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Abstract Recent theoretical analysis by Godin et al. (2015) led to the suggestion that infragravity waves
(IGWs, i.e., surface gravity waves in the ocean with periods longer than 30 s) can radiate acoustic-gravity
waves (AGWs) and account for a significant part of the wave activity observed in the thermosphere with periods
between about 5min and 3h. In this paper, we report a strong experimental demonstration of thermospheric
waves being driven by the ocean using data from twoDeep-oceanAssessment and Reporting of Tsunamis stations
located off the US East Coast and Dynasonde radar system located at Wallops Island, Virginia. Over a 9month
observation period, variations of IGW and AGW spectral amplitudes demonstrate large, statistically significant
correlation in a broad range of frequencies (0.2–3.2mHz) and altitudes (140–190km). Peak correlation values
(~0.43) indicate that waves radiated by the ocean represent a major constituent of thermospheric wave activity.

1. Introduction

Acoustic-gravity waves (AGWs) (in particular, gravity waves) are an important component of atmospheric
dynamics. In a wide range of spatial and temporal scales, AGWs dominate observed fluctuations of wind
velocity and air temperature [Gossard and Hooke, 1975; Fritts and Alexander, 2003]. AGWs carry significant
mechanical momentum through the troposphere and stratosphere. When AGWs dissipate, they exert a force
on the mean flow. AGW forcing plays a key role in large-scale circulation of the middle and upper atmosphere
[Fritts and Alexander, 2003; Geller et al., 2013; Alexander, 2015].

From troposphere to mesosphere, wave processes are believed to be dominated by those AGWs that are
generated bymoist convection, shear flow instabilities, jets, atmospheric fronts, and interaction of winds with
the Earth’s topography [Gossard and Hooke, 1975; Fritts and Alexander, 2003; Geller et al., 2013; Alexander,
2015]. Recent theoretical analysis of the effects of atmospheric loading on oceanic waves led to a suggestion
[Godin et al., 2015] that infragravity waves (IGW), i.e., long surface gravity waves in the ocean with periods
longer than 30 s [Webb et al., 1991; Herbers et al., 1995; Aucan and Ardhuin, 2013; Godin et al., 2014], can
radiate AGWs and account for a significant part of the wave activity observed in the upper atmosphere at
frequencies between about 0.1 and 3.5mHz or wave periods between about 5min and 3 h. Generation of
AGWs by IGWs was also suggested based on observations of the ionosphere with the Arecibo incoherent
scatter radar [Djuth et al., 2004; Livneh et al., 2007]. Well-documented examples of AGW generation by
IGWs are provided by observations of ionospheric manifestations of tsunamis [Artru et al., 2005; Makela
et al., 2011; Galvan et al., 2012; Komjathy et al., 2012; Occhipinti et al., 2013]. Compared to convectively and
orographically generated AGWs, those of oceanic origin typically have considerably higher horizontal phase
speeds, which can exceed the maximum wind speeds. Fast AGWs do not have critical levels and escape
critical level filtering [Hines, 1974; Gossard and Hooke, 1975]. Therefore, while hardly observable in the
troposphere and stratosphere, AGWs of oceanic origin were suggested to play a much larger role at
ionospheric heights and potentially have a significant effect on thermosphere dynamics [Godin et al., 2015].

Development of Dynasonde techniques [Wright and Pitteway, 1979a, 1979b, 1999] of HF radar sounding of
the ionosphere has recently reached the stage where sustained, long-term, and nearly continuous observa-
tions of waves in the thermosphere are possible [Zabotin et al., 2005, 2006]. By greatly increasing the amount
of available data, this new observational capability provides an unprecedented opportunity to quantify
statistical properties of thermospheric waves and to apply statistical means to gain new insights into the
origin of these waves. In this paper, we use a 9month long time series of seafloor pressure fluctuations
and radar observations of ionospheric wave activity to concurrently characterize IGWs in the ocean and AGWs
at heights from 140 to 230 km in the atmosphere. In this way we investigate experimentally the possible
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connection between oceanic and atmo-
spheric waves. We find large, statistically
significant correlation values between
observed variations of the IGW and
AGW energy. These correlations indicate
that the ocean is a driving force of wave
activity at ionospheric heights.

