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Abstract

Ionospheric signatures possibly induced by the Nepal earthquake are investigated far outside the epicentral region

in Taiwan (~3700 km distance from the epicenter) and in the Czech Republic (~6300 km distance from the epicenter).

It is shown that the ionospheric disturbances were caused by long period, ~20 s, infrasound waves that were excited

locally by vertical component of the ground surface motion and propagated nearly vertically to the ionosphere. The

infrasound waves are heavily damped at the heights of F layer at around 200 km, so their amplitude strongly depends

on the altitude of observation. In addition, in the case of continuous Doppler sounding, the value of the Doppler

shift depends not only on the advection (up and down motion) of the reflecting layer but also on the compression/

rarefaction of the electron gas and hence on the electron density gradient. Consequently, under significant differences

of reflection height of sounding radio waves and partly also under large differences in plasma density gradients, the

observed ionospheric response at larger distances from the epicenter can be comparable with the ionospheric

response observed at shorter distances, although the amplitudes of causative seismic motions differ by more

than one order of magnitude.
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Introduction

The M 7.8 April 25 2015 earthquake occurred in Nepal

at 06:11:26 UT. The epicenter was located at (28.147° N,

84.708° E) with estimated depth of about 8.2 km (http://

earthquake.usgs.gov/earthquakes; accessed 10 September

2015). The earthquake ruptured a 120 by 50 km shallow

dipping midcrustal segment of the Main Himalayan

Thrust, the plate boundary fault between the India plate

and Tibetan plateau. The rupture propagated during

50 s from its epicenter, located at about 80 km NW of

Kathmandu, Nepal’s capital city, towards the eastern end

situated about 80 km NE of Kathmandu (Avouac et al.

2015; Grandin et al. 2015; Kobayashi et al. 2015; Takai

et al. 2016). It has been the largest earthquake in that

area since 1934 with a number of casualties and

destroyed buildings, including historical monuments.

The ground motion was also responsible for the large

disturbances in the ionosphere.

Investigation of co-seismic disturbances in the iono-

sphere started about 50 years ago [Bolt 1964; Donn and

Posmentier 1964; Davies and Baker 1965]. It is generally

accepted that vertical motion of the ground surface

causes pressure changes in the atmosphere which then

propagate upwards as acoustic gravity waves [Le Pichon

et al. 2002; Artru et al. 2004; Watada et al. 2006; Chum

et al. 2012]. Only strong earthquakes which generate

seismic waves with sufficiently long periods, approximately

longer than 10 s, produce ionospheric responses observable

in the ionosphere. The infrasound of periods shorter than

about 10 s attenuates below the F2 region heights

(~200 km) and is usually not reliably detected by remote

sounding [Blanc 1985; Krasnov et al. 2007; Lastovicka et al.

2010; Occhipinti et al. 2010; Rolland et al. 2011].
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Each strong earthquake represents a unique possibility

to study ionospheric response to the relatively well-known

source and thus to better understand the coupling be-

tween the solid Earth, troposphere, and upper atmosphere

and ionosphere. The understanding of ionospheric forcing

from below is useful from several reasons. Good under-

standing of the ionospheric response to acoustic gravity

waves excited by tsunamis could be potentially used in the

tsunami early-warning systems since the infrasound waves

propagate at larger velocities (~330 m/s) than tsunamis

(~200 m/s at deep water). So, if the epicenter is sufficiently

far in the sea, the related ionospheric disturbances can be

detected before the tsunami arrival to the seacoast

[Rolland et al. 2010; Liu et al. 2006b; Arai et al. 2011;

Shinagawa et al. 2013]. It is, however, crucial to prop-

erly distinguish the co-seismic (co-tsunami) ionospheric

disturbances from fluctuations caused by other kinds of

forcing from below, e.g., acoustic gravity waves from se-

vere weather systems [Nishioka et al. 2013], mountain

waves, etc., and from above, e.g., geomagnetic and solar

activity [Laštovička 2006; Liu et al. 1996; Šindelářová

et al. 2009], and the meteorite falls [Brown et al. 2013]

and artificial re-entries [Yamamoto et al. 2011]. A de-

tailed understanding of ionospheric variability and

coupling mechanisms is also necessary for the challen-

ging task to correctly recognize/identify potential iono-

spheric precursors of earthquakes. In this case, if such

precursors exist, the coupling between the solid Earth,

troposphere, upper atmosphere, and ionosphere is,

however, claimed to be based on changes in electric

field or changes of global electric circuit owing to radon

escape rather than on acoustic gravity waves [Harrison

et al. 2010; Liu et al. 2010; Pulinets and Davidenko 2014].

