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Abstract Thenonlinear behavior of acousticwaves and their dissipation in theupper atmosphere is studied
on the example of infrasound waves generated by vertical motion of the ground surface during theMw 8.3
earthquake that occurred about 46km from Illapel, Chile on 16 September 2015. To conserve energy, the
amplitudeof infrasoundwaves initially increasedas thewavespropagatedupward to the rarefiedair.When the
velocities of air particles became comparable with the local sound speed, the nonlinear effects started to play
an important role. Consequently, the shape of waveform changed significantly with increasing height, and
the original wave packet transformed to the “N‐shaped” pulse resembling a shockwave. A unique observation
by the continuous Doppler sounder at the altitude of about 195km is in good agreement with full wave
numerical simulation that uses as boundary condition the measured vertical motion of the ground surface.

1. Background

The magnitude Mw 8.3 earthquake started offshore from the Coquimbo region about 46km west from the
Illapel City, Chile on 16 September 2015 at 22:54:32 UT [http://earthquake.usgs.gov/earthquakes/event-
page/us20003k7a#general_region]. The earthquake occurred as the result of thrust faulting on the interface
between the subducting Nazca plate and South American continent. The epicenter was located at 31.6°S,
71.7°W, and its depth was estimated to 23km [Barrientos, 2015; Tilmann et al., 2016]. The rupture propagated
mainly northward with maximum displacement around 6m. The rupture length reached about 230km, and
the majority of moment was released during approximately 100s [Barrientos, 2015; Tilmann et al., 2016].

Vertical movement of the ground surface produces pressure fluctuations which propagate upward as infra-
sound waves and might reach the thermosphere and ionosphere [Bolt, 1964; Donn and Postmentier, 1964;
Davies and Baker, 1965; Watada et al., 2006; Chum et al., 2012]. Only the long‐period infrasound waves, with
periods approximately longer than 10s, are able to reach ionospheric heights, especially the most ionized F
layer at the altitudes of approximately 150–300km, in which the waves can be detected by remote sounding
techniques. The infrasound waves of shorter periods are strongly attenuated below the F layer altitudes and
usually do not produce observable disturbances in the ionosphere [Blanc, 1985; Lastovicka et al., 2010; Chum
et al., 2016]. Sufficiently long period waves are generated only by strong, mostly Mw>7 earthquakes. The
investigation of coseismic perturbations in the ionosphere represents a basic research. However, a proper dis-
tinguishing of different sources of the ionospheric perturbations and correct understanding of coupling
between the solid Earth, ocean, upper atmosphere, and ionosphere could potentially find application in tsu-
nami warning systems [Rolland et al., 2010; Arai et al., 2011; Kherani et al., 2016].

The coseismic perturbations are usually detected from the total electron content (TEC)measurements by dual‐
frequency GPS receivers [Calais andMinster, 1995;Heki and Ping, 2005; Liu et al., 2011] and continuous Doppler
sounding [Artruetal., 2004;Liuetal., 2006;Chumetal., 2016]. Thecoseismicperturbationscanalsobe revealed in
ionograms if the sounding takes place at proper time [Maruyamaand Shinagawa, 2014]. TheGPS TEC is an inte-
gral valuemeasured along the path between the GPS receiver and satellite. It is usually assumed that themain
contribution to the TEC variations is at the altitudes around the peak of maximum ionization, approximately
from 200 to 300km, i.e., in the F2 layer. Therefore, it is impossible to determine the exact height of the TEC dis-
turbances and hence the waveform of air and plasma density fluctuations at a specific altitude. On the other
hand, the Doppler sounding provides information about plasma fluctuations at the specific altitude, in which
the so called plasma frequency, given by the plasma density, matches the frequency of the sounding radio
wave. Recently, it was shown that calculations of air particle velocities from Doppler shifts that are based on
an approximation of mirror‐like reflection of radio waves from the ionosphere might give wrong results; a
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compressionof ionospheric plasmaowing to infrasoundwaveshas tobeconsidered to calculate theair particle
velocities from the observedDoppler shifts [Chumet al., 2016]. The reportedDoppler shiftmeasurementswere
performed several thousand of kilometers from the earthquake epicenter.

Afraimovich et al. [2001] introduced the term “shock‐acoustic waves” when analyzing the ionospheric N‐
shaped TEC perturbations that were generated by four Mw>7 earthquakes and measured by the dual‐fre-
quency GPS receivers close to the earthquake epicenters, at distances of several hundreds of kilometers.
However, the authors stated that the term shock‐acoustic waves did not reflect the physical nature of the
phenomenon. They used a linear theory in their analysis, neglected absorption, and summed the contribu-
tions of waves generated at different places on the ground. Observations of the N‐shaped TEC perturbations
in the vicinity of strong earthquakes were later reported, e.g., by Astafyeva and Heki [2009], Astafyeva et al.
[2011], and Reddy and Seemala [2015]. The N‐shaped disturbances were not observed at distances larger than
about 1500km from the epicenter [Astafyeva and Heki, 2009; Reddy and Seemala, 2015; Chum et al., 2016]. The
importance of nonlinear phenomena on propagation of large amplitude infrasound waves at high altitudes
was pointed out by Krasnov et al. [2007], who modeled the propagation of sinusoidal signals from a
point source.

