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ABSTRACT

Shipboard ADCP and towed CTD measurements are presented of a near-inertial internal gravity wave
radiating away from a zonal jet associated with the Subtropical Front in the North PaciÞc. Three-dimensional
spatial surveys indicate persistent alternating shear layers sloping downward and equatorward from the front.
As a result, depth-integrated ageostrophic shear increases sharply equatorward of the front. The layers have
a vertical wavelength of about 250 m and a slope consistent with a wave of frequency 1.01f. They extend at
least 100 km south of the front. Time series conÞrm that the shear is associated with a downward-propagating
near-inertial wave with frequency within 20% of f. A slab mixed layer model forced with shipboard and NCEP
reanalysis winds suggests that wind forcing was too weak to generate the wave. Likewise, trapping of the near-
inertial motions at the low-vorticity edge of the front can be ruled out because of the extension of the features
well south of it. Instead, the authors suggest that the wave arises from an adjustment process of the frontal
ßow, which has a Rossby number about 0.2Ð0.3.

1. Introduction

Internal gravity waves are a ubiquitous and important
phenomenon in the ocean and the atmosphere. In both
media, breaking internal waves transport signiÞcant
amounts of heat and momentum. In the ocean, internal
waves are most energetic near the inertial frequency (f ),
where a pronounced peak in the spectrum often contains
a substantial portion of the total kinetic energy. These
waves with frequency nearf are commonly referred to as
near-inertial waves (NIW). Because of the large amount
of energy they contain and their general tendency to
have signiÞcant verticalshear, they are known to be
important in mixing the shallow ocean (Hebert and
Moum 1994; Alford and Gregg 2001) and are thought to
be important to mixing the deep ocean as well (Ferrari
and Wunsch 2009). Hence, an understanding of their
sources and subsequent propagation is important for
parameterizing their effects in large-scale models.

Various mechanisms can generate internal gravity
waves, with differing relative importance in the ocean
and atmosphere. It is known that the wind blowing
on the surface mixed layer is an important source of

internal gravity waves (speciÞcally, near-inertial waves)
in the ocean. However, other sources are known to be
important in the atmosphere, such as direct generation
via KelvinÐHelmholtz instability (Chandrasekhar 1961)
and topographic interactions, leading to mountain waves
(Eliassen and Palm 1961). In the ocean, topographic in-
teractions lead to internal tides (e.g., St. Laurent and
Garrett 2002) and may also lead to near-inertial waves in
the deep sea, as suggested by some evidence (Fu 1981;
Alford and Whitmont 2007). Surface waves can theoret-
ically force internal gravity waves via nonlinear interac-
tions (Watson 1990), but the mechanism is not thought
to be very important energetically. Finally, parametric
subharmonic instability (PSI) can transfer energy from
other frequencies (usually the internal tides) to near-
inertial waves (MacKinnon and Winters 2005; Carter
and Gregg 2006; Alford et al. 2007; Chinn et al. 2012;
MacKinnon et al. 2013).

Theoretically, low-frequency ßows such as the general
circulation, mesoscale eddies, and submesoscale features
such as fronts can also generate internal gravity waves
(usually near-inertial waves). Since the waves derive their
energy from geostrophically balanced ßows, these mech-
anisms are broadly termed ÔÔloss of balanceÕÕ or ÔÔsponta-
neous adjustmentÕÕ (Ford 1994; Ford et al. 2000; Williams
et al. 2008), which are summarized in a recent review by
Vanneste (2012). Internal gravity waves can be generated
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through a rich variety of waveÐmean ßow interactions, and
the parameter space is not fully explored (Vanneste 2012).
However, many of them may be loosely grouped into two
categories: those involving frontogenesis (Williams 1967;
Hoskins and Bretherton 1972), wherein waves and ageo-
strophic circulations arise as a large-scale strain Þeld
sharpens a near-surface front, and wave radiation by time-
dependent instabilities of the balanced ßow (Ford 1994).
Wave generation in the presence of frontogenesis has been
modeled in the atmosphere (GrifÞths and Reeder 1996;
Reeder and GrifÞths 1996) and the ocean (Thomas 2005;
Buhler and McIntyre 2005; Capet et al. 2008; Thomas 2012;
Danioux et al. 2012; Nagai et al. 2012, manuscript sub-
mitted to Nature). Laboratory studies demonstrating in-
ternal gravity wave radiation from two-layer geostrophic
ßows in an annulus (Williams et al. 2003, 2005, 2008)
appear consistent with the Ford mechanism.