In this paper, we focus on the analysis of co-seismic

disturbances in the ionosphere at locations far away

from the earthquake epicenter. We show that the coup-

ling mainly occurs via the infrasound waves. We demon-

strate that the altitude of observation and altitude profile

of plasma density are important factors for the reliable

detection of co-seismic perturbation in the ionosphere.

These factors might be more important than the hori-

zontal distance from the epicenter.

Measurements and data analysis

Doppler sounding of infrasound waves

Previous Doppler studies of co-seismic perturbation in

the ionosphere computed the plasma and neutral parti-

cles velocity from the measured Doppler shift fD from

relations that only consider the advective (up and down)

motion of the reflecting level and neglect the effect of

compression on the observed Doppler shift [e.g., Artru

et al. 2004; Liu et al. 2006a]. Chum et al. 2012 applied

the theory of Doppler sounding, originally developed

for observation of ionospheric response to magneto-

hydrodynamic waves [e.g., Sutcliffe and Poole 1989],

and introduced a formula that takes into account the

effect of compression on Doppler shift and avoids the

necessity of integration in general expression for Doppler

shift. This paper is based on the work by Chum et al.

2012, but differs in several aspects. It analyzes another

earthquake at two different locations simultaneously (two

other more distant measurements did not reveal a meas-

urable response). The previous paper analyzed ionospheric

signatures of M = 9.0 2011 Tohoku earthquake in the

Czech Republic, whereas the current paper deals with

ionospheric response of M = 7.8 2015 Nepal earthquake in

Taiwan and in the Czech Republic. The previous paper

mainly focused on ionospheric signatures from P, S, and

SS waves, whereas the current paper analyzes the effects

of Rayleigh waves. Also, the time delays between the iono-

spheric fluctuations and ground surface motions are com-

puted from the root mean square (RMS) values and not

from the waveforms. In addition, ray tracing is used to

model propagation times instead of simple integration of

sound speed along the vertical.

The co-seismic ionospheric variations are investigated by

continuous Doppler sounding systems operating in the

Czech Republic (~50.3° N, 14.5° E; ~6300 km distance from

the epicenter) and Taiwan (~23.9° N, 121.2° E; ~3700 km

distance from the epicenter).

The continuous Doppler sounding is based on the

measurement of Doppler shift of radio signal that re-

flects from the ionosphere. The value of the Doppler

shift fD is given by the time change (derivative) of the

phase path of the radio signal [Davies et al. 1962; Jacobs

and Watanabe 1966]

f D ¼ −2⋅
f 0
c

d

dt
ð

Z

zR

0

n⋅drÞ ¼ −2⋅
f 0
c

Z

zR

0

∂n

∂N
⋅
∂N

∂t
⋅dr;

ð1Þ

where f0 is the transmitted frequency of the radio wave,

c is the speed of light, n is the refractive index for elec-

tromagnetic waves, N is the electron (plasma) density,

and zR is the height of reflection. The Doppler system

in the Czech Republic currently operates at three dif-

ferent frequencies, f0 = 3.59, 4.65, and 7.04 MHz. The

Doppler system in Taiwan operates at a single fre-

quency, f0 = 6.57 MHz.

Vertically propagating radio wave reflects in the region

where its refractive index n tends towards zero. Owing

to the geomagnetic field, the radio waves propagate in

the ionosphere in the L-O mode (ordinary wave) and R-

X mode (extraordinary wave) as the cold magnetized

plasma supports two propagating modes. The cut-off

frequencies (frequencies at which n is zero) for these
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modes are given by relations (2) and (3), respectively

[e.g., Stix 1962; Gurnett and Bhatacharjee 2005].