2. Observations

Infragravity waves in the ocean are a
truly global phenomenon. According
to the prevailing concept, IGWs are
generated by a nonlinear interactions
between surf waves, which depend
heavily on specifics of the near-coastal
bathymetry [Herbers et al., 1995; Webb,
2007; Rawat et al., 2014]. Away from
shore, IGWs have very long wave-
lengths, on the order of tens to hun-
dreds of kilometers, and can propagate
thousands of kilometers without signifi-
cant attenuation [Webb et al., 1991;
Crawford et al., 2015], being efficiently

reflected at ocean boundaries [Neale et al., 2015]. Although instant and average spectral parameters of IGWs
may vary from one geographic region to another [Aucan and Ardhuin, 2013; Godin et al., 2013], long time cor-
relation of their spectra between relatively distant areas of the ocean (several hundred kilometers separation)
remains significant [Godin et al., 2014]. For example, as discussed in supporting information, the Pearson (linear)
correlation coefficient of spectral amplitudes of IGWs for two Deep-ocean Assessment and Reporting of
Tsunamis (DART) stations (44402 and 41424, separated by 731 km along the great circle arc) as determined over
a 9month interval, varies between ~0.2 and ~0.65 in the frequency band 0.1–3.4mHz. From theoretically pre-
dicted directions of propagation of AGWs generated by IGWs it follows that waves observed in the thermosphere
would have originated on the ocean surface at horizontal separations of several hundred kilometers from the site
of the thermospheric observations [Godin et al., 2015]. Because of the large correlation radius of the background
IGW field, correlation of measurements at any specific point in the ocean and a close enough region in the
thermosphere can be a useful indicator of the connection between wave activities in the two media.

To characterize oceanic and atmospheric waves concurrently, we combine data from seafloor pressure
sensors of DART (Deep-ocean Assessment and Reporting of Tsunamis) systems and Dynasondes (HF radar
systems that provide accurate information about the ionized component of the atmosphere—the iono-
sphere—at thermospheric altitudes). In the frequency band of interest to this study, IGWsmake the dominant
contribution to seafloor pressure variations [Webb et al., 1991; Godin et al., 2013, 2014]; spectral characteristics
of the IGWs can be quantified using DART measurements [Aucan and Ardhuin, 2013; Rawat et al., 2014].

Dynasonde data analysis provides several physical characteristics of the ionospheric plasma (vertical projec-
tion of the line-of-sight Doppler speed, variations of plasma frequency, and tilts of the surfaces of constant
ionization) which can be used to characterize wave activity at thermospheric altitudes.

For the purposes of this research, a very favorable instrumental configuration is near the East Coast of the
United States (Figure 1). Two DART stations (44402 at the depth of 2649m and 41424 at the depth of
5290m) are in the vicinity of the state-of-the-art Wallops Island Dynasonde installation WI937 (located on
the premises of NASA’s Wallops Flight Facility in Virginia). The distances between DARTs 44402 and 41424
and the Dynasonde location are 415 and 650 km, respectively. Both distances are in the range optimal for
observation of acoustic-gravity waves propagating obliquely from the ocean surface to thermospheric
altitudes over Wallops Island. Note that IGWs may be described as extended sources of the AGWs: they tend
to propagate in packages occupying large areas of the ocean. Correspondingly, radiated packages of AGWs

Figure 1. Geographic locations of the two DART stations (44402 and
41424) and the Wallops Island Dynasonde installation WI937.
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are also expected to have substantial spatial dimensions. The ocean and thermosphere do not need to be
connected by a raypath for wave activities in the two regions to have a causal relationship. According
to the theory, the ocean radiates acoustic-gravity waves more efficiently where its depth is smaller
[Godin et al., 2015]. From this perspective, the East Coast configuration has an advantage, because of
the extensive shelf bathymetry in the area.

The DART stations are owned and maintained by the National Data Buoy Center (NDBC). The Dynasonde
system is owned and maintained by the University of Colorado in Boulder.

DART sensors operate continuously and record bottom pressure variations with 15 s periodicity. These data
are not transmitted through their real-time satellite communication subsystem, which only delivers highly
decimated pressure readings, every 15min in monitoringmode (and one every 1min during tsunami events).
The real-time data thus offer a temporal resolution too coarse for detailed characterization of IGWs. The 15 s
data become accessible through NDBC after recovery missions either annually or biennially. NDBC performs a
preliminary processing of the data to remove tidal variations of the bottom pressure. Examples of a detided
DART time series and of their typical spectrum are provided in the supporting information.

3. Dynasonde Data Analysis

The Dynasonde is a hardware and data analysis system of precision ionospheric radio sounding based on a
comprehensive use of phase information in the ionospheric radio echoes [Wright and Pitteway, 1979a]. With a
large number of identified radio echoes and accurate estimates of their physical parameters, application of an
advanced inversion procedure, NeXtYZ, is enabled. The NeXtYZ products are the true vertical profile of
plasma density and the vertical profile of horizontal gradients of the plasma density [Zabotin et al., 2006].
Both characteristics, when considered as functions of time, carry information about wave activities in the
thermosphere-ionosphere system.

The Wallops Island HF radar installation, which has been used in our studies, is equipped with a vertex-down
zigzag log periodic transmitting antenna, an eight-dipole receiving antenna array, and a state-of-the-art
digital radar system Vertical Incidence Pulse Ionospheric Radar [Grubb et al., 2008]. Typical sounding sessions
were characterized by the pulse repetition interval 5ms and by the number of base frequencies 580 in the
frequency band 0.5–25MHz. The 2min interval between the sounding sessions was chosen to guarantee
sufficient temporal resolution for the wave processes in the ionosphere of interest to our studies.

Raw data provided by the radar were processed by autonomous Dynasonde analysis software [Zabotin et al.,
2005]. Basic stages of the Dynasonde analysis include (a) phase-based echo recognition [Wright and Pitteway,
1999], (b) echo parameterization [Wright and Pitteway, 1979a, 1979b; Paul et al., 1974], (c) echo classification
into traces, and (d) trace selection for higher-level analyses. Some additional details of this technique were
described in a recent publication on atmospheric tides [Negrea et al., 2015].

The 3-D inversion procedure NeXtYZ, which was introduced above, is a component of the higher-level
Dynasonde analysis. It estimates parameters of a Wedge Stratified Ionosphere (WSI) model that describes
both the vertical profile and the two orthogonal horizontal gradients of ionospheric plasma density
[Zabotin et al., 2006]. In the WSI model, the surfaces of constant plasma density are represented locally for
small increments in plasma frequency fp at a sequence of heights hi progressing from bottom up, by slanted
sections of “frame” planes. The orientation of every frame plane is characterized by the two horizontal
components nx i, ny i of its normal vector. The values of nx i, ny i define the ionospheric “tilt” quantitatively.
There is a simple relationship between the normal to the plasma density surface and the local direction of
the total gradient in the layer:

n ¼ nx ; ny ; nz
� � ¼ ∇Ne= ∇Nej j :

Horizontal gradients (which are directly related to ionospheric tilts) were utilized earlier for studies of the
thermospheric gravity waves with middle and upper atmosphere (MU) radar [Oliver et al., 1995]. Heights hi
and the components of the normal vector nx i, ny i are found by an iterative HF ray tracing procedure to recon-
cile the measured ranges and angles of arrival of echoes reflected within the current wedge. The altitude
interval covered by NeXtYZ, as well as by other Dynasonde analysis products, is determined by detected radio
echoes. It may span from the bottom of the E layer up to nearly the F layer maximum.
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NeXtYZ produces altitude profiles for several ionospheric parameters of interest for this study. In addition to
the electron density heights and the zonal andmeridional tilt components, the NeXtYZ output can be used to
attribute an average vertical projection of the line-of-sight Doppler speed of the radio echoes to the real
altitudes. The original distribution of the profile points for all parameters is nonuniform, with varying spacing
between adjacent points. For the analysis performed in subsequent sections, all profiles are interpolated to a
uniform altitude grid with 1 km resolution. As was noted in [Negrea et al., 2015], time series of the inversion
results can be represented in an intuitive graphical format, namely, a temporal scan of the vertical ionospheric
cross section for a specific parameter. This kind of representation (where every pixel in the horizontal direction
corresponds to a sounding session and every pixel in the vertical direction corresponds to a 1 km range of the
real altitude) is a standard product of autonomous Dynasonde analysis. High-resolution examples are shown
in Figure 2. The most prominent feature of these images is a manifestation of typical diurnal variation in the
altitude coverage caused mainly by solar UV-driven changes in ionospheric ionization. One can see how the
plasma contours rise at night and descend in the daytime, revealing the E region. Another important property
of the images is the stripes, slightly inclined from the vertical, corresponding to variations of every parameter
with a periodicity from a few minutes to a few hundred minutes. These are manifestations of the phe-
nomenon studied here: we observe traveling ionospheric disturbances likely caused by gravity waves, with
phase fronts propagating mostly downward. As discussed in the supporting information, these signatures
are equivalent to those observed by incoherent scatter radars in their vertical plasma line and line-of-sight
Doppler data. However, a notable difference is that the altitude range here is varying, and it is limited to
the bottomside ionosphere.

4. Data Processing Technique

In this study, we use the data obtained from 6 May 2013 to 31 January 2014 by the three instruments
described in section 2. The seafloor pressure data sets are mostly uniform, with rare exclusions caused
by noncharacteristic sensor malfunctions. The second special preprocessing step applied to these data sets

Figure 2. One of the standard Dynasonde analysis products: a temporal scan of the vertical cross section of several ionospheric parameters as a function of Universal
Time and the true altitude for 1 day over Wallops Island, VA. (b and c) Use a gray scale to show the zonal and meridional tilt components (the small dots above the
main data show positions of the layers’ peaks); (a and d) use a color scale to show the plasma density and the vertical projection of the line-of-sight Doppler speed.
The transition from night to day conditions happens at around 11 UT and from day to night conditions at around 23 UT.
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(in addition to the detiding) was smooth-
ing over seven data points, approximately
corresponding to the 2min intervals
between the Dynasonde sounding ses-
sions. All subsequent processing steps
and techniques were equivalent for
both DART and Dynasonde data. The
Dynasonde data are more peculiar,
and their properties have determined
most of the processing details, as
described in the following paragraphs.

A quick look at Figure 2 reveals a major
feature of the Dynasonde data: variabil-
ity of their altitude coverage. This varia-
bility follows the ionized component of

the atmosphere, the ionosphere, which is mostly controlled by the diurnal variation of solar ultraviolet radia-
tion inclination at a specific geographic location, as well as by other dynamic factors. For the purposes of this
analysis, every 1 km altitude range in the data is considered as an independent data series and processed
individually. A technique of coinciding sliding time segments is applied to every Dynasonde data series and
to the DART data series. The length of the sliding time segment was chosen to be equal to 12h, and the Hann
window was applied. This latter measure is taken as a precaution because it suppresses parasitic harmonics attri-
butable to potential imperfectness of the detiding procedure applied to the DART data. The step of themotion of
the sliding time segment was equal to 1h, meaning that ~6300 of its consecutive positions were available within
the 9month long time interval. However, not all of them were used. Strict limitations have been applied to
representativeness of the Dynasonde data (not less than 85% of expected data points) and to data coverage
(not less than 85% of the segment length) within accepted data segments. The actual number N(zi) of used data
segments varies from 0 to 1820 at different altitudes (see Figure 3). The peak value is achieved at z=225 km.
However, we require N(zi) to be not less than 200 and therefore show analysis results in subsequent sections only
for the altitude range satisfying this condition.

The fact that ionospheric sounding sessions are performed regularly, with 2min periodicity, does not mean
that the resulting data series is characterized by uniformly distributed data points. From the viewpoint of the
foregoing criteria, the main reason for gaps in otherwise legitimate data segments is the already noted varia-
bility of the altitude coverage of the Dynasonde data. In addition, sometimes the data points are missing
because complexities in ionospheric structure cause the autonomous Dynasonde analysis procedure to fail.
Gaps in the DART data are relatively infrequent; however, these also occur. The inherent nonuniformity of the
data series makes a simple application of the fast Fourier transform impossible. The standard MATLAB imple-
mentation [MATLAB Reference, 2015] of the Lomb-Scargle technique of spectral calculations [Lomb, 1976;
Scargle, 1982] has been used instead.