In this paper, the acoustic waves detected by continuous Doppler sounding as ionospheric fluctuations at the
altitude of about 195km and distance of ~800km from the epicenter of Illapel earthquake that occurred on
16 September 2015 are compared with the nonlinear numerical simulation of infrasound propagation. The
measured vertical velocity of ground surface motion was used as boundary condition in the system of com-
pressible viscous fluid equations. It is shown that nonlinear phenomena are important to explain the
observed waveform and that the observed time delay of about 530s between the vertical motion of the
ground surface and the corresponding fluctuations in the ionosphere is consistent with the simulated vertical
propagation of infrasound. To the best of our knowledge, it is the first paper in which the formation of the N‐
shaped waveform in the upper atmosphere and ionosphere above a strong earthquake is described on the
basis of direct comparison of measured data in the ionosphere with the results of nonlinear numerical simu-
lation initiated by the measured vertical motion of the ground surface. The paper is organized as follows:
section 2 describes the measurements; section 3 provides equations to calculate the air particle velocities
from the observed Doppler shifts; section 4 presents the numerical simulation; section 5 discusses the results
with respect to the previous reports; and section 6 gives a brief summary.

2. Measurements

The atmospheric fluctuations in the ionosphere were measured via the plasma density changes at a specific
height by the continuous Doppler sounding system (CDSS) that operated at a frequency f0=4.63MHz in the
Tucumán region, Argentina, about 800km northeast from the earthquake epicenter. The CDSS actually con-
sists of three transmitters (transmitted power 1W) that form approximately an equilateral triangle with sides
of about 100km, and one receiver (26.840°S, 65.230°W) located between the transmitters at the city of San
Miguel de Tucumán [Chum et al., 2014]. One of the transmitters was not working at the time of earthquake.
There is also an ionospheric sounder in San Miguel de Tucumán. Thus, it is possible to determine the electron
density profile and hence the reflection height of the sounding radio wave.

The vertical velocity vz of the ground surface motion was measured by the Guralp‐40T seismometer sensor
and recorded with the sampling rate of 100Hz at Horco Molle station (26.784°S, 65.335°W), about 12km from
the Doppler receiver.

Figure 1a shows vz as a function of time; time t=0 corresponds to the start of the earthquake at 22:54:32 UT.
The maximum amplitudes of vz are observed around t=300s. Figure 1b presents the ionogram recorded in
San Miguel de Tucumán at 23:00 UT. The measured virtual heights are displayed by yellow color and were
manually fitted (scaled) and digitized. The digital data were then used as input to the SAO explorer software
[Reinisch et al., 2005] to compute the electron density profile (true heights) marked by magenta curve. It can
be determined from this electron density profile that ordinary and extraordinary mode for f0=4.63MHz
reflected at 198km and 195km, respectively. However, the estimated uncertainties of the true heights are
about 20km as their calculation depends not only on the precision of scaling (determination of virtual
heights) but also on the electron densities in the “valley” between the E(Es) and F layers (heights around
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150km in Figure 1b). The electron densities in the local minima (valleys between ionospheric layers) are not
measurable by ionosonde and are therefore estimated by modeled values, built‐in in the SAO explorer soft-
ware. The obtained true heights depend on the model of the valley. Figure 1c shows the Doppler shift fluc-
tuations measured by the CDSS. The Doppler shifts fD that are displayed in Figure 1c correspond to the
frequencies of maxima of power spectral densities in the original Doppler shift spectrogram that was com-
puted with overlapping time windows. The spectral maxima (fD values) were determined with the time reso-
lution of 6s and visually checked/corrected against the original Doppler shift spectrogram. Specifically, mean
values of fD obtained from two working transmitter‐receiver pairs are presented for clarity (both fD signals
were almost identical). A distinct coseismic response is observed approximately at times from 800 to 900s
after the start of the earthquake. The time delay between the vertical motion of the ground surface displayed
in Figure 1a and the coseismic response drawn in Figures 1c and 1d, obtained by the method described by
Chum et al. [2016], is about 530s. The coseismic response has dominant period around 2min and is super-
posed on a long‐period (around 20min) fluctuation of fD caused by a gravity wave.

3. Data Analysis

Air particle oscillation velocities are estimated from the measured Doppler shift values fD. If the plasma den-
sity gradient in the reflection region is very high, then the reflection of radio wave resembles the reflection
from a mirror. Consequently, the velocity of air particles, w, for the vertically propagating infrasound waves
can be computed by equation (1), provided that the half distance between the Doppler transmitter and recei-
ver is much smaller than the reflection height.

w ¼ −f D⋅
c

2f 0sin2 Ið Þ ; (1)

where c is the speed of light and I is the inclination of magnetic field (I=27° in Tucumán). Equation (1) also

Figure 1. Measurements recorded during the Illapel earthquake. Time=0 corresponds to the beginning of earthquake at
22:54:32 UT on 16 September 2016 in Figures 1a, 1c, and 1d. (a) Vertical velocity vz of ground surface motion at
Tucumán, Horco Molle (latitude=−26.784; longitude=−65.335). (b) Ionogram recorded in Tucumán at 23:00 UT on 16
September 2016. (c) Doppler shift fD recorded in Tucumán. (d) The air particles velocities w derived from fD by equation (2)
in red and equation (1) in dashed blue.
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assumes that the plasma is magnetized (plasma can freely move only along the magnetic field lines), which is
valid for the heights approximately larger than 130km [Rishbeth, 1997]. The infrasound waves cause the com-
pression and rarefaction of ionospheric plasma. These additional plasma density changes arising from the
compression/rarefaction of the air might contribute to the observed Doppler shift significantly [Chum
et al., 2016]. In such a case, the vertical air particle velocities should be computed from the experimental data
by equation (2)

w ¼ −f D⋅
c

2f 0sin2 Ið Þ ⋅
∂N
∂zffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

∂N
∂z

� �2 þ N 2πf IS
cS

� �2
r ; (2)

