protected by plastic hard-hat housings, with the CTD (conductivity-temperature-depth) instrument
in a smaller externally mounted titanium cylinder. Pressure samples are taken typically at between 5 and 50-dbar
pressure intervals, depending on software settings, to monitor the descent rate. A 3-m wire rope dangling from
the float brakes its descent as the rope lays down on the bottom, preventing the CTD on the float from contacting
the seafloor.

Initial examinations of vertical descent velocities from Deep SOLO float profiles readily revealed signatures of
internal waves as oscillations around what would have otherwise been a steady deceleration with increasing pres-
sure. The float-measured oscillations have average root-mean-square (RMS) amplitudes of ~0.0045 m s~ and
average dominant vertical wavelengths of ~757 m in the water column below 1,000 m. Here we explore regional
variations in the amplitudes and wavelengths of these serendipitous observations of internal wave signals among
and within the basins sampled by Deep Argo regional pilot arrays using Deep SOLO floats.

2. Data and Methods

Deep SOLO floats measure pressure and time during descent nominally at 5 to 50-dbar pressure intervals,
depending on how engineering parameters are set for an individual float. These measurements are telemetered to
shore when the float surfaces during each nominally 10-day cycle. We only use data (Argo, 2021) from profiles
that sample to at least 2,995 m, and limit our analysis to pressures greater than 800 m, below the main pycnocline
in the regions analyzed. We also remove three profiles with vertical gaps in these descent rate data that are too
long to interpolate through and 10 more profiles after visual inspection. The screening leaves 10,045 profiles,
mostly in the Brazil Basin and the Southwest Pacific Basin, but also in the South Australian Basin, the Australi-
an-Antarctic Basin, the North American Basin, and a few in the Central and Northeast Pacific basins (Figure 1).

For each profile extending to at least 2,995 m we estimate vertical velocities from first differences of depths
(derived from pressure measurements) divided by those of times (Figure 2, gray dots). We discard the three
deepest estimates to avoid bottom interactions, then apply a LOESS smoother (Cleveland & Devlin, 1988) with a
half-power point of ~150 m to estimate vertical velocities on a regular grid at 10-m intervals from 1,000 m to the
deepest pressure (Figure 2, black lines), smoothing over truncation noise in the raw data.
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Figure 2. (a) Descent rates of 4 example profiles with raw data from first differences of pressure over time (gray dots), values
at 10 m intervals derived by filtering raw data with a 150 m lengthscale LOESS smoother (black curves), and background
values (red dashed lines) estimated from a second order polynomial fits to the filtered values versus pressure below 1,000 m.
Located (a) on the western flank of the Mid-Atlantic Ridge in the Brazil Basin, (b) on the abyssal plain of the North Atlantic
Basin, (c) in the Central Pacific Basin north of the Samoan Passage, and (d) in the interior of the Southwest Pacific Basin
(locations at corresponding letters on Figure 1).

We then fit a second-order polynomial to these gridded vertical velocities as an estimate of the background fall
rate that steadily decreases with increasing pressure (Figure 2, red dot-dashed lines), and subtract those back-
ground fall rates from each profile to yield the residual vertical velocities (hereafter w’) relative to the background
fall rates. This simple model is suitable because the analysis is started at 1,000 m, well below the permanent
pycnocline, where temperature variations are small, and in situ density increases relatively steadily with pressure.
Since Deep SOLO floats do not make buoyancy adjustments during descent, unlike some other profiling floats,
a flight model (e.g., Cusack et al., 2017) is not needed to interpret variations around the background profiling
rate as oceanic vertical velocities. Typical background fall rates are about 0.17 (£0.01) m s~! at 1,000 m, and
decrease nearly linearly to about 0.07 (+0.01) m s~! at profile maximum depths, where the uncertainties (here
and throughout) are one standard deviation.

