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[1] Ocean infragravity waves are surface gravity waves
with periods of several minutes and corresponding
wavelengths of up to tens of kilometers. When propagating
freely in the deep ocean, these waves are typically small,
several centimeters at most, so they have been seldom
studied. In the context of future wide-swath altimetry
missions, these waves need to be better quantiﬁed as they
have wavelengths that will be resolved by such instruments.
Here, we analyze the global climatology and variability of
infragravity waves in the deep ocean using data from over
40 open ocean locations, with depths larger than 2000 m. We
show that typical infragravity wave heights are higher than
previously estimated, with winter-averaged values up to
11 mm off the U.S. West Coast, and typically less than 6 mm
in the tropics. The mid to high latitudes exhibit a strong
seasonal cycle consistent with the local variability of
the wind-waves, while the tropical Paciﬁc has a higher
energy level during the Austral winter that does not
correlate well with the local wind-waves, suggesting a
remote source for the recorded infragravity waves. These
infragravity wave energies are expected to be a signiﬁcant
contribution to the error budget for possible measurements
of sea level associated to sub-mesoscale currents
at horizontal scales around 10 km. Hence, a global
numerical model of infragravity waves will likely be
necessary for the analysis of the planned Surface Water
Ocean Topography mission. Citation: Aucan, J., and
F. Ardhuin (2013), Infragravity waves in the deep ocean:
An upward revision, Geophys. Res. Lett., 40, 3435–3439,
doi:10.1002/grl.50321.

1. Introduction
[2] Wind-generated surface gravity waves are ubiquitous at the ocean surface. Their dominant period typically
varies between 2 and 25 s, with a corresponding wavelength between 6 and 940 m. These wind-waves can be
further separated into seas and swells according to the strong
or negligible inﬂuence of the local wind on their evolution, but we shall call all these wind-waves. Longer and
lower frequency surface gravity waves, called infragravity (IG) waves, are generated by the nonlinear interactions
of the wind-waves and have dominant periods comprised
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between 1 and 10 min. IG waves either appear as “free”
[Herbers et al., 1994] or “bound” [Herbers et al., 1995].
[3] Bound IG waves are determined by the local windwaves and do not follow the dispersion relationship of linear
surface gravity waves. They have much shorter wavelengths
that are the length of the local wind-wave groups. The spectrum of these bound IG waves can be estimated accurately
from the measured spectrum of the wind-waves [Herbers
et al., 1994]. This wind-wave spectrum can also be estimated by numerical wind-wave models. Bound IG waves
are released and become free at the shoreline where the
wind-waves break.
[4] Free IG waves, on the other hand, disperse like
linear surface gravity waves. The shoreline boundary condition imposes their frequency to match that of the bound
waves, so that the free IG waves have horizontal wavelengths up to tens of kilometers in deep water. The liberation of bound IG into free IG at the shoreline is now
relatively well understood [e.g., Henderson and Bowen,
2003] but remains a difﬁcult modeling problem. Given their
long wavelength, most of the outbound free IG energy is
trapped by refraction on the shelf, and only a small fraction of the IG energy leaks into the open ocean as free
waves [e.g., Webb et al., 1991]. The amount of leaky infragravity radiated offshore for a given incident short wave
spectrum on a given coastline is poorly documented, and
likely depends on multiple parameters. As a result, little is known about typical energy levels and variability of
free infragravity energy in the open ocean. Despite this
poor knowledge, open ocean infragravity have been linked
to other geophysical processes such as ice-shelf breaking
[Bromirski et al., 2010] and the generation of global seismic noise [Webb, 2008]. Remotely generated free IG waves
can also be observed at coastlines, in addition to locally
generated IG waves [Harmon et al., 2012]. More importantly, and despite their small amplitude, free IG waves
in the open ocean may still be high enough to be measured by the future Ka-band radar interferometer on board
the Surface Water and Ocean Topography mission [SWOT,
see Alsdorf et al., 2007]. The temporal and spatial variability of IG waves needs to be determined and understood in
this context. In this study, we use long records of highfrequency bottom pressure from the Deep ocean Assessment and Reporting of Tsunami (DART) program and other
programs to document the open ocean temporal and spatial
variability of free IG wave energy in both the Paciﬁc and
Atlantic Ocean.