Application of the Lomb-Scargle technique to all data segments meeting the quality criteria produces N(zi)
values of spectral amplitudes Sij for each of the 85 altitudes used for Dynasonde data and for all of the 347
frequencies used for both Dynasonde and DART data: Sij= Sij(zi, fj), zi=139+ i km, fj=0.03+0.01·jmHz; i=1, 2,
…, 85; j=1, 2, …, 347. The frequency band covered (from 0.04 to 3.5mHz) includes the range of frequencies
where radiation of AGWs by IGWs is theoretically predicted [Godin et al., 2015] to play the most important role
in coupling wave processes in the ocean and atmosphere.

The spectral amplitude values Sij are positive numbers varying significantly in time (up to 1.5 orders of
magnitude). It is more convenient to look for correlation between natural logarithms of the ratios of their
current values to their average values:

s1;ij ¼ log S1;ij=S1;ij
� �

; s2;ij ¼ log S2;ij=S2;ij
� �

;

where averaging (denoted by the bar) is understood as a moving averaging and it is performed over the S(1,2)
ij values within a 2month long interval centered at the time corresponding to the current value at the
numerator. Indices 1 and 2 denote spectral amplitudes describing variations of ionospheric parameters
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Figure 3. Statistics of acceptable data segments as a function of altitude.

Journal of Geophysical Research: Space Physics 10.1002/2016JA022357

ZABOTIN ET AL. OCEAN WAVES IN THE THERMOSPHERE 3456



and seafloor pressure variations, respectively. Unlike the spectral amplitudes themselves, both s1,ij and s2,ij are
dimensionless quantities that have statistical distributions approximately symmetrical with respect to zero
values. Using moving averaging suppresses seasonal correlation effects. The index i is retained for the
oceanic data as a reminder that the data segments used to characterize them are selected for the times
coinciding with those for the Dynasonde data, and this selection depends on the altitude. We will refer to
quantities s1,ij and s2,ij as normalized spectral amplitudes.

The linear (Pearson’s) correlation coefficient is calculated using the unbiased estimation of covariance:

rij ¼
X

N zið Þ s1;ij � s1;ij
� �� �

s2;ij � s2;ij
� �� �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiX
N zið Þ s1;ij � s1;ij

� �� �2X
N zið Þ s2;ij � s2;ij

� �� �2q ;

where averaging (denoted in this case by the angular brackets) and summations are performed over all
available N(zi) values of the normalized spectral amplitudes at specific altitude and frequency.

Two of theDynasonde products, the plasma frequency variations and the vertical projections of the line-of-sight
Doppler speed, are scalar quantities, and the above procedure applies to them directly. The ionospheric tilt
data are of vector character: the inversion procedure provides two components of the tilt, nx and ny. For our
correlation studies, we have formed a projection of this vector onto the direction of the line connecting
positions of the Dynasonde and of a particular DART. Such a choice of the tilt component should provide
a very broad, unexclusive advantage to waves propagating in this direction. This expectation was validated
by observations: calculations with the orthogonal projection direction for the tilt resulted in reduced correlation.
Supporting information provides related discussion and illustrations.

5. Results

Results of calculations of the correlation coefficients of the normalized spectral amplitudes of atmospheric
and oceanic waves, based on DART data and on the vertical projection of the line-of-sight Doppler speed
provided by the Dynasonde, are presented in Figure 4. The color scale is used to show correlation of the wave
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Figure 4. Correlations of normalized spectral amplitudes of oceanic and atmospheric waves. The color scale shows the
correlation coefficient for wave activities in the thermosphere over Wallops Island, Virginia, using vertical projection of the
line-of-sight Doppler speedmeasured by Dynasonde, and in the ocean at the two DART locations ((a) for DART 44402 and (b) for
DART 41424) as functions of the frequency and the true altitude. Thewhite contours in the plots represent 95% confidence level
boundaries for positive and negative values of the correlation coefficient. The red contour marks zero correlation level.
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activities in the thermosphere over Wallops Island, Virginia and in the ocean at the two DART locations, as
functions of the wave frequency and the altitude. Maximum values of the correlation coefficients are 0.41
for DART 44402 and 0.3 for DART 41424.