0 ¼ 1−
f 2p

f 20
; 4πf 2p ¼

e2N

ε0me
; ð2Þ

0 ¼ 1−
f 2p

f 0 f 0−f ceð Þ
; 2πf ce ¼

eB

me
; ð3Þ

where fp is the plasma frequency, e is the charge of an

electron, ε0 is the permittivity of the vacuum, me is the

mass of an electron, fce is electron cyclotron frequency,

and B is the intensity of magnetic field. In other words,

the ordinary wave reflects in the region where the local

plasma frequency fp = f0 and the extraordinary waves re-

flect in the region where the local plasma frequency fp
satisfies (3), which is for

f p ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

f 0 f 0−f ceð Þ
q

; ð4Þ

We note that the plasma frequency is according to Eq.

(2) directly controlled by the electron (plasma) density,

which varies with altitude in the ionosphere. The reflec-

tion heights can be estimated from the electron density

profiles measured by ionosondes from plasma frequen-

cies defined by (2) and (3). Both Doppler sounding sys-

tems used in this study are close to an ionosonde.

In the case of oblique (non-vertical) sounding, the re-

flection occurs when the refractive index n→ nH =

sin(δ), where nH is the horizontal component of the re-

fractive index on the ground and δ is the zenith angle.

The exact treatment is based on the solution of

Appleton-Hartree equation [e.g., Gurnett and Bhatachar-

jee 2005]. For small angles δ, the reflection heights for

ordinary and extraordinary waves can be to a good ap-

proximation simply estimated if the left hand side of Eqs

(2) and (3), respectively, is substituted by the quantity

sin(δ) = nH. The horizontal distance dH between the used

transmitter and receiver is relatively small (dH ~60 km)

compared to the reflection heights both in the Czech

Republic and Taiwan, zR ~145–210 km as is shown later.

It is assumed that the reflection points are in the mid-

way between the corresponding transmitter and receiver,

so, the zenith angle δ = atan((dH/2)/zR) ~10°. The sound-

ing can be therefore considered as quasi-vertical. The

calculations based on the sin(δ) correction show the

lowering of reflection heights by ~1–2 km. This lower-

ing is negligible compared to uncertainties of the elec-

tron density profile (true heights) measurements, which

are ~5–10 km.

Calculating the integral (1) is usually not possible in

the experiment since we do not know the plasma density

fluctuations ∂N/∂t along the sounding paths of radio

waves. Therefore, a simple formula (5), based on mirror-

like approximation, which relates the value of the Doppler

shift with the velocity of movement of the reflecting level

is often used [e.g. Artru et al. 2004].

f D ¼ −2f 0
uPV

c
; ð5Þ

where uPV is the vertical (radial) velocity of plasma mo-

tion. If the reflection is from the heights above ~130 km,

plasma is magnetized, which means that plasma can

freely move only along the magnetic field lines [e.g.,

Rishbeth 1997; Kelley 2009]. In that case, the vertical

component of plasma velocity uPV owing to collisions

with neutral particles moving with vertical velocity w is

related by (6)

uPV ¼ w⋅ sin2 Ið Þ; ð6Þ

where I is the inclination of geomagnetic field. The Dop-

pler shift is related to vertical velocity of neutral particles

w by (7)