We calculate the average RMS deep w’ variances averaged from 1,000 m to the maximum depth analyzed for each
profile, hereafter /(w'?). We also estimate the dominant vertical wavelength of w’ for each profile, hereafter 4,
as 2 times the maximum of the one-sided integral of the lagged autocorrelation of w’, starting the integral from
the maximum correlation (zero lag).

We also examine the correlation of 4/(w?) and 4, with local bathymetric roughness (e.g., Gille et al., 2000).
We estimate it as the square root of the variance of ocean bathymetry (GEBCO Compilation Group, 2021) at 1°
resolution within 40 km square bins on a 0.25° X 0.25° grid, and use the resulting map to interpolate it to float
profile locations.

JOHNSON ET AL.

30f8

QSUQDIT SUOWWO)) dA1EAI) d[qedr|dde oy £q pauIoA0s ale sa[oIIe YO ash JO S9Nl 10f A1eIqi dul[uQ A3[IA\ UO (SUONIPUOD-PUE-SULID)/WO0D K[ Im AIeIqI[oul[uo//:sd)y) suonipuo)) pue swd [ oY1 39S *[zz07/71/0€] uo Areiqry auruQ A9[IM ‘006460 T1DTT0T/6TO1°01/10p/wod Kopim Krelqiaurjuo sqndnSe//:sdyy woly papeojumod ‘£ 2702 ‘LO0SHH6 1



AP~ .
Fa\C 19 Geophysical Research Letters 10.1029/2022GL097900
ADVANCING EARTH
AND SPACE SCIENCE
120°E 150°E 180°W  150°W
30°N _ B
0° .
30°s
60°s
3 3.6 4.2 4.8 5.4 6
V<w'?> (102 ms™)
Figure 3. Mean deep RMS w’ variances, 1/{w'?), from 1,000 m to the bottom pressure of deep SOLO profiles averaged in 1°
latitude X 1° longitude bins.
3. Results
For all 10,045 profiles analyzed 1/{w?) has an average value of 4.5 (+1.2) x 1073 m s~!. The distribution of
v/{w') is slightly skewed toward large values, with a median of 4.4 X 1073, a fifth percentile of 2.8 X 1073, and a
95th percentile of 6.7 x 107> m s™'. The A, values have an average of 757 (+193) m. Their distribution is slightly
skewed toward longer values, with a median of 731, fifth percentile of 493, and 95th percentile of 1,108 m. This
distribution should be regarded with some caution because Doppler effect errors result from profiling through
propagating waves as explored in Section 4, the energy of lowest vertical modes may be underestimated by
removing a background descent rate that is a quadratic function of pressure, and profiles collected in shallower
water will not resolve longer vertical wavelengths.
The 4/(w'?) values (Figures 2b and 3) are generally lower than average for the profiles in the North American
Basin of the western North Atlantic Ocean, with a few higher values adjacent to the Caribbean Islands. The
A, values there are noticeably longer than average (Figures 2b and 4). These patterns are consistent with little
local generation or scattering of internal waves on the abyssal plain, which is very smooth, and propagation of
internal waves generated a long distance away. Internal wave energy in regions with little local generation should
120°E 150°E 180°W  150°W  120°W 90°W 60°W 30°W
-~ : : — . ey
00
30°s
60°s
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z
Figure 4. Dominant vertical wavelengths, 4, of w’ from 1,000 m to the bottom pressure of deep SOLO profiles averaged in
1° latitude X 1° longitude bins.
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be relatively low, even for the longer vertical wavelength packets that survive traveling from remote generation
regions. The few bins with higher 1/(w'?)s and smaller 4 s near the continental slope may result from local inter-
actions between currents and the bathymetry there.