These mechanisms are distinct from the classical
adjustment problem Þrst described by Rossby (1938),
wherein an initially unbalanced ßow radiates internal
gravity waves during its adjustment to a geostrophically
balanced ßow, conserving potential vorticity in the pro-
cess. Once balance is reestablished, radiation stops. [See
Ou (1984) and references therein for more recent treat-
ments of the Rossby problem including layered ßows and
continuous stratiÞcation.] In spontaneous adjustment,
energy is continually drained from the ÔÔbalancedÕÕ ßow
(Molemaker et al. 2005) into the internal gravity waves.
In spite of these theoretical, laboratory, and numerical
studies, radiation of internal gravity waves by loss of
balance has not been clearly observed either in the ocean
or in the atmosphere (McIntyre 2009) [a possible excep-
tion may be a reinterpretation of data from the Mid-
Ocean Dynamics Experiment (MODE) by Polzin (2008)
as near-inertial waves interacting with the mesoscale
eddy Þeld via the ÔÔwave captureÕÕ mechanism of Buhler
and McIntyre (2005)].

Unambiguous observation of internal gravity waves
generated by spontaneous adjustment in the ocean, with
quantiÞcation of energy transfer rates relative to other
mechanisms, would be a major advance in theunder-
standing of energy ßow in the ocean for two reasons. First,
Wunsch and Ferrari (2004) argue that 2 TW of energy are
required to maintain the abyssal stratiÞcation of the oceans,
of which breaking internal tides may provide about half.
Estimates of the work done by the wind on near-inertial
waves range from 0.3Ð1.4 TW (Alford 2003; Watanabe
and Hibiya 2002; Jiang et al. 2005), indicating that near-
inertial waves can also generate a signiÞcant portion of
this power by propagating into the deep sea and breaking.
If, on the other hand, spontaneous adjustment provides
a signiÞcant additional source of internal waves, then they
could be correspondingly elevated in importance.

Second, spontaneous adjustment is a potentially im-
portant means by which mesoscale ßows lose energy to
turbulence. It is thought that mesoscale ßows arise from
baroclinic instability of the general circulation (Ferrari
and Wunsch 2009), whose energy source is the; 1 TW of
work done on it by the wind (Wunsch 1998). Global
calculations using the Gent and McWilliams (1990) pa-
rameterization indicate that a similar amount is trans-
ferred to the mesoscale eddy Þeld (Ferrari and Wunsch
2009). However, while bottom friction (Sen et al. 2008;
Arbic et al. 2009) and internal wave drag (Nikurashin
et al. 2013) likely dissipates some of their energy, the
means by which the mesoscale ßows are dissipated is not
well understood (Ferrari and Wunsch 2009; Ferrari
2011; Nikurashin et al. 2013). A back-of-the-envelope
calculation by Williams et al. (2008) based on an ob-
served decay rate of 100 days in their laboratory study
suggests that 1.5 TW could be dissipated by spontaneous
adjustment globally. Because the process transfers energy
to internal gravity waves, which can transfer the energy
far from the region of initial instability prior to breaking,
knowing how much of the energy lost to eddies enters the
internal gravity wave Þeld is important.

One of the difÞculties in observing these processes in
the ocean is that the natural place to look for the phe-
nomena is near fronts, where the Rossby number (Ro[
z/f, where z is the relative vorticity) is large. While
a large number of studies have found high near-inertial
energy near fronts (Kunze and Sanford 1984; Weller
et al. 1991; Salat et al. 1992; Granata et al. 1995; Rainville
and Pinkel 2004; DÕAsaro et al. 2011; Nagai et al. 2013),
interpretation is complicated because of the strong,
vertically- and laterally-sheared ßows typical of fronts.
SpeciÞcally, time series long enough to establish the
frequency content of the waves are challenging because
the waves are quickly blown past Þxed moorings. Shear
complicates the collection and analysis of spatial data.
The strong and often meandering ßows make ship-
board measurements difÞcult to reference correctly to
the front in question and can Doppler shift observed
frequencies, giving confusing results even in models
(Nagai et al. 2012, manuscript submitted toNature).
Finally, the strongest fronts are often associated with
western boundary currents where winds forcing near-
inertial motions tend to be the strongest (Alford 2001),
making it difÞcult to discern whether generation is by
wind or spontaneous adjustment, as in Kunze and
Sanford (1984), Salat et al. (1992), and DÕAsaro et al.
(2011).

A second complication is that the vorticity of the
frontal jet can modulate the effective inertial frequency,
feff 5 f 1 z/2 (Kunze 1986), allowing near-inertial waves
to be trapped in the region where feff , f. Therefore,
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observation of high near-inertial energy near a front
does not imply generation (Kunze and Sanford 1984;
Weller et al. 1991; Granata et al. 1995; Rainville and
Pinkel 2004; Bouruet-Aubertot et al. 2005; Nagai et al.
2013, 2012, submitted toNature). In none of these cases
could trapping could be ruled out, as near-inertial en-
ergy was conÞned to the region of negative relative
vorticity on one side of the front.

In this paper we present three-dimensional observa-
tions of velocity, shear, and density in the vicinity of the
Subtropical Front in the North PaciÞc. Unlike the situ-
ation at stronger fronts such as the Kuroshio, the ßows
(0.35 m s2 1) and Rossby number (0.2Ð0.3) here are modest,
making observations easier and more easily interpreted.
While our observational techniques of shipboard ADCP
plus towed undulating CTD are similar to some past ef-
forts, simultaneous resolution of spatial and temporal as-
pects of near-inertial waves in a front is nonetheless rare.
Additionally, the data are more consistent with generation
by a frontal adjustment process than past studies. SpeciÞ-
cally, the observations indicate a near-inertial wave prop-
agating downward and toward the equator from the vicinity
of the front. The time series is of long enough duration to
establish the waveÕs frequency as nearf. The wave has
many of the same properties as the near-inertial wave
observed in the same region by Kunze and Sanford (1984),
but here the wave extends at least 100 km south of the
front, eliminating the possibility that the elevated shear is
due to trapping at the front. Wind work computed from
a slab model driven with shipboard and reanalysis winds is

substantially less than the estimated vertical energy ßux of
the wave. Since trapping is ruled out and wind generation
appears much too weak, the front remains as the most
likely energy source of the wave. Although the data are not
sufÞcient to determine the speciÞc instability mechanism,
some sort of frontal instability appears to be the most likely
explanation.

We Þrst present the data and techniques, followed by
the observations of the front and the wave. We then
summarize and conclude with a discussion of possible
generation mechanisms.

2. Observations

a. Data

As part of an effort to map thermohaline intrusions
(Shcherbina et al. 2009; Shcherbina et al. 2010), R/V
Wecoma conducted repeated spatial surveys near the
North PaciÞc Subtropical Front (Fig. 1). During the
portion of the cruise discussed in this paper (5Ð11 July),
the strategy was to run a long northÐsouth line along
1588W (5Ð7 July), followed by various radiator patterns
mapping different intrusive features observed in the
front until 11 July. After that, the ship began doing
smaller-scale surveys around a Lagrangian ßoat, which
are not discussed here.

Velocity data are from a hull-mounted 75-KHz ADCP,
which transmitted alternating narrowband and broad-
band pings each 1.2 s in 8-m and 16-m bins, respectively.

FIG . 1. (a) Ship track during our observations (black) overplotted on a map of sea surface temperature on 7 July
based onAqua Moderate Resolution Imaging Spectroradiometer (MODIS) imagery [courtesy of National Aero-
nautics and Space Administration/Jet Profulsion Laboratory/Physical Oceanography Distributed Active Archive
Center (PODAAC)]. (b) Shear magnitude, averaged from the surface to 250 m, plotted as a function of location. The
x, y coordinate system (km) relative to 318N, 1588W used in the paper is shown at top and right. In both panels, the
subsurface locations, determined from the towed surveys, of the two fronts, F1 and F2, discussed in the paper, are
indicated with dashed arcs; the surface locations are also shown, labeled with the superscript ÔÔs.ÕÕ
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