f D ¼ −2f 0
w⋅ sin2 Ið Þ

c
; ð7Þ

This formula can only be applied if the gradient of

plasma density is very steep and the reflecting level ex-

periences a bulk up and down motion. The infrasound

waves, however, cause plasma compressions and decom-

pressions, so the mirror-like approximation is not justi-

fied [Chum et al. 2012]. The effect of compression/

decompression on the Doppler shift follows from the de-

composition of the ∂N/∂t term in the Eq. (1). Using

equation of continuity, we get

∂N

∂t
¼ −∇⋅ NuPð Þ ¼ −∇N⋅uP−N ∇⋅uPð Þ; ð8Þ

where uP is velocity of plasma motion. The first term on

the right hand side of Eq. (8) corresponds to advection

(up and down motion) of the reflecting level, whereas

the second term represents the compression/decompres-

sion [Sutcliffe and Poole 1989]. We neglected electron

density changes owing to the ionization and recombin-

ation. Next, we will investigate one-dimensional case of

vertically propagating infrasound. The first term on the

right hand side of Eq. (8) is then ∂N/∂z⋅uPV = ∂N/

∂z⋅w⋅sin2(I), with the help of Eq. (6), and the second

term can be rewritten as N⋅∂uPV/∂z =N⋅∂w/∂z⋅sin2(I) =

i⋅N⋅k⋅w⋅sin2(I) = i⋅N⋅2πfIS/cs w⋅sin
2(I), where i2 = −1, and

k, fIS, and cs represent the infrasound wave vector (num-

ber), infrasound frequency and infrasound speed, re-

spectively. Using Eq. (7) and considering the relative

inputs of advection and compression to Doppler shift, it

is possible to write (under the assumption that the main

contribution to the Doppler shift in Eq. (1) is close to

the reflection region) an approximation (9) that relates

Chum et al. Earth, Planets and Space  (2016) 68:24 Page 3 of 12



the vertical velocity of neutral particles w with the ob-

served Doppler shift fD.

w ¼ −f D⋅
c

2f 0 sin
2 Ið Þ

⋅

∂N
∂z

∂N
∂z

þ iN
2πf IS
c
S

�

�

�

�

�

�

¼ f D⋅
c

2f 0 sin
2 Ið Þ

⋅

∂N
∂z

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

∂N
∂z

� �2
þ N

2πf IS
c
S

� �2
r ; ð9Þ

where the terms ∂N/∂z, N, and cs are considered at the

altitude of observation (reflection of the Doppler signal).

Approximation (9) takes into account the relative contri-

butions of advection and compression to the observed

Doppler shift, and makes it possible to avoid integration

in Eq. (1), which is usually not possible in the experi-

ment, when we do not know the wave field along the

sounding paths. Note that for large plasma density gradi-

ents, ∂N/∂z> >N⋅(2πfIS)/cs (sufficiently low frequencies

fIS and high propagation speeds cs) Eq. (9) reduces to the

well-known relation (7), as the assumption of mirror-like

reflection is satisfied.

The seismic waves propagate along the Earth’s surface

with supersonic speeds, so the excited infrasonic waves

are roughly plane waves with wave vectors deviated from

vertical by a small angle α,

sinα ¼ cS0=cG; ð10Þ

where cS0 is the speed of sound in the atmosphere above

the ground surface and cG is the speed of seismic wave

on the ground surface [Artru et al. 2004; Rolland et al.

2011]. A simplified scheme of geometry is schematically

drawn in Fig. 1 (not in scale). The propagation is quasi-

vertical since cG > > cS0 as will be shown in the next

section.

Measured signals and time delays between the ground

surface motion and Doppler record

Figure 2 shows the measured Doppler shifts (red curves)

obtained from the original Doppler shift spectrograms as

approximations by maxima of spectral intensities at each

time, and the vertical velocity vz of ground surface mo-

tion (blue curves) in Taiwan (NACB station) and the

Czech Republic (PVCC station) in the time-distance

plot. The time is measured from the time of earthquake

(t = 0 at 06:11:26 UT). The distance from the earthquake

epicenter (28.147° N, 84.708° E) is on the vertical, y, axis.

To display signals of different amplitudes in one time-

distance plot, the fluctuations of Doppler shifts and vz
are normalized by their maximum values. The best

Czech Doppler signal was recorded at f0 = 4.65 MHz.

Only this signal is shown in Fig. 2 for the Czech Repub-

lic station for clarity. The main packet of seismic waves

with the highest amplitudes in Fig. 2 corresponds to

Rayleigh waves. The related Doppler fluctuations are de-

layed by 8 min in the Czech Republic (for 4.65 MHz)

and by almost 9 min in Taiwan. The analysis of the time

delay determination will be discussed later. The speed of

propagation of Rayleigh waves estimated from the time

distance plot is about 2800 m/s, and the angle α accord-

ing to relation (10) is about 7° assuming cs0 = 340 m/s.

The long period fluctuations in Doppler records, espe-

cially in Taiwan, are most probably owing to atmos-

pheric gravity waves.