where N is the electron (plasma) density, fIS is the infrasound frequency, and cs is the speed of infra-
sound propagation. All the terms ∂N/∂z, N, fIS, and cs are considered at the altitude of observation (reflec-
tion of the Doppler signal). The gradient ∂N/∂z is determined from the electron density profile measured
by ionospheric sounder, ∂N/∂z~1.4⋅107m−4. Figure 1d shows the values of w in m/s calculated from the
observed fD values. Red curve is for w computed by equation (2). The dashed blue curve was obtained by
equation (1). The w values calculated by equations (1) and (2) differ by several tens of percent. This is
different from the previous Doppler observations performed at far distances from the earthquake epicen-
ters, when the N⋅(2πfIS)/cs terms were more than 10 times larger than the ∂N/∂z terms as fIS was compar-
able with the frequencies of vz. Consequently, the w values calculated by equation (1) were unrealistically
large, about 10 times larger than those calculated by equation (2) [Chum et al., 2012; Chum et al., 2016].
In the current case, the fIS is relatively low compared to the frequency of vz, most of the power spectral
intensity of fD (w) is at around 0.008 Hz, and ∂N/∂z and N⋅(2πfIS)/cs are of the same order. The fluctua-
tions of w have opposite sign than those of fD because upward movements of air particles and plasma
cause negative Doppler shifts, according to equations (1) and (2). The opposite sign is also seen in
Figures 1c and 1d.

4. Numerical Simulation

Next, the delay, shape, and amplitude of the observed waveform are compared with the numerical simula-
tion of infrasound propagation. In order to take into account the losses of wave momentum and energy dur-
ing the infrasound propagation in the upper atmosphere, the set of nonlinear compressible fluid equations
with molecular viscosity and thermal conductivity is considered. As the propagation is roughly vertical, the
computation is limited to one‐dimensional case. The continuity, momentum, and heat equations in one
dimension, along the vertical z axis, can be written as follows [Vadas and Fritts, 2005]:

∂ρ1

∂t
¼ −

∂ ρ0 þ ρ1ð Þ
∂z

w−
∂w
∂z

ρ0 þ ρ1ð Þ; (3)

∂w
∂t

¼ −
∂w
∂z

w−
R T0 þ T1ð Þ
ρ0 þ ρ1ð Þ

∂ ρ0 þ ρ1ð Þ
∂z

−R
∂ T0 þ T1ð Þ

∂z
−gþ 4

3
μ

ρ0 þ ρ1ð Þ
∂2w
∂z2

; (4)

∂T1

∂t
¼ −

∂ T0 þ T1ð Þ
∂z

w− γ−1ð Þ T0 þ T1ð Þ ∂w
∂z

þ γμ
Pr ρ0 þ ρ1ð Þ

∂2T1
∂z2

; (5)

where ρ0 and T0 is the unperturbed air density and temperature, respectively, obtained by the NRLMSISE‐00
model for the location and time of measurement, ρ1 is the density perturbation, T1 is the temperature pertur-
bation, w is the vertical component of air particle velocity (the unperturbed value is assumed zero), R is the
specific gas constant (R=kB/m; kB is the Boltzmannˈs constant and m is the mean mass of the air particles),
g is the gravitational acceleration, μ is the molecular (dynamic) viscosity, γ is the adiabatic exponent, and
Pr is the Prandtl number that relates the molecular viscosity with the thermal conductivity; Pr is approxi-
mately 0.7 for the air [Vadas and Fritts, 2005]. The values of viscosity of the air μA were obtained from the
Sutherland formula [Sutherland and Bass, 2004] for the undisturbed temperature profile T0. The values of visc-
osity of the atomic oxygen μO were computed according to Dalgarno and Smith [1962]. The values of μ used
in equations (4) and (5) were determined as the weighted averages of μA and μO, according to the relative
mass fractions of the atomic oxygen at the specific heights. It should be noted that the values of μA and
μO were within several percent identical. Similarly, the values of adiabatic exponent γ were obtained from
the relative mass densities of diatomic gas (γA=7/5) and monoatomic gas (γA=5/3). The densities of N2, O2
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molecules and O atoms were obtained by the NRLMSISE‐00 model. Figure 2 shows the dependence of ρ0, T0,
μ, μ/ρ0, sound speed cS, and γ on height.

Importantly, the values of g satisfy the steady state (unperturbed) solution of the momentum (equation (4)),
and the perturbed quantities ρ1,w, and T1 are zero before the start of simulation. Thus, there are no perturba-
tions until they are introduced at the lower boundary. The boundary conditions on the ground surface, z=0,
were determined by seismic measurements; the velocity perturbations w at z=0 were equal to the measured
vertical velocities vz of the ground surface, w=vz [Watada et al., 2006; Chum et al., 2016]. The perturbations ρ1
and T1 at z=0 were calculated from w under the simplified assumption of linearity and homogeneity. The lin-
ear assumption to calculate the ρ1 and T1 perturbations from themeasured values ofw at the lower boundary
of the simulation box at z=0 are justified by the small values of perturbations at this boundary. Once the
lower boundary conditions were defined, the evolution of w, ρ1, and T1 was calculated considering all the
nonlinear terms in the set of inhomogeneous equations 3–5 up to the height of 400km. The set of equations
(3) to (5) was solved by the implicit finite difference method with the time and spatial resolution of 0.01s and
40m, respectively.

