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Abstract In this paper we report the detection of a large-scale gravity wave propagating over an
extremely large horizontal distance in the thermosphere on 28 July 2006. Specifically, after being launched
at the northern auroral region on the dayside, this wave propagated equatorward with phase speeds on the
order of ∼720 m/s and finally almost traveled around the Earth once horizontally in the thermosphere prior
to dissipation. The time taken to dissipate is about 15.5 h. It is the farthest-traveling large-scale gravity wave
currently tracked by satellite measurements, made possible by a sudden injection of energy in an unusually
clean propagation environment. This experiment of opportunity serves as an important step in furthering
our theoretical understanding of gravity wave propagation and dissipation in the thermosphere.

1. Introduction

It is generally accepted that although a wide spectrum gravity waves can be excited at high latitudes by
impulsive auroral processes, only low-frequency fast moving waves (with wavelengths of several thousand
kilometers) can propagate over large distances in the thermosphere [e.g., Francis, 1975; Richmond, 1978; Mayr
et al., 1990; Bruinsma and Forbes, 2010]. However, how far these waves can travel in the thermosphere prior
to dissipation remains an open question. This is partly because of the limited temporal and spatial reso-
lution of ground-based and satellite observations tracking gravity wave propagation in the thermosphere
[Mayr et al., 1990; Forbes et al., 1995]. It is also partly due to lack of a complete theoretical description of
realistic gravity wave dissipation (due to molecular viscosity, thermal conduction, ion drag, nonlinear sat-
uration, and radiative damping Yiğit et al. [2008] and Yiğit and Medvedev [2015]) for such transient events.
In addition, it is difficult to isolate and track individual disturbances within all of the remaining thermosphere
variability.

One way of addressing this question is to search for well-defined gravity waves that have propagated large
distances from auroral sources using current measurements and then evaluate theoretically their prop-
agation and dissipation in the thermosphere. Toward this end, our initial efforts focused on identifying
large-scale (>∼1000 km) gravity waves utilizing neutral densities derived from accelerometer measure-
ments on the polar-orbiting CHAMP and GRACE satellites [see Guo et al., 2014]. Within this search, we
have discovered the farthest-traveling large-scale gravity wave reported to date, which is the subject of
the present paper. This wave was excited in the northern auroral region on the dayside on 28 July 2006
by sudden energy injection (Joule heating and particle precipitation) due to a compressed southward
magnetic field component within a stream interaction region (SIR) and almost traveled around the Earth
once horizontally in the thermosphere before being dissipated. The following section describes the data
utilized in the present study, and section 3 provides our results. A brief discussion of the results follows
in section 4.
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Figure 1. (a) The in situ observation of a SIR by WIND during 27–29 July 2006. From top to bottom: magnetic field
magnitude (|B|), southward magnetic field (Bz) in geocentric solar magnetospheric (GSM) coordinates, proton velocity
(Vp), proton density (Np), proton temperature (Tp), and total perpendicular pressure (Pt). All these parameters are shifted
50 min to the nose of the magnetopause. Dashed lines a and c mark a pair of forward-reverse shocks bounding the
SIR (gray-shaded region); dashed line b marks the stream interface (SI). The yellow-shaded interval corresponds to the
compressed southward Bz component. (b) The resultant geomagnetic activity (SYM − H, Kp, and PC indices). The arrow
marks the sudden increase in PC index with a peak occurring at 0243 UT on 28 July.

2. CHAMP and GRACE Data

Neutral total mass densities derived from accelerometer measurements on the CHAMP and GRACE satel-
lites are used to reveal and track gravity waves in the present study. The CHAMP satellite was launched in
July 2000 at 450 km altitude in a near-circular orbit with an inclination of 87.3∘. The two identical satellites
GRACE-A and GRACE-B were launched in March 2002 at approximately 500 km altitude, also in near-circular
but higher inclination (89.5∘) orbits, with GRACE-B following approximately 220 km behind GRACE-A. The total
mass densities are obtained from these accelerometer measurements using standard derivation procedures
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Figure 2. Variation of (top) hourly Joule heating from W05 empirical model and (bottom) hourly particle precipitation
from DMSP and NOAA satellites measurements in both hemispheres during 27–29 July 2006. Vertical dashed lines
indicate the time of peak Joule heating and particle precipitation, in accord with the sudden increase in the PC index
at 0243 UT on 28 July.