We note that our team operates also two other

Doppler systems in Hermanus, South Africa, (34.4° S,

19.2° E; ~9800 km distance from the epicenter, f0 =

3.59 MHz) and in Tucumán, northern Argentina, (26.8° S,

65.2° W; ~17100 km distance from the epicenter, f0 =

4.63 MHz). In Hermanus, we observed co-seismic fluctua-

tions of Doppler shift on the edge of detectability, about

55 min after the earthquake, which could not be reliably

analyzed by methods described further. No co-seismic

effect was detected in Tucumán.

Figure 3 presents the dynamic spectra for the signals

shown in Fig. 2, which are calculated by the method de-

scribed by Garces 2013. The plots (a) and (b) display the

color-coded power spectral densities of vertical velocities

vz of ground surface motion derived from seismic mea-

surements as a function of time for Taiwan and the

Czech Republic. Note the different color scale for

these two plots. The peak power spectral density of vz
fluctuation is more than 1000 times larger in Taiwan

than in the Czech Republic owing to shorter distance from

the earthquake epicenter. Surprisingly, the maximum

power spectral densities of Doppler signals measured in

Taiwan (c) and the Czech Republic (d) are of about the

same value. The frequency ranges of vz and fD fluctuations

are much more similar for the Czech Republic, with

maximum from ~0.035 to ~0.056 Hz, than for Taiwan. As

Fig. 1 A scheme of the infrasound generation by seismic waves of

observed horizontal velocity cG. The meaning of variables is as follows:

cs0 is the initial speed of sound, α is the initial zenith angle of infrasound

waves, ε is the initial elevation angle of infrasound wave vector
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Fig. 2 Vertical component vZ of the velocity of ground surface movement (blue) and observed Doppler shift (red) in Taiwan and the Czech Republic

(for f0 = 4.65 MHz) as functions of time; time = 0 corresponds to the time of the earthquake (06:11:26 UT). The vZ values are normalized by their maxima

to the same maximum values. The distance from the epicenter is shown on the vertical, y, axis. The blue dashed line joins the beginning with maxima

of RMS values of vZ fluctuations

Fig. 3 Spectrograms of the vertical velocity vZ of the ground surface movement in Taiwan (a) and in the Czech Republic (b) and spectrograms of

the observed Doppler shift in Taiwan (c) and in the Czech Republic (d) for the time series displayed in Fig. 2. Time = 0 corresponds to the time of

the earthquake. Color scales are logarithmic. Note the different color scale for the plots a and b
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will be discussed below, a probable explanation for that is

the higher altitude of reflection for Doppler in Taiwan and

consequently strong attenuation of higher frequency com-

ponents of the infrasound waves.

The Rayleigh waves are not well cross-correlated on

the ground over distances larger than several tens of km.

Consequently, the Doppler signal, which might not be

observed directly above the point of seismic measure-

ments due to non-zero zenith angle α (Fig. 1) and owing

to non-zero horizontal neutral winds, is not well cross-

correlated with the vz. That is different from the obser-

vation of P and S waves and their ionospheric signatures

[Chum et al. 2012]. We therefore first calculated RMS

values of vz and fD and then determined the time de-

lays between the corresponding RMS values. Figure 4a

shows the normalized RMS values of vz fluctuations in

Taiwan (solid red) and in the Czech Republic (dashed

red), and the normalized RMS values of fD fluctuations

in Taiwan (solid blue) and in the Czech Republic

(dashed blue). The displayed RMS values were nor-

malized to the same maximum value for convenient

visualization and for more comfortable determination

of the time delays. The real RMS amplitudes are dis-

played in Fig. 4b for completeness. The maximum of

RMS(vz) in Taiwan is in fact 45.5 times larger than the

maximum of RMS(vz) in the Czech Republic, whereas

the maximum of RMS(fD) in Taiwan is only 1.28 larger

than the maximum of RMS(fD) in the Czech Republic,

which is consistent with dynamic spectra presented in

Fig. 3. The RMS values were computed over the time

intervals selected by cosine time window with effective

width of 48 s. The time window was subsequently

shifted by 6 s, so there is an overlap of 87.5% (=(48–6)/48).

Six seconds also correspond to the time resolution of the

Doppler shift signal.

The time delays between the normalized RMS values

were computed by two different methods: (a) as the

time tC at which the cross-correlation function be-

tween the normalized RMS(vz) and the associated

RMS(fD) has maximum and (b) as the time shift tS be-

tween RMS(vz) and RMS(fD) for which the energy of

the signal constructed as the sum of the normalized

RMS(vz) and the corresponding normalized RMS(fD)

signals reaches maximum. The times of maxima were

refined by quadratic interpolation in both cases. The

time delay tD is then determined as the average value

from these two estimates

tD ¼ tC þ tSð Þ=2; ð11Þ

and the uncertainty of tD is estimated as

Fig. 4 a RMS amplitudes normalized by maximum value of the vertical velocity vZ of the ground surface movement (solid red for Taivan, dashed

red for the Czech Republic) and of the observed Doppler shifts (solid blue for Taiwan, dashed blue for the Czech Republic) for the signals displayed

in Fig. 2. A low-pass filter with cut-off at ~0.02 Hz was applied before calculating the normalized RMS amplitudes (see the text for more details).

Time = 0 corresponds to the time of the earthquake. b RMS amplitudes of the vertical velocity vZ of the ground surface movement (solid red for

Taiwan, dashed red for the Czech Republic) and of the observed Doppler shifts (solid blue for Taiwan, dashed blue for the Czech Republic) for the

signals displayed in Fig. 2

Chum et al. Earth, Planets and Space  (2016) 68:24 Page 6 of 12



δ tDð Þ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

tC−tDð Þ2 þ tS−tDð Þ2 þ Δt2
q

; ð12Þ

where Δt = 6 s is the time resolution of Doppler shift

measurements and ensures that the uncertainty is also

nonzero for tC = tS. The time delays and their uncertain-

ties obtained by Eqs. (11) and (12) for the specific

Doppler frequencies and locations are presented in the

first row in Table 1. The reason for the relatively large

uncertainty for the 7.04 Hz signal in the Czech Republic

is low Doppler shift, and hence relatively low signal to

noise ratio.

Reflection heights

The reflection heights were determined by two inde-

pendent methods. First, we performed ray tracing for

infrasound propagation and search for the altitudes

which the infrasound waves reach at times tD, given in

the first row in Table 1. The ray tracing was started with

wave vector deviated from vertical by the angle α ~7°, as

discussed above (Eq. 10, and last paragraph of the “Dop-

pler sounding of infrasound waves” section). The sound

speed was computed from the atmospheric parameters

obtained by the NRLMSISE-00 model for the locations

and times of measurements. The neutral winds were

neglected for simplicity in what is presented further.

We, however, verified that the effect of neutral winds

obtained from HWM07 model is negligible for the infra-

sound travel time to a specific altitude, e.g., the simu-

lated time of infrasound propagation to the altitude of

200 km differed by ~0.1 s when the horizontal wind was

considered (the main difference only concerned the

horizontal distance travelled by the infrasound waves).

Figure 5 shows the ray tracing results for the Czech Re-

public up to the height of 250 km. Plot (a) shows the ray

trajectory in the vertical plane. Plot (b) displays evolu-

tion of the elevation angle of wave vector, ε =90°−α, with

height (solid line ε, dashed line α). Plot (c) shows the

time of propagation versus height. The heights corre-

sponding to the observed time delays tD are given in row

2 in Table 1. For example, the fluctuations for f0 =

4.65 MHz were observed at the height hM = 163.9 ±

5 km. Row 3 in Table 1 gives the sound speed at the

modeled height of observation hM at time tD. Sound

speed as function of height is presented in Fig. 6d for

Taiwan (red) and the Czech Republic (blue).

The second method to determine the height of obser-

vation is from electron density profile obtained from

ionograms measured by ionosondes located in the area

of Doppler sounding system (Zhongli in Taiwan, and

Pruhonice in the Czech Republic). The reflection height

for the ordinary (O) wave is obtained directly as the true

height (in electron density profile) that corresponds to

the sounding frequency f0, in accordance with Eq. (2).

The reflection height for extraordinary (X) wave is ob-

tained as the true height for the frequency defined by

Eq. (4), as discussed in the “Doppler sounding of infra-

sound waves” section. The ionosonