SIDEBAR. Submesoscale Dynamics Inferred

from Oleander Data

By Jorn Callies

CMV Oleander Ill data played a key role
in advancing our understanding of sub-
mesoscale turbulence, which is sus-
pected to control the exchange of heat,
carbon, and nutrients between the sur-
face and the interior ocean (e.g., Ferrari,
2011; Mahadevan, 2016). Insight largely
came from wavenumber spectra of
kinetic energy, which decompose the flow
observed with the shipboard ADCP into
contributions from different spatial scales
that cover a range of about 10-500 km in
the case of Oleander.

Ever since the seminal work of
Kolmogorov (1941), Kraichnan (1967), and
Charney (1971), wavenumber spectra have
played a central role in turbulence theory.
A key prediction of such theories is that
the kinetic-energy spectrum, within an
appropriately defined inertial range, falls
off with wavenumber k following a power
law: S(k) ~ kP. The predicted power law
exponent p permits a simple comparison
between theory and observations.

For the oceanic submesoscale range,
two variants of turbulence theory are often
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discussed (e.g., Klein and Lapeyre, 2009):
interior and surface quasi-geostrophic tur-
bulence. The interior variant maps almost
directly onto Kraichnan’s two-dimensional
turbulence theory and predicts a power
law exponent p = =3 (Charney, 1971). Such
a rapid fall-off with wavenumber signifies
that there is little energy at small scales—
the submesoscales in this regime are com-
paratively benign. The presence of the sea
surface changes the dynamics quite dras-
tically because it allows for the formation
of fronts and filaments and thus energetic
submesoscales. The predicted power law
exponent in this surface regime is p =-5/3
(Blumen, 1978). This theory, combined with
idealized numerical simulations of sub-
mesoscale turbulence, led to the expec-
tation that the submesoscales were ener-
getic near the sea surface wherever a
sufficiently strong lateral surface buoyancy
gradient allowed for frontal dynamics.

The first hint that this simple conception
of submesoscale dynamics was incom-
plete came when Wang et al. (2010) com-
puted a wavenumber spectrum of kinetic

energy along the Oleander track. They
found the spectrum to fall off with an expo-
nent of roughly p = =3 in the 20-200 km
range. The spectrum is consistent with the
interior prediction, despite being calcu-
lated from data within 20 m of the sea sur-
face. This did not fit the prediction of ener-
getic surface submesoscales that were
expected in a region with strong surface
buoyancy gradients, such as that between
New Jersey and Bermuda.

The next clue provided by Oleander
data, in conjunction with data from the
LatMix experiment (e.g., Shcherbina et al.,
2015), was that submesoscale energy
levels undergo a strong seasonal cycle
(Callies et al., 2015). The steep fall-off
(p = —3) is observed in the annual aver-
age only—in the winter months (January—
March), submesoscale turbulence is much
more energetic (p = -2, Figure 1).

This observation of seasonality pro-
vided a key insight. It is inconsistent with
surface  quasi-geostrophic  turbulence,
which would produce energetic submeso-
scales year-round. The seasonality is
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FIGURE 1. Seasonality of submesoscale turbulence. (left) Wavenumber spectra of kinetic energy calculated from Oleander ADCP data, showing the
wintertime energization of submesoscale turbulence between 10 km and 100 km. These spectra are dominated by geostrophic flow except for the
small-scale end of the summer spectrum (dashed), where inertia—gravity waves dominate. (middle and right) Plan view of the frontal strength (magnitude
of the surface buoyancy gradient) from a numerical model for summer (August 15) and winter (February 15). Figure adapted from Callies et al. (2015),
under Creative Commons license (https://creativecommons.org/licenses/by/4.0/)
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expected, however, if submesoscale tur-
bulence is instead energized by baroclinic
mixed-layer instabilities. These instabilities
slide dense water under light water later-
ally within the mixed layer (Boccaletti et al.,
2007; Fox-Kemper et al, 2008; Callies
et al., 2016). They depend on the stratifica-
tion contrast between the thermocline and
the mixed layers, a feature of the upper
ocean that in surface quasi-geostrophic
turbulence theory fell victim to idealiza-
tion. Because of their dependence on the
mixed layer, these instabilities are much
stronger in winter, when mixed layers are
deep. Oleander data helped establish
these baroclinic mixed-layer instabilities as
a cornerstone of our understanding of sub-
mesoscale turbulence.

But there is more that wavenumber
spectra from Oleander's ADCP data have
revealed about submesoscale dynam-
ics. It has been known for a long time that
the slowly evolving meso- and submeso-
scale turbulence discussed so far coex-
ists with a field of fast internal waves that
permeates the ocean. It has been less
clear, however, what type of motion dom-
inates at what spatial scale. Together with
data from other locations, Oleander data
have revealed that the dominant dynam-
ics transition from geostrophic turbulence
at large scales to internal waves at small
scales within the submesoscale range
(20 km in the Oleander region; Callies
and Ferrari, 2013; Buhler et al., 2014; Qiu
et al., 2017). Distinguishing between these
different dynamics is crucial because the
irreversible stretching and folding of geo-
strophic turbulence is much more effec-
tive at transporting tracers than the nearly
reversible wave motion.

Thus, Oleander data have helped
bring into focus the dynamics that gov-
ern submesoscale ocean currents. The
insight gained from the data will be crucial
in determining whether and how these
small-scale currents can in fact exchange
heat, carbon, and nutrients between the
surface and the interior ocean at rates that
matter at a global level.
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