2. Data Preparation
[5] The DART stations are typically composed of a bottom package and a nearby surface buoy. The bottom package
holds a Bottom Pressure Recorder (BPR), which performs
one measurement every 15 s, and some of the data are trans-

3435

AUCAN AND ARDHUIN: INFRAGRAVITY WAVES IN THE DEEP OCEAN

mitted acoustically to the surface buoy, which transmits it
to land via satellite links. Because of the communication
costs, the full resolution data are only transmitted during
suspected tsunami events. It is only every 1 to 2 years
that the BPR is brought back up to the surface for servicing, and the continuous full resolution pressure record
becomes available. These records were obtained from the
U.S. National Geophysical Data Center and the Australian
Bureau of Meteorology. Additional data were obtained from
two BPR deployed between September 2008 and September
2009 at the Mid-Atlantic Ridge research site “Lucky Strike”,
courtesy of V. Ballu (Institut de Physique du Globe de Paris;
IPGP), and from the North Paciﬁc Barometric Electromagnetic and Pressure Experiment (1986–1987), courtesy of
D. Luther (School of Ocean and Earth Science and Technology). At some stations, the continuous pressure records
span several years. In total, we have analyzed records from
40 locations in the Paciﬁc and Atlantic Oceans, with depths
ranging from 3 to 6 km. Because their wavelengths are
typically shorter than these depths, the pressure signal at the
seaﬂoor from both wind-waves and most bound IG components is strongly attenuated from its surface value and
thus overwhelmed by the free IG signal [Webb et al., 1991].
We therefore assume that the pressure signal over the frequency band of interest (1–20 min) that we observe at all
the stations are solely due to freely propagating infragravity
waves, that satisfy the surface gravity wave dispersion. For
a free monochromatic wave of wavenumber k, the bottom
amplitude of pressure pb is related to the surface elevation
amplitude a, by a transfer function M that is a function of the
water depth D
pb = aM = a

g
,
cosh(kD)

(1)

where  is the water density, g is gravity acceleration. The
wavenumber, k, is related to the wave frequency f by the dispersion relation [de Laplace, 1776], (2f )2 = gk tanh(kD).
A Fourier analysis was performed on each day-long bottom
pressure record to obtain the bottom pressure power spectral densities Fp ( f ). The transfer function M (equation 1), is
then applied to obtain the surface elevation spectral density
E( f ),
E( f ) = M2 Fp ( f ).

(2)

[6] The average shape of the bottom pressure and inferred
surface elevation spectra are shown in Figure 1. The pressure
spectra transitions from an f –2 slope at frequencies below
0.002 Hz, to a nearly ﬂat spectrum at higher frequencies,
are consistent with earlier measurements [Webb et al., 1991;
Filloux, 1980]. This is followed by a sharp drop at frequency above 10–2 Hz, corresponding to the “noise notch”
described by Webb et al. [1991] and Filloux [1980], which
arises from the hydrodynamic ﬁltering of free gravity waves
at these depths, and the transition to frequencies dominated
by acoustic modes (more precisely Rayleigh wave modes :
Ardhuin and Herbers [2013]). The three-hourly energy
levels at any pairs of frequencies between 0.0025 Hz and
0.012 Hz are well correlated (r > 0.7) and waves in this band
have been shown to be consistent with the transformation
of bound to free infragravity waves at the shoreline Webb
et al. [1991]. If one of the two frequencies is taken below
0.0015 Hz, then the correlation is much smaller. Although
the correlation should be reduced by dispersive propagation,
it is also possible that pressure signals for f < 0.002 Hz

are not caused by the transformation of bound to free infragravity waves at the shoreline but are more likely caused
by atmospheric forcing. Indeed, Luther et al. [1990] and
de Jong et al. [2003] have shown that pressure signals
around 1 mHz were coherent with wind forcing and that
winds could explain these signals. The signiﬁcant IG wave
height HIG was deﬁned from a partially integrated spectrum
as,
HIG

sZ
=4

fmax

E( f )df.

(3)

fmin

[7] We chose fmin = 8.310–4 Hz and fmax = 1.110–2 Hz,
corresponding to 20 and 1.5 min periods, respectively. As a
result, M > 0.1 at all stations, which removes the contribution of high frequency measurement noise to our estimate of
HIG . This common cut-off frequencies for all stations make
HIG estimates from different stations more readily comparable. Spurious peaks of HIG were removed from the data
set. These peaks are expected to be caused by tsunamis
events, sensors malfunctions, or physical disturbances of the
BPR. At each station, we calculate a background noise level
HIG,min as the lowest 5% values of HIG . This noise level is
similar at all the stations considered in this study, all falling
between 3 and 5 mm. At each station, we calculate HIG,summer
and HIG,winter as the time-averaged HIG during boreal summers and winters, respectively, as shown in Figure 1.