In the Brazil Basin of the western South Atlantic 4/(w'?)s are largest and /_s shortest over the rough bathymetry of
the Mid-Atlantic Ridge (Figures 2a, 3, and 4), where internal waves are generated. In contrast, over the smoother
abyssal plain in the basin interior, \/{w?)s are smaller and 4 s are longer, suggesting that there are few locally
generated internal waves, leaving only attenuated low-mode internal waves that may have been generated else-
where. This pattern is consistent with previous observations of a ridge-to-basin gradient in mixing in the Brazil
Basin (Polzin et al., 1997) and with strain and shear variances from WOCE section data in many basins (Kunze
et al., 2006). Further west, approaching the continental slope, 4_s become shorter while 1/(w'?)s remain small,
suggesting that while there is little local generation, the continental slope may be reflecting or scattering internal
waves, a pattern consistent with modeling studies of the internal wave lifecycle (e.g., de Lavergne et al., 2019).
The shorter 4_s near the slope could also arise partly owing to the shorter profiles taken there not resolving energy
at longer wavelengths. In the Argentine Basin 4s are often short and 4/(w’?)s are moderate to strong, consistent
with the deep-reaching eddies and currents in the region (e.g., Fu, 2007) interacting with the internal wave field
in a variety of ways including acting as a conduit for surface-generated internal waves (Danioux et al., 2008;
Kunze, 1985; Young & BenJelloul, 1997), or causing a reduction in the internal wave length scales via interac-
tions with the currents vorticity or horizontal strain (Fer et al., 2018; Kunze, 1995).

The y/(w?)s (Figure 3) in the South Australian and Australian-Antarctic basins of the far eastern Indian Ocean
are generally lower than average, especially in smooth regions, with some high values and shorter 4 s (Figure 4)
closer to bathymetric features. Just to the east, profiles south of the Campbell Plateau in the South Pacific have
relatively high 1/(w'?)s and a variety of 4.s. The deep-reaching Antarctic Circumpolar Current flows eastward
through this region after transiting some very rough bathymetry to the west. Deep-reaching meanders and
eddies of that current generating lee waves when flowing over that bathymetry (Cusack et al., 2017; Waterman
et al., 2013) may be responsible for some of those high 1/(w'?)s.

In the Southwest Pacific Basin, 1/(w’?)s (Figures 2d and 3) are close to average in many locations, with higher
values adjacent to the steep bathymetry of the Tonga-Kermadec Ridge and Trench system and around regions
with rough bathymetry, including the chain of seamounts comprising the Louisville Ridge. The lower y/(w'?)s
to the north of that ridge in the center of the basin are in a region of smoother bathymetry, and again the 4_s
(Figure 4) tend to be longer there, consistent with propagation from remote forcing areas of most internal waves
and weaker mixing found in that region.

Moving northward in the Pacific, 1/{(w’?)s (Figures 2c and 3) are substantially higher than average within and
immediately north of the Samoan Passage and in the Penrhyn Basin east of the Manihiki Plateau. The Samoan
Passage is a constriction for northward flow of bottom water into the rest of the Pacific, with hydraulic jumps and
strong mixing observed locally (Carter et al., 2019). The high values continuing farther to the north of the Passage
and east of the Manihiki Plateau are perhaps partly owing to relatively rough bathymetry in those regions. Values
are also high for the few floats in the North Pacific, all of which are close to rough bathymetry. Moving from
South to North these floats are found in the Clarion-Clipperton Fracture Zone, around the Hawaiian Islands, and
off the continental slope just west of San Diego.

4. Summary and Discussion

Internal wave signatures are apparent in variations of descent rate data (w’) from Deep SOLO floats. Bin averaged
\/Ws (Figure 3) and A s (Figure 4) exhibit geographical variability tied to proximity to rough bathymetry and
deep currents, with variations among and even within some deep basins. For example, within the Brazil Basin,
\/Ws in the western part of the basin, where bathymetric roughness is very low on the abyssal plain, are on
average about 3 times lower than those in the eastern part of the basin, where bathymetry is very rough on the
western flank of the Mid-Atlantic Ridge. This result is consistent with earlier findings of increased microscale
energy and mixing over mid-ocean ridges (Polzin et al., 1997). Another interesting contrast in \/Ws is the
relatively high values found within the Samoan Passage compared to the lower values immediately to the south
of that passage. This elevated activity could be partly owing to the influence of lee waves and hydraulic jumps as
bottom water flows northward through the passage (Carter et al., 2019). The elevated \/Ws further north of
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Figure 5. Scatter plots of (a) 1/(w”) and (b) 4, versus bathymetric roughness (gray dots) with linear fits (solid lines) and
mean values of 94 profiles each binned according to bathymetric roughness with 2.5%-97.5% confidence limits (black dots
with error bars).