The 9month duration of the original data series has ensured a high statistical significance of the correlation
values [Emery and Thomson, 2014; Cohen et al., 2003]. The white contours in Figures 4a and 4b represent 95%
confidence level boundaries for positive and negative values of the correlation coefficient. For all cases, positive
correlation values with high confidence level, which lie within the respective boundaries, occupy large areas in
both images. The red contour marking zero correlation level also helps to see that positive correlation
dominates below ~200 km in a very broad frequency band, gradually decreasing with the altitude from the
maximum values to zero. This common tendency is stronger for the closer (and located in the shallower ocean)
DART 44402 than the DART 41424.

The same tendencies, with moderate quantitative differences, are observed when correlation calculations are
performed with other characteristics of thermospheric wave activity provided by Dynasonde analysis.
Figure 5 shows results for plasma frequency variations. Peak correlation values are 0.3 for DART 44402 and
0.28 for DART 41424. Figure 6 shows results for ionospheric tilt variations. Peak correlation values, 0.43 for
DART 44402 and 0.42 for DART 41424, are somewhat higher than for the two other quantities.

There are several additional ways to evaluate the statistical significance of the results we have obtained. As
was noticed in the preceding section, the number of data segments used for the correlations is finite and
depends on the altitude. Is it possible that the correlation structure we see is still accidental? To test this,
let us modify our calculation that resulted in Figure 4a, in a way that excludes any possibility for meaningful
correlation, but otherwise will leave the statistics of data segments and all aspects of the calculation techni-
que intact. It is sufficient to take data from a relatively remote DART. (We have an appropriate data series from
DART 41421, which is ~2016 km away from Wallops Island) and correlate it with Dynasonde data with a suffi-
ciently long shift in time (say, 2.5months). Result of such a test is shown in Figure 7, which intentionally uses
the same format as Figure 4a, including the limits of the color scale. One can see that the correlation maxima
and minima have not disappeared completely: overall standard deviation of the correlation coefficient
for this image is ~0.05. Obviously, this is what should be expected of completely random correlation values
given the statistics of the data segments. However, the structure of correlation in Figure 7 is suppressed
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Figure 5. Same as Figure 4 but using plasma frequency variations measured by Dynasonde. (a) Correlation with DART
44402. (b) Correlation with DART 41424.
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substantially compared to the legitimate Figure 4a. This is evident to the naked eye and also can be confirmed in
a quantitative way. Figure 8 provides detailed information on parameters characterizing the altitude structure of
the spectral correlation between data from DART 44402 and the three data sets provided by Dynasonde analysis
(the vertical projection of line-of-sight Doppler speed, the plasma frequency variations, and the ionospheric tilt),
plus comparison to corresponding test calculations where data from remote DART 41421 were used. Note that
peak values of the correlation coefficients in all cases substantially exceed the standard deviation of the statistical
noise (the green curves): by ~8 times for Doppler speed variations, by ~5 times for plasma frequency variations,
and by ~4 times for ionospheric tilts. Also evident in the plots is the tendency for mean and peak correlation
values to decrease gradually with altitude. The mean values remain predominantly positive within the lower
50–70 km of the altitude range (though the upper boundary is not well defined because of the noisy character
of the plots). Standard deviations of the legitimate correlation values exceed those of the statistical noise in
the altitude range 140–190km for Doppler speed variations and for plasma frequency variations.

So far, we have considered the correlation coefficient of power spectral densities (PSDs) of atmospheric and
oceanic waves, which were measured in concurrent, 12 h long data segments. Additional insights into a causal
relationship between the waves in the twomedia can be obtained by calculating the correlation function of the
PSDs as a function of time lag, with the correlation coefficient being the value of the correlation function at zero
lag. For typical vertical group speeds of the waves generated by the ocean [Godin et al., 2015] propagation to
thermospheric altitudes may take several hours. In the geometry of our experiment (Figure 1), depending on
the propagation direction of a particular IGW wave packet, it may reach the DARTs up to several hours before
or after reaching the vicinity ofWallops Island. Therefore, themanifestation of an IGWwave packet in DART data
and in Dynasonde measurements should occur within several hours. (The chosen length of the data segments
(12h) does cover this interval so that correlation coefficient calculations with data segments taken from the two
instruments with zero time lag are meaningful.) The time lag between the DART and Dynasondemanifestations
can be positive or negative depending on the IGW propagation direction, but on average the seafloor pressure
signal is expected to precede the ionospheric signal by the time it takes the AGW to propagate from sea level to
ionospheric altitudes.