3. IG Seasonality and Spatial Distributions
[8] We used a total of 29 stations in the Paciﬁc Ocean
(Figure 2), six stations in the Atlantic Ocean (Figure 3), one
station in the Gulf of Mexico, and one station in the Indian
Ocean, off Australia. Seasonal variability in the spectra is
more pronounced at frequencies between 10–3 and 10–2 Hz,
as was already shown by Filloux et al. [1991] (Figure 1, top),
and the corresponding wave height HIG (Figure 1, bottom)
expectedly shows a strong seasonality. Episodic events of
elevated HIG , of the order of a few days, are noticeable, with
maximum values of HIG reaching well over 2 cm (Figure 1,
bottom).
[9] The observed spatial and temporal distribution of HIG
is consistent with an IG wave generation at nearby coastlines by strong winter storms (Figure 2). We ﬁnd the highest
values of HIG and the strongest seasonality in the NE Paciﬁc
(Figure 2), where HIG,winter is up to factor 2 higher than
HIG,summer . HIG appears to become smaller going westward
in the North Paciﬁc, probably related to increasing incident swell heights in the East and the convex shape of
the Alaska peninsula and Aleutian Islands from which the
IG free energy can disperse over a wider ocean region.
Filloux et al. [1991] showed a predominant origin of IG
waves to be in the British Columbia region. Our data are
clearly consisted with that conclusion.
[10] In lower latitudes in the Paciﬁc (Figure 2), HIG
becomes smaller and the seasonality less pronounced. Near
the Equator in the Eastern Paciﬁc and in the Southern
Hemisphere, the seasonality is reversed, reﬂecting a predominant formation region of IG waves during boreal summer in
the southern hemisphere.
[11] There are fewer stations available in the Atlantic
ocean than in the Paciﬁc ocean, and they are conﬁned to the
North-West Atlantic (Figure 3). From these, we can say that
the Atlantic seasonality is similar to that of the Paciﬁc. Also,
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Figure 1. Example data from station 46405, off the U.S. Oregon coast; (top panel, left) Average observed bottom pressure
spectra pb and (top panel, right) surface corrected pressure spectra a, during the summer (red), the winter (green), and during
the 5% highest events (blue). The black vertical lines represent the frequency limits fmin and fmax over which HIG at all
stations was calculated. (bottom panel) HIG (black), averaged summer (winter) IG wave height HIGsummer (HIGwinter ) in red
(green).
while Webb et al. [1991] reported that IG waves were less
energetic in the Atlantic Ocean than in the Paciﬁc, we do
not see any clear difference between the U.S. East coast and
the asian East coasts at the same latitude. We note that preliminary numerical modeling efforts, using parametric free
IG sources along the coasts, suggest that the North-West
Europe Shelf and passage between Iceland and Ireland is
the largest source of free IG waves of the world ocean, but
the model has to be reﬁned before it can be trusted. Measurements off the European coasts will therefore be critical
to verify this trend. Going back to Webb et al. [1991], who
analyzed data from the HEBBLE site (Figure 3), he warned
that the site may have been sheltered from IG waves by
the Grand Banks. Other sites in the Paciﬁc Ocean included
in this study may experience similar sheltering, and as a
result show low level of IG energy. These sites include
DART 51407 West of Hawaii Island, and DART 51425 off
Samoa. The numerical model of IG sources and propagation that is under development will be used to verify this
sheltering effect.

waves, the wavenumber spectrum E(kx , ky ) is given by
E(kx , ky ) = Cg E( f,  )/(2k), where Cg is the group speed.
These relations give
E(kx , ky ) =

f
4k2


1+


2kD
E( f )
sinh(2kD)

(4)

and, taking a track along the x axis, we have a wavenumber
spectrum,
Z

+1

E(kx ) =
–1

120°E
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150°E

f
4k2


1+

180°W


2kD
E( f )dky .
sinh(2kD)

150°W
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(5)
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4. Expected Wavenumber Spectra Along a
Possible Altimeter Track

0°

[12] In order to illustrate the estimated surface elevation
contribution to satellite altimeter measurements, we have
chosen one of the most energetic stations and converted the
frequency spectrum to one-dimensional wavenumber spectrum. This was done by assuming that all IG spectra are
isotropic. This is clearly not a realistic assumption, as shown
by Webb et al. [1991], but it allows a simple analysis that
does not require a choice of track orientation and should
provide a useful order of magnitude estimate.
[13] For such an isotropic spectrum, the frequencydirection spectral density is E( f,  ) = E( f )/(2). For linear
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Figure 2. Mean summer (winter) infragravity wave height
in red (green) represented by the size of each circle.
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Figure 3. Mean summer (winter) wave height in red (green) represented by the size of each circle. Numbered stations
correspond to DART stations. LS correspond to the Lucky Strike BPR data, courtesy of IPGP. HEBBLE is the site used in
Webb et al. [1991], and a single value of 1.2 mm is assigned to the site based on his Figure 6a).
[14] We see that the shorter wavelengths that are
propagating very obliquely compared to the track, with
ky >> kx , can contribute signiﬁcantly to the spectral level.
However, given the rapid roll-off of E( f ) towards high
frequencies, the E(kx ) level is usually dominated by the components with ky < kx . Also, sea level measurements with a
satellite altimeter also involve an average in the y direction
which is not included here but could be easily represented
by including in the integral a multiplication by the Fourier
transform of the averaging kernel.
[15] At station 46405, the maximum frequency fmax =
0.01 Hz used in our integration to obtain HIG corresponds to
a minimum wavelength of 15 km. At that frequency and for a
10−1

spectral level (m2/Hz)

15 km
10 km
10−2

5. Conclusions
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depth of 3600 m, a spectral level E( f ) = 0.002 m2 /Hz yields
an along-track spectral level E(kx ) = 1 cm2 /(cycle/km). This
is twice the level expected for the submesoscale altimetric
signal when using a k–11/3 extension of the spectra shown
by Le Traon et al. [2008] for the Gulf Stream, Agulhas,
and Kuroshio regions, and of the order of the spectral level
that may be extrapolated from less energetic regions Xu and
Fu [2011]. This is also the initial mission requirement for
the noise level for the Surface Water Ocean Topography
(SWOT) mission.
[16] At the site of the 46405 DART station, this level is
exceeded 6% of the time (Figure 4), and a level 10 times
lower is exceeded more than half of the time. This demonstrates that free IG waves cannot be ignored in the error
budget for the future SWOT mission, alongside internal tides
[e.g., Arbic et al., 2010]. In particular, the frequency spectral level generally increases at least for frequencies up to
0.015 Hz, suggesting that the free infragravity waves may
dominate sea level signals at a scale somewhere between 1
and 10 km.
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Figure 4. Cumulated occurrence of the spectral level of
the surface elevation spectrum E( f ) at the DART station
46405, for frequencies 0.0097 and 0.0123 Hz, corresponding to wavelengths of 15 and 10 km, respectively. For
3600 m depth and isotropic spectra, 0.002 m2 /Hz corresponds to an along-track spectral level of 1 cm2 /(cycle/km)
at a wavelength of 15 km.

[17] Our analysis of 40 bottom pressure records with
multi-year time series clearly reveals a strong seasonal cycle
of infragravity (IG) noise levels and energies much higher
than previously reported, with a shown increase from West
to East in the Paciﬁc Ocean, consistent with higher incident
wave heights on the eastern shores of the basins. While we
suspect, this West to East increase also exists in the Atlantic,
a lack of available data in the NE Atlantic prevents us from
showing it.
[18] At one of these location, off the U.S. West coast in
3600 m depth, the mean IG wave height reaches 1.5 cm.
There, at a wavelength of 15 km, the along-track spectral
level E(kx ) = 1 cm2 /(cycle/km) is reached 6% of the time,
which was the initial target level for the total error in sea
level measurements expected from Surface Water Ocean
Topography. Hence, free IG waves cannot be ignored in
future high-resolution altimetric measurements in the deep
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ocean. At present, there is no known method to correct
altimeter data for IG waves contamination because the phase
of the waves is random. At best, it should be possible to
determine the magnitude of the contamination by estimating the spectrum of free IG waves from the release of bound
IG waves at the shoreline. A numerical model based on this
idea is now under development. In coastal areas, IG waves
will have even higher amplitudes but shorter wavelengths.
Further studies will thus be needed to determine the possible
impact of IG waves on coastal altimetry measurements.
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