the passage could also be partly owing to the interactions of tidal flows, which can propagate over long distances,
especially those at low vertical modes (Zhao et al., 2016), with local rough bathymetry.

The 4/(w'?)s from individual profiles are correlated at 0.21 with bathymetric roughness (Figure 5a, gray dots).
So, as expected, deep internal wave activity is higher in the vicinity of rough bathymetry. Furthermore, 4 s from
individual profiles are also correlated, at —0.14, with local bathymetric roughness (Figure 5b, gray dots). This
negative correlation is also expected as locally generated internal waves should have shorter vertical wavelengths
than those propagating from more distant generation regions, because the shorter vertical wavelength packets are
more subject to breaking and subsequent dissipation. The correlations are not high, probably because internal
wave distributions are patchy, bathymetric roughness is poorly resolved in some regions, and deep currents and
tides also contribute to local internal wave generation. However, bin averaging 1/(w'?) and A, values as a function
of bathymetric roughness (Figure 5, black dots with error bars) greatly reduces uncertainties. The bin averaged
values are in good agreement with linear fits (Figure 5, black lines) to the individual profile data.

Since float profiling rates typically take tens of seconds to adjust to changes in forcing including ambient verti-
cal velocity, float buoyancy, and ambient density (e.g., Cusack et al., 2017), the perturbations in their descent
rates will be slightly attenuated and lagged relative to the actual internal wave vertical velocities. However, even
for shorter A.s (e.g., 493 m) and the fastest background float descent rates (e.g., 0.17 m s™"), profiling for half a
vertical wavelength would take around 24 min, far longer than float adjustment times. Hence, these measurement
errors should have a very small impact on the results of this study.

For internal waves generated at the sea-floor, which would have group velocity (and energy) propagation upward,
hence phase velocity (crest and troughs) propagation downward, sampling on descent would bias 1, estimates
toward long values by a Doppler effect. For such internal waves at the inertial period, the 4 s estimated here at the
latitudes reported would be biased long by 8 (+4)% for an average float descent rate of 0.12 m s~!. If instead the
energy propagation were always downward, the 4, estimates would be biased short by 7 (+3)% at inertial periods.
For internal waves with M2 tidal periods, these errors would be 17 (+5)% long and 13 (+3)% short. However, if
energy propagation were evenly split between upward and downward packets, these errors would be random, and
unbiased. At any rate, wave amplitudes are unaffected by this issue.

It would also be interesting to examine internal wave signatures in deep density vertical strain using the float CTD
data (temperature, salinity, and pressure profiles), similarly to what has been done with core Argo data (Whalen
et al., 2012). However, many of these Deep SOLO float CTDs were set to sample at 50 m intervals over some
of the deeper portions of the water column to conserve float battery energy. Sampling at more frequent intervals
(25 m would be sufficient) would be required to properly estimate the deep strain. Nonetheless, the data we
have so far of deep w’ variances provide a tantalizing glimpse of what might be learned of internal wave energy
distributions in the deep ocean from a global Deep Argo array. Already, with only a few Deep Argo regional
pilot arrays established, there are roughly three times the number of Deep Argo profiles than were used from all
of WOCE in one study of deep mixing (Kunze et al., 2006). Setting all Deep Argo floats to collect CTD data at
vertical separations of 25 m or less would benefit future studies on this topic.
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