[Sutton, 2011]. All density data are normalized to a constant altitude of 400 km using the NRLMSISE-00
empirical model [Picone et al., 2002]. As the densities from GRACE-A and GRACE-B show very similar variations
during the period we focused on, only the GRACE-A observations are exhibited below.

3. Results

Figure 1a shows solar wind plasma and magnetic field data from the WIND spacecraft during 27–29 July
2006 encompassing a SIR formed by a fast stream overtaking a preceding slow stream. The SIR was identi-
fied by a compression of interplanetary magnetic field (IMF) |B|, an increase of proton speed Vp, an increase
of proton number density Np, an enhancement of proton temperature Tp, and a significant enhancement of
total perpendicular pressure Pt (defined as the sum of the magnetic pressure and plasma thermal pressure
perpendicular to the magnetic field). A pair of forward-reverse shocks formed at the two edges of the SIR.
A stream interface (SI), characterized by the peak of Pt , can be discerned at about 01:04 UT on 28 July (in the
shifted time). At the SI, the compressed magnetic field turned southward and remained strong southward
(up to−15 nT) for∼2.5 h (yellow-shaded interval). This southward component triggered a moderate geomag-
netic storm as measured by SYM-H and Kp indices and resulted in a sudden increase in PC index, starting at
02:22 UT and peaking at 02:43 UT on 28 July, which are illustrated in Figure 1b. The sudden increase in the
PC index might imply an impulsive injection of energy in the high-latitude atmosphere. Figure 2 depicts the
variation of hourly average Joule heating and auroral precipitation (electron precipitation and ion precipita-
tion with energies < 20 keV) in both hemispheres during 27–29 July 2006. The Joule heating is calculated
from the Weimer [2005] model (W05) driven by hourly solar wind data. The typical W05 output is a polar distri-
bution of vertically integrated Joule heating in the Northern Hemisphere. To cover the southern hemisphere,
W05 is run with the same solar wind conditions but a flipped interplanetary magnetic field (IMF) by value and
a flipped dipole tilt angle, in which the interhemispheric asymmetry has been neglected. The auroral precip-
itation is estimated from single-pass satellite orbits of the National Oceanic and Atmospheric Administration
(NOAA) and Defense Meteorological Satellite Program (DMSP) satellites [cf. Emery et al., 2008]. A significant
impulsive increase is revealed in both Joule heating and auroral precipitation in both hemispheres, in accord
with the sudden increase in the PC index.

Figures 3 and 4 illustrate the CHAMP and GRACE neutral densities at approximate local times of 1645/0445
and 1315/0115 h, respectively, during 27–29 July 2006. As we can see, neutral densities at high latitudes were
greatly enhanced in response to the impulsive heat input (due to Joule heating and auroral precipitation)
on 28 July, particularly in the Northern Hemisphere. Then large-scale wave-like structures or traveling
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Figure 3. Latitude versus time variations of CHAMP neutral density at 400 km and near (top) 1645 LT and (bottom)
0445 LT (latitude axes in reversed order) during 27–29 July 2006. The black lines represent the contours of density with
an interval of 0.25 × 10−12 kg m−3. The vertical dashed line indicates the time of the peak Joule heating and particle
precipitation. The magenta arrows show four large-scale gravity waves (1, 2, 3, and 4) propagating from the auroral
sources to the equator and into the opposite hemisphere, even across the opposite pole. Wave 1 (launched at northern
auroral regions on the dayside) propagated over much larger horizontal distances. It almost traveled around the Earth
once in the thermosphere before being dissipated.

atmospheric disturbances, as manifestations of large-scale gravity waves, appeared as expected. By following
maxima in the density variations from high to low latitudes and further to the opposite hemisphere, we
identify two pairs of propagating large-scale waves launched from the auroral regions, one pair (wave 1 and
wave 2) on the dayside and the other (wave 3 and wave 4) on the nightside, which are indicated by the
magenta arrows. It is immediately clear that wave 1 traveled much larger horizontal distances in the thermo-
sphere. Specifically, after being launched at the northern auroral region on the dayside, wave 1 propagated
equatorward with phase speed on the order of ∼720 m/s and encountered wave 2 near the equator, where
wave interference occurred, leading to a large density increase. After the constructive interference, they
passed through each other and penetrated into the opposite hemisphere. Then, wave 1 crossed the opposite
pole (i.e., the southern pole) and continued to propagate on the nightside. Finally, it reached the northern
pole and disappeared there. That is, it almost traveled around the Earth once horizontally in the thermo-
sphere before being dissipated. The time taken to dissipate is about 15.5 h. To our best knowledge, it is the

Figure 4. Same as Figure 3 but for GRACE neutral density at 400 km and near (top) 1315 LT and (bottom) 0115 LT.
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longest-living and farthest-traveling large-scale gravity wave currently tracked by satellite measurements.
Previous work of Bruinsma and Forbes [2009] reported that a far-traveling large-scale gravity wave could be
tracked for 3∕4 of one revolution around the Earth during the Halloween storm of 2003. Thus, our observa-
tion moves forward a step toward understanding wave dissipation and specifically how far a wave can travel
in the thermosphere before being dissipated and depositing its energy and momentum into the background
atmosphere.

4. Discussion

Previous studies have demonstrated that wave-like structures are often obscured by other density variability
such as meridional circulation surges [Fuller-Rowell et al., 1994], equatorial density anomalies [Liu et al., 2007],
and density perturbations due to solar terminator waves [e.g., Forbes et al., 2008; Liu et al., 2009] and therefore
are not always distinctly visible. Such a scenario also occurred in the dayside density responses to the sudden
energy injection on 28 July 2006. Fortunately, simultaneous CHAMP and GRACE observations complement
each other and thus allow secure identification of the propagation of gravity waves 1 and 2. In contrast, there
is very little activity on the nightside besides the wave-like structures, i.e., gravity waves were traveling in
a “clean” environment with less contamination by other density variability, allowing us a chance to unam-
biguously track wave 1 over an extremely large horizontal distance. In order to ensure the accuracy of the
identification, a filtering method of Bruinsma and Forbes [2009] was applied to the measured densities along
the orbit. The results of relative density variations (not shown) suggest that wave 1 indeed can be tracked for
one revolution around the Earth but with less clear wave signatures due to the presence of density variability
from other sources. It is highly likely that many other observed large-scale waves have done the same thing as
wave 1, except the details are obscured and cannot be easily extracted from the polar-orbiting measurements
(with limited temporal sampling).

Detection of the farthest-traveling large-scale gravity wave poses a particular challenge for theories and
models that aim to explain the properties of aurorally generated gravity wave propagation and dissipation.
More discoveries of such waves from future measurements are obviously required to validate and improve
physics-based models. These advances in turn would contribute to our understanding of how far aurorally
generated gravity waves can travel in the thermosphere and where their energy and momentum is deposited
in connection with their dissipation.
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Yiğit, E., A. D. Aylward, and A. S. Medvedev (2008), Parameterization of the effects of vertically propagating gravity waves for thermosphere
general circulation models: Sensitivity study, J. Geophys. Res., 113, D19106, doi:10.1029/2008JD010135.

GUO ET AL. GRAVITY WAVE PROPAGATION 6565

http://dx.doi.org/10.1029/2005JA011270
http://dx.doi.org/10.1016/j.asr.2014.11.020
http://dx.doi.org/10.1029/2008JD010135

	Abstract
	References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (ECI-RGB.icc)
  /CalCMYKProfile (Photoshop 5 Default CMYK)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.6
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends false
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Preserve
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
    /Courier
    /Courier-Bold
    /Courier-BoldOblique
    /Courier-Oblique
    /Helvetica
    /Helvetica-Bold
    /Helvetica-BoldOblique
    /Helvetica-Oblique
    /Symbol
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /Times-Roman
    /ZapfDingbats
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 400
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ()
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