Results of calculations of the correlation function of PSDs of oceanic and atmospheric waves are illustrated in
Figure 9. Specifically, calculations similar to those leading to Figure 4a have been performed with a time lag
between the DART 44402 and Dynasonde data varying between�12 and +12h, for a set of selected frequencies
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Figure 6. Same as Figure 4 but using ionospheric tilt variations measured by Dynasonde. (a) Correlation with DART 44402.
(b) Correlation with DART 41424.
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(most of which were within major correlation peaks in Figure 4a). Each panel in Figure 9 corresponds to a single
frequency and uses a color scale to show the linear correlation coefficient in time lag versus altitude coordinates.
One can see that in all these cases maximum correlation is achieved at a negative time lag of a few hours. This is
consistent with theoretical expectations andmay be considered as evidence of a causal relationship between the
wave processes involved.

6. Discussion

Significant correlation between spectral amplitudes of infragravity waves in the ocean and acoustic-gravity
waves in the thermosphere supports the theoretical concept of coupling between them [Godin et al.,
2015]. Though this result has been obtained for a specific region in the North Atlantic, it is expected to have
much broader geographic significance.

Wewould like to emphasize the point that there are several mechanisms of natural decorrelation between waves
in the ocean and waves in the thermosphere. Note that the experimentally observed peaks of the correlation
systematically occur at the altitudes as low as 140–170km, where dissipative (linear) attenuation of AGWs is only
starting to manifest itself. At higher altitudes, temporal variations of atmospheric attenuation serve as a natural
decorrelation factor for waves originating at sea level. The higher the altitude the more significant the atmo-
spheric attenuation is, and the same is true for the decorrelation caused by temporal variations of this attenuation.

Another potential decorrelation mechanism is a nonlinear evolution of the wave spectra on the way from the
ocean surface to thermospheric altitudes. Though comparatively low initial amplitudes of the ocean-generated
waves make such processes less likely, some wave breaking and generation of secondary waves may still be
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involved. In a recent DEEPWAVE experimental campaign [Fritts et al., 2015a, 2015b], it was observed that
higher amplitudes of orographically generated AGWs at the ground level result in lower AGW amplitudes
at high altitudes. This counter-intuitive relation was explained by wave breaking; as AGW nonlinearity increases
with altitude, stronger waves break sooner and do not reach high altitudes [Fritts et al., 2015a, 2015b]. We
speculate that the same mechanism applies to AGWs of oceanic origin and explains statistically significant
negative correlations at high altitudes.

A third decorrelation mechanism may be linked to properties of AGWs radiated by IGWs in the ocean. These
are characterized by oblique propagation with the angle between their Poynting vector and the horizon
depending mainly on their frequency and the ocean depth [Godin et al., 2015]. This means that the waves
of this nature that reach thermospheric altitudes over a specific location have originated from a large ocean
area, covering ocean locations separated by long distances. The result is a mix of waves that were partially
decorrelated at their origins. Recall that the correlation coefficient of IGW spectral amplitudes measured by
two DARTs 731 km apart is ~0.2–~0.65 (section 2).
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A quantitative analysis of all three decorrelationmechanisms is necessary but is beyond the scope of this paper.

The observed peak values of the correlation between normalized spectral amplitudes of IGWs in the ocean and
AGWs in the thermosphere are sufficiently significant to justify the question: “Can the observed decorrelation be
almost entirely explained by the mechanisms mentioned above, without assuming a substantial presence of
waves from other sources unrelated to the ocean?” An affirmative answer would mean that the waves radiated
by oceans are the most energetic constituent of thermospheric wave activity with periods from a few minutes
to a few hours. The question is important enough to justify a rigorous analysis of this issue.

Even in the absence of a definitive answer to our last question, the results described in this paper call for a
new addition to the list of sources of thermospheric wave activity. IGWs in the ocean have a significant role
in background thermospheric wave activity. Adjustments may be necessary in estimates of the momentum
deposition by AGWs in the upper atmosphere. The empirical findings reported in this paper reveal a previously
unrecognized, important link in the coupled ocean-atmosphere system.
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