Figure 3 presents the simulated air particle velocities w at the selected altitudes. A sequence of the individual
plots (Figures 3a–3i) corresponds to the altitudes of 100, 140, 160, 170, 180, 190, 200, 220, and 250km, respec-
tively, and shows how the N‐shaped pulse forms as the wave packet propagates to higher altitudes. Time=0
corresponds to the beginning of the earthquake in all the plots. The N‐shaped pulse starts forming approxi-
mately above the altitude of 100km. The maximum absolute values of w, |w|~170m/s, are obtained at the
altitudes around 170km. The N‐shaped pulse becomes smooth as the altitude increases. The N‐shaped pulse
obtained between the heights of 190 and 200km is very similar with the pulse of w presented in Figure 1d

Figure 2. Atmospheric parameters above Tucumán, used in numerical simulation, obtained from NRLMSISE‐00 model at
23:00 UT on 16 September. (a) Mass density. (b) Temperature. (c) Dynamic viscosity. (d) Adiabatic exponent. (e) Speed of
sound. (f) Kinematic viscosity.
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that was calculated from the measured Doppler shift. The simulated pulse for heights 190 to 200km and the
pulse derived frommeasurements have the similar shape, amplitude, and time of observation, i.e., about 530
s after the perturbation on the ground, displayed in Figure 1a. The heights 190 to 200km also correspond to
the height of reflection that was estimated from the measurement by ionospheric sounder (~195km). The
values of w calculated from the observed Doppler shift by equation (2) are approximately 20% smaller than
those obtained in the simulation, whereas the values obtained from the measured Doppler shift by equation
(1) are about 20% larger than the simulated ones. It is reasonable to assume that the measured (real) values
should be a bit smaller than those obtained from the one‐dimensional numerical simulation as the infra-
sound wave might not propagate exactly as an ideal plane wave. There might be a certain divergence of
the wave front, which, together with eddy diffusion [Hickey et al., 2001], might cause a partial decrease of
wave energy density in the upper thermosphere/ionosphere with respect to the simulation.

In order to see the importance of nonlinear effects to form the N‐shaped pulse, it is instructive to perform an
identical simulation, however, with much lower initial perturbation on the ground. Results of such a simula-
tion for the initial perturbations w=vz/1000 at z=0 are presented in the sequence of plots in Figure 4. It is
obvious that no N‐shaped pulse is formed in this case. The maximum absolute velocity of air particles w is
much lower than the speed of sound at all altitudes in this case, |w|<<cS. This is different from the original
case, w=vz, presented in Figure 3, in which w reaches several tens of percent of cS. The speed of sound
was shown in Figure 2e and was calculated by equation (6) using the atmospheric parameters obtained by
the NRLMSISE‐00 model.

cs ¼
ffiffiffiffiffiffiffiffiffiffi
γRT0

p
: (6)

The dissipation of wave energy is mainly caused by the viscous forces and thermal conductivity that causes a
heat exchange with the surrounding air [Bass et al., 1984]. Therefore, the terms responsible for the dissipation

Figure 3. Results of numerical simulation (nonlinear case) for the initial perturbationw=vz on the ground at heights (a) 100,
(b) 140, (c) 160, (d) 170, (e) 180, (f) 190, (g) 200, (h) 220, and (i) 250km.
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are the last terms on the right‐hand sides of equations (4) and (5). As the air density ρ decreases with height,
the kinematic viscosity ν=μ/ρ and the dissipation increase. The second derivatives of perturbed quantities are
proportional to k2, where k is the wave vector. So, the dissipation rate and height of dissipation depends on
the wave frequency [Bass et al., 1984; Blanc, 1985]. The higher the frequency, the lower is the height of dis-
sipation. For example, the waves at frequency of 0.05Hz become substantially attenuated above about
150km, in the linear case [Chum et al., 2016].

It is useful to compare the dissipation of wave energy with a lossless propagation of the vertically propagat-
ing plane wave. If the plane wave propagates vertically in the inviscid atmosphere (μ=0), then the energy
density flux ρcSw

2 is conserved. So, as the air density decreases with height, the air particle velocity increases.
Figures 5a and 5b display the attenuations A of the vertically propagating infrasound wave packets in viscous
atmosphere obtained by numerical simulation at different heights calculated by equation (7) for the initial
perturbations w=vz and w=vz/1000 at z=0, respectively.

A ¼ Ei
EG

F; F ¼ ρicSi
ρGcSG

; (7)

where Ei is the energy of w signal (sum of the instantaneous w2 values ) in the ith height bin, and EG is the
energy ofw signal in the lowest height bin. The factor F compensates the dependence ofw2 on the air density
and sound speed. In the case of lossless propagation, A=1, at all the heights. For large initial perturbations
(w=vz, Figure 5a), the attenuation A decreases slowly up to the specific altitude, about 100km in this case,

Figure 4. Results of numerical simulation (linear case) for the initial perturbation w=vz/1000 on the ground at heights (a) 100, (b) 140, (c) 160, (d) 170, (e) 180, (f) 190,
(g) 200, (h) 220, and (i) 250km.
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at which the nonlinear effects start to play an important role. The nonlinear phenomena lead to a strong
damping, decrease of A, to ensure that the density perturbations are smaller than the ambient density
and that |w|<cs. Besides the dissipation, a part of the energy is transformed to the lower frequencies;
the frequency content is changed abruptly as can be seen in Figure 5c. The N‐shaped pulse is being
formed. This pulse is then relatively weakly attenuated because of its low‐frequency content and can pro-
pagate to high altitudes. This is different from the linear regime of propagation (w=vz/1000, Figure 5b), in
which the frequency content changes smoothly with height; the higher frequencies being gradually dissi-
pated at lower altitudes as is displayed in Figure 5d. Figures 5c and 5d show the evolution of normalized
power spectral densities (PSDs) with height for the initial perturbations w=vz and w=vz/1000 at z=0,
respectively. The normalization was done as follows: First, the PSDs computed in the individual height bins
were dived by their maxima to ensure that the maximum of PSD equals one in each height bin. Then, these
PSDs were multiplied by A. The colors represent the common logarithm of the normalized PSDs. So,
Figures 5c and 5d display both the evolution of dominant frequency and the attenuation with height. It
is obvious that the N‐shaped pulse that is formed above ~100km is composed of very low frequencies
and can propagate to higher altitudes compared to the wave packet propagating in the linear regime,
though, initially, the nonlinear effects lead to the strong damping. It is also necessary to stress that the
absolute energy is much higher for the nonlinear case than for the linear case (the normalization was done
separately for both cases).

It is useful to stress that the formation of the N‐shaped pulse does not depend on the specific shape and
phase of the initial perturbation, provided that the initial perturbation (wave packet) is short enough
(obviously, an initial perturbation in the form of sinusoidal signal with a large number of periods will not form
the N‐shaped pulse). Figure 6 documents that a nearly identical N‐shaped pulse is formed for the inverted
initial perturbation, w=−vz.

Figure 5. Attenuation and power spectral densities of air particle velocities as functions of height. (a and b) Attenuation
obtained from numerical simulation for initial perturbation w=vz (nonlinear case) and w=vz/1000 (linear case). (c and d)
Common logarithm of normalized power spectral densities obtained from numerical simulation for initial perturbation w=
vz (nonlinear case) and w=vz/1000 (linear case), respectively.
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5. Discussion

It was shown that the N‐shaped pulse is formed in the upper atmosphere if the initial perturbation, caused by
the vertical movement of the ground surface, has large amplitude so that the nonlinear processes start to
play an important role and significantly change the shape of propagating wave packet and its frequency con-
tent (Figures 3, 5c, and 6). It was demonstrated that for the small initial amplitudes, without the nonlinear
effects, the N‐shaped pulse is not formed, and the shape and frequency content of the wave packet change
smoothly with height (Figures 4 and 5d); the frequency content changes smoothly as the higher frequencies
are attenuated earlier, at lower heights. The numerical simulation is in good agreement with the measure-
ment at the height of about 195km that was performed by CDSS located approximately 800km from the epi-
center of the Illapel earthquake.

It is useful to note that the formation of the N‐shaped pulse was not reported at regions far from the epicen-
ter (several thousand of kilometers) as the initial perturbations were not large enough to produce significant
nonlinear effects. Chum et al. [2012] found high cross‐correlation coefficients (above 0.9) between vz and w
(fD) at the height of about 210kmmeasured by CDSS in the Czech Republic for the 2011 Tohoku earthquake.
Similar shapes of wave packets and frequency contents of vz and w (fD) fluctuations were also observed for
the 2015 Nepal earthquake by the CDSS in the Czech Republic and Taiwan [Chum et al., 2016]. At the same
time, these studies showed that the infrasound was generated from the seismic waves locally and propa-
gated quasi‐vertically upward. The coseismic perturbations caused by vertically propagating infrasound
waves were also confirmed by independent sounding techniques;Maruyama and Shinagawa [2014] showed

Figure 6. Results of numerical simulation (nonlinear case) for the inverted initial perturbation, w=−vz, on the ground at heights (a) 100, (b) 140, (c) 160, (d) 170,
(e) 180, (f) 190, (g) 200, (h) 220, and (i) 250km.
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that the disturbances observed in the ionograms are consistent with the ionospheric perturbations gener-
ated by the vertically propagating infrasound. Liu et al. [2016] used collocated measurements by seism-
ometers, infrasound sensors, magnetometers, continuous Doppler sounding, and dual‐frequency GPS
receivers in Taiwan to demonstrate that the time delays between observations of coseismic disturbances
at various heights are consistent with the vertically propagating infrasound waves generated locally in
Taiwan by the vertical component of seismic waves triggered by the 2011 Tohoku earthquake.

We do not know about any other report of the coseismic disturbances in the form of the N‐shaped pulse
based on observations by CDSS in the vicinity of a strong earthquake (approximately up to horizontal dis-
tance of 1000km from the epicenter of Mw>7 earthquake). To the best of our knowledge, the reports of
the coseismic N‐shaped pulses in the vicinity of strong earthquakes were only based on the observations
of TEC variations from dual GPS receivers [Afraimovich et al., 2001; Astafyeva and Heki, 2009; Astafyeva
et al., 2011; Reddy and Seemala, 2015]. As was discussed in section 1, TEC is an integrated value of electron
densities, so it is difficult to compare its fluctuations with the waveform at a specific altitude. Afraimovich
et al. [2001] tried to explain the formation of the N‐shaped pulse in the upper atmosphere and ionosphere.
They linearly summed obliquely propagating infrasound waves that originated at different places on the
ground to get theN‐shapedpulse using an approximationof linear geometrical acoustics. Theydidnot use real
seismic measurements to define the initial conditions; they used a simple model of the initial perturbations
that was based on rectangular velocity impulse. Contrary, our work is based on the nonlinear numerical solu-
tion of differential equations for compressible gas, including the viscosity and thermal conductivity; the initial
conditions were defined by the real measurements of vz. Our approach is similar to the simulations performed
byMaruyama and Shinagawa [2014]. They, however, used the initial perturbations of vz of several mm/s on the
ground (in our case, the initial perturbation reached almost 40mm/s). They did not show the formation of the
N‐shapedpulse anddid not discuss the nonlinear effects. The nonlinear effects on infrasoundpropagation and
attenuationwerediscussed by Krasnov et al. [2007]. However, they used an analytical approach, rather than the
numerical solution of differential equations. In addition, they used long artificial sinusoidal signals as the initial
perturbation on the ground, and their work was not directly linked to an earthquake.

A number of independent reports mentioned in the discussion above demonstrated that the propagation of
infrasound generated by seismic waves is to a good approximation vertical. More precisely, because of super-
sonic speed of seismicwaves, it is expected that the infrasoundwaves start to propagatewith a small deviation
from vertical, with the zenith angle α=asin(cs0/cG), where cs0 is the speed of sound above the ground, and cG is
the horizontal speed of seismic waves [Chum et al., 2016, and references therein]. As cs0<<cG, α is usually less
than about 7°. A more complicated situation might be around the epicenter, where the seismic waves start
forming and propagate in different directions; consequently, the infrasoundwaves can be generatedwith var-
ious directions of thewave vectors. It is therefore useful to investigatewhether the rays from the epicenter can
reach the observation point at 800km horizontal distance and height of about 195km. Figure 7 shows the
results of ray tracing simulationperformed inpolar coordinates for the infrasoundwaves startedon theground
at epicenter (horizontal distance=0) with different initial zenith angles α (α=0 by red, α=10° by yellow, α=20°
by green, α=30° by blue, and α=40° by magenta). The sound speed was obtained from the NRLMSISE‐00
model; the speed of neutral winds was estimated from HWM14 model [Drob et al., 2015]. Obviously, the rays
from the epicenter do not reach the observation point at 800km horizontal distance and height of about
195km (Figure 7a). In addition, the oblique rays are attenuated more than the quasi‐vertical rays (Figure 7d),
especially at altitudes above approximately 150km, as their paths in highly dissipative medium are longer.
The attenuation along the ray trajectories was calculated for frequency of 0.06Hz under the linear approxima-
tion using the analytic model described by Chum et al. [2012]. The rays started with α larger than about 26°, in
this case, undergo a reflection from the lower troposphere, and could be probably observed on the ground [Le
Pichonet al., 2002]. The results of ray tracing, togetherwith thediscussion related to vertical propagationabove,
thus justify the approximation of vertical propagation used in the numerical simulation to explain the forma-
tion of the N‐shaped pulse; the results of numerical simulations are in good agreement with observation.

The present study contributes to a better understanding of the coupling mechanisms between the lower
atmosphere and upper atmosphere and ionosphere, including coupling from processes in the solid Earth.
It helps understanding the atmospheric and ionospheric variability on short time scales (tens of seconds
up to several minutes) in general. The proper understanding of atmospheric and ionospheric perturbations
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might potentially find practical applications, e.g., in tsunami warning systems. As the atmospheric waves pro-
pagate faster than the tsunami in ocean (around 200m/s at deep water), there is a theoretical possibility to
use a detection of atmospheric and ionospheric perturbations in tsunami warning systems, provided that
the epicenter is far enough from the coast [Arai et al., 2011; Kakinami et al., 2012]. Obviously, the atmospheric
and ionospheric observations would form only a part of the warning system. A correct understanding of the
processes in the Earth‐ocean‐atmosphere system, including the changes of the shapes and spectral content
of the waveforms owing to nonlinear effects and attenuation, and correct distinguishing of cotsunami pertur-
bations from perturbations caused by other sources will be necessary to apply these methods.

6. Conclusions

The coseismic perturbations in the ionosphere, generated by the 16 September 2015, Illapel earthquake,
were investigated both experimentally and theoretically, using numerical solution of the compressional fluid
equations in the viscous atmosphere. It was shown that the N‐shaped perturbations observed in the iono-
sphere close to the epicenter of strong earthquake (up to about horizontal distance of 1000km) can be
explained by nonlinear effects on quasi‐vertically propagating infrasound waves. When formed, the N‐
shaped pulse was composed of low‐frequency infrasound waves with dominant period of 2min; the original
wave packet was mainly composed of the frequencies around 0.06Hz (period ~17s). The N‐shaped pulse can
propagate, with observable amplitudes, up to the altitudes of the F2 peak (around 250 to 300km) before
being dissipated. The results of numerical solution of the nonlinear compressional fluid equations in 1‐D,
along the vertical axis, are in a good agreement with the air particle velocities observed by continuous
Doppler sounding at about 800km distance from the epicenter and height of about 195km.

References
Afraimovich, E. L., N. P. Perevalova, A. V. Plotnikov, and A. M. Uralov (2001), The shock‐acoustic waves generated by the earthquakes, Ann.

Geophys., 19(4), 395–409, doi:10.5194/angeo-19-395-2001.

Figure 7. Ray tracing results for the infrasound waves generated with the initial zenith angles α=0 (red), α=10° (yellow), α=
20° (green), α=30° (blue), and α=40° (magenta). (a) Horizontal distances from the epicenter versus height. (b) Evolution of α
with height. (c) Height as a function of time. (d)w/vz ratios as functions of height for lossless propagation (solid) and for the
attenuation calculated for frequency of 0.06Hz by analytic model (dashed).

Journal of Geophysical Research: Space Physics 10.1002/2016JA023450

CHUM ET AL. NONLINEAR ATMOSPHERIC RESPONSE TO QUAKE 11

Acknowledgments
Lic. Mario Araujo (maraujo@inpres.gov.
ar) from Instituto Nacional de
Prevensión Sísmica, Argentina (www.
inpres.goc.ar) is acknowledged for pro-
viding the seismic data from Tucumán,
Horco Molle station. NASA Community
Coordinated Modeling Center is
acknowledged for NRLMSISE‐00 atmo-
spheric model, http://ccmc.gsfc.nasa.
gov/modelweb/atmos/nrlmsise00.html.
The earthquake data archive http://
earthquake.usgs.gov/earthquakes is
acknowledged. The Doppler data in the
form of spectrograms are available at
http://datacenter.ufa.cas.cz/ under the
link to spectrogram archive. The iono-
gram is available from http://ionos.ingv.
it/tucuman/latest.html, the INGV (Italy).
The support under the grant 15‐07281J
by the Czech Science Foundation is
acknowledged.

http://doi.org/10.5194/angeo-19-395-2001
mailto:maraujo@inpres.gov.ar
mailto:maraujo@inpres.gov.ar
http://www.inpres.goc.ar
http://www.inpres.goc.ar
http://ccmc.gsfc.nasa.gov/modelweb/atmos/nrlmsise00.html
http://ccmc.gsfc.nasa.gov/modelweb/atmos/nrlmsise00.html
http://earthquake.usgs.gov/earthquakes
http://earthquake.usgs.gov/earthquakes
http://datacenter.ufa.cas.cz
http://ionos.ingv.it/tucuman/latest.html
http://ionos.ingv.it/tucuman/latest.html


Arai, N., M. Iwakuni, S. Watada, Y. Imanishi, T. Murayama, and M. Nogami (2011), Atmospheric boundary waves excited by the tsunami
generation related to the 2011 great Tohoku‐Oki earthquake, Geophys. Res. Lett., 38, L00G18, doi:10.1029/2011GL049146.

Artru, J., T. Farges, and P. Lognonné (2004), Acoustic waves generated from seismic surface waves: Propagation properties determined from
Doppler sounding observations and normal‐mode modeling, Geophys. J. Int., 158, 1067–1077, doi:10.1111/j.1365-246X.2004.02377.x.

Astafyeva, E., and K. Heki (2009), Dependence of wave form of near‐field coseismic ionospheric disturbances on focal mechanisms, Earth
Planet Space, 61, 939–943, doi:10.1186/BF03353206.

Astafyeva, E., P. Lognonne, and L. Rolland (2011), First ionospheric images of the seismic fault slip on the example of the Tohoku‐Oki
earthquake, Geophys. Res. Lett., 38, L22104, doi:10.1029/2011GL049623.

Barrientos, S. (2015), Informe Técnico Terremoto Illapel 16 Septiembre 2015 [in Spanish]. [Available at http://www.csn.uchile.cl/wp‐content/
uploads/2015/12/Informe_Tecnico_terremoto_Illapel_SB.pdf.]

Bass, H. E., L. C. Sutherland, J. Piercy, and L. Evans (1984), Absorption of sound by the atmosphere, in Physical Acoustics, vol. 17, edited byW. P.
Mason and R. N. Thurston, chap. 3, pp. 145–232, Academic, New York.

Blanc, E. (1985), Observations in the upper atmosphere of infrasonic waves from natural or artificial sources: A summary, Ann. Geophys., 3,
673–688.

Bolt, B. A. (1964), Seismic air waves from the great 1964 Alaskan earthquake, Nature, 202, 1095–1096, doi:10.1038/2021095a0.
Calais, E., and J. B. Minster (1995), GPS detection of ionospheric perturbations following the January 17 1994, Northridge earthquake,

Geophys. Res. Lett., 22, 1045–1048, doi:10.1029/95GL00168.
Chum, J., F. Hruska, J. Zednik, and J. Lastovicka (2012), Ionospheric disturbances (infrasound waves) over the Czech Republic excited by the

2011 Tohoku earthquake (2012), J. Geophys. Res., 117, A08319, doi:10.1029/2012JA017767.
Chum, J., et al. (2014), Propagation of gravity waves and spread F in the low‐latitude ionosphere over Tucumán, Argentina, by continuous

Doppler sounding: First results, J. Geophys. Res. Space Physics, 119, 6954–6965, doi:10.1002/2014JA020184.
Chum, J., Y.‐J. Liu, J. Laštovička, J. Fišer, Z. Mošna, J. Baše, and Y. Y. Sun (2016), Ionospheric signatures of the April 25, 2015 Nepal earthquake

and the relative role of compression and advection for Doppler sounding of infrasound in the ionosphere, Earth Planets Space, 68, 24,
doi:10.1186/s40623-016-0401-9.

Dalgarno, A., and F. J. Smith (1962), The thermal conductivity and viscosity of atomic oxygen, Planet. Space Sci., 9, 1–2, doi:10.1016/0032-
0633(62)90064-8.

Davies, K., and D. M. Baker (1965), Ionospheric effects observed around the time of the Alaskan earthquake of March 28, 1964, J. Geophys.
Res., 70(9), 2251–2253, doi:10.1029/JZ070i009p02251.

Donn, W. L., and E. S. Posmentier (1964), Ground‐coupled air waves from the great Alaskan earthquake, J. Geophys. Res., 69, 5357–5361,
doi:10.1029/JZ069i024p05357.

Drob, D. P., et al. (2015), An update to the Horizontal Wind Model (HWM): The quiet time thermosphere, Earth Space Sci., 2, 301–319,
doi:10.1002/2014EA000089.

Heki, K., and J. Ping (2005), Directivity and apparent velocity of the coseismic ionospheric disturbances observed with a dense GPS array,
Earth Planet. Sci. Lett., 236, 845–855, doi:10.1016/j.epsl.2005.06.010.

Hickey, M. P., G. Schubert, and R. L. Walterscheid (2001), Acoustic wave heating of the thermosphere, J. Geophys. Res., 106(A10),
21,543–21,548, doi:10.1029/2001JA000036.

Kakinami, Y., M. Kamogawa, Y. Tanioka, S. Watanabe, A. R. Gusman, J.‐Y. Liu, Y. Watanabe, and T. Mogi (2012), Tsunamigenic ionospheric hole,
Geophys. Res. Lett., 39, L00G27, doi:10.1029/2011GL050159.

Kherani, E. A., L. Rolland, P. Lognonné, A. Sladen, V. Klausner, and E. R. de Paula (2016), Traveling ionospheric disturbances propagating ahead
of the Tohoku‐Oki tsunami: A case study, Geophys. J. Int., 204, 1148–1158, doi:10.1093/gji/ggv500.

Krasnov, V. M., Y. Drobzheva, and J. Lastovicka (2007), Acoustic energy transfer to the upper atmosphere from sinusoidal sources and a role
of non‐linear processes, J. Atmos. Sol. Terr. Phys., 69, 1357–1365, doi:10.1016/j.jastp.2007.04.011.

Lastovicka, J., J. Base, F. Hruska, J. Chum, T. Sindelarova, J. Horalek, J. Zednik, and V. Krasnov (2010), Simultaneous infrasonic, seismic, mag-
netic and ionospheric observations in an earthquake epicentre, J. Atmos. Sol. Terr. Phys., 72, 1231–1240, doi:10.1016/jastp.2010.08.005.

Le Pichon, A., J. Guilbert, A. Vega, M. Garceˈs, and N. Brachet (2002), Ground‐coupled air waves and diffracted infrasound from the Arequipa
earthquake of June 23, 2001, Geophys. Res. Lett., 29(18), 1886, doi:10.1029/2002GL015052.

Liu, J. Y., Y. B. Tsai, S. W. Chen, C. P. Lee, Y. C. Chen, H. Y. Yen, W. Y. Chang, and C. Liu (2006), Giant ionospheric disturbances excited by the
M9.3 Sumatra earthquake of 26 December 2004, Geophys. Res. Lett., 33, L02103, doi:10.1029/2005GL023963.

Liu, J. Y., et al. (2016), The vertical propagation of disturbances triggered by seismic waves of the 11 March 2011 M9.0 Tohoku earthquake
over Taiwan, Geophys. Res. Lett., 43, 1759–1765, doi:10.1002/2015GL067487.

Liu, J.‐Y., C.‐H. Chen, C.‐H. Lin, H.‐F. Tsai, C.‐H. Chen, and M. Kamogawa (2011), Ionospheric disturbances triggered by the 11 March 2011 M9.0
Tohoku earthquake, J. Geophys. Res., 116, A06319, doi:10.1029/2011JA016761.

Maruyama, T., and H. Shinagawa (2014), Infrasonic sounds excited by seismic waves of the 2011 Tohoku‐Oki earthquake as visualized in
ionograms, J. Geophys. Res. Space Physics, 119, 4094–4108, doi:10.1002/2013JA019707.

Reddy, C. D., and G. K. Seemala (2015), Two‐mode ionospheric response and Rayleigh wave group velocity distribution reckoned from GPS
measurement following Mw 7.8 Nepal earthquake on 25 April 2015, J. Geophys. Res. Space Physics, 120, 7049–7059, doi:10.1002/
2015JA021502.

Reinisch, B. W., X. Huang, I. A. Galkin, V. Paznukhov, and A. Kozlov (2005), Recent advances in real‐time analysis of ionograms and ionospheric
drift measurements with digisondes, J. Atmos. Sol. Terr. Phys., 67, 1054–1062, doi:10.1016/j.jastp.2005.01.009.

Rishbeth, H. (1997), The ionospheric E‐layer and F layer dynamos—A tutorial review, J. Atmos. Sol. Terr. Phys., 59, 1873–1880.
Rolland, L. M., G. Occhipinti, P. Lognonné, and A. Loevenbruck (2010), Ionospheric gravity waves detected offshore Hawaii after tsunamis,

Geophys. Res. Lett., 37, L17101, doi:10.1029/2010GL044479.
Sutherland, L. C., and H. E. Bass (2004), Atmospheric absorption in the atmosphere up to 160 km, J. Acoust. Soc. Am., 115, 1012–1032,

doi:10.1121/1.1631937.
Tilmann, F., et al. (2016), The 2015 Illapel earthquake, central Chile: A type case for a characteristic earthquake?, Geophys. Res. Lett., 43,

574–583, doi:10.1002/2015GL066963.
Vadas, S. L., and D. C. Fritts (2005), Thermospheric responses to gravity waves: Influences of increasing viscosity and thermal diffusivity,

J. Geophys. Res., 110, D15103, doi:10.1029/2004JD005574.
Watada, S., T. Kunugi, K. Hirata, H. Sugioka, K. Nishida, S. Sekiguchi, J. Oikawa, Y. Tsuji, and H. Kanamori (2006), Atmospheric pressure chase

associated with the 2003 Tokachi‐Oki earthquake, Geophys. Res. Lett., 33, L24306, doi:10.1029/2006GL027967.

Journal of Geophysical Research: Space Physics 10.1002/2016JA023450

CHUM ET AL. NONLINEAR ATMOSPHERIC RESPONSE TO QUAKE 12

http://doi.org/10.1029/2011GL049146
http://doi.org/10.1111/j.1365-246X.2004.02377.x
http://doi.org/10.1186/BF03353206
http://doi.org/10.1029/2011GL049623
http://www.csn.uchile.cl/wp-content/uploads/2015/12/Informe_Tecnico_terremoto_Illapel_SB.pdf
http://www.csn.uchile.cl/wp-content/uploads/2015/12/Informe_Tecnico_terremoto_Illapel_SB.pdf
http://doi.org/10.1038/2021095a0
http://doi.org/10.1029/95GL00168
http://doi.org/10.1029/2012JA017767
http://doi.org/10.1002/2014JA020184
http://doi.org/10.1186/s40623-016-0401-9
http://doi.org/10.1016/0032-0633(62)90064-8
http://doi.org/10.1016/0032-0633(62)90064-8
http://doi.org/10.1029/JZ070i009p02251
http://doi.org/10.1029/JZ069i024p05357
http://doi.org/10.1002/2014EA000089
http://doi.org/10.1016/j.epsl.2005.06.010
http://doi.org/10.1029/2001JA000036
http://doi.org/10.1029/2011GL050159
http://doi.org/10.1093/gji/ggv500
http://doi.org/10.1016/j.jastp.2007.04.011
http://doi.org/10.1016/jastp.2010.08.005
http://doi.org/10.1029/2002GL015052
http://doi.org/10.1029/2005GL023963
http://doi.org/10.1002/2015GL067487
http://doi.org/10.1029/2011JA016761
http://doi.org/10.1002/2013JA019707
http://doi.org/10.1002/2015JA021502
http://doi.org/10.1002/2015JA021502
http://doi.org/10.1016/j.jastp.2005.01.009
http://doi.org/10.1029/2010GL044479
http://doi.org/10.1121/1.1631937
http://doi.org/10.1002/2015GL066963
http://doi.org/10.1029/2004JD005574
http://doi.org/10.1029/2006GL027967


<<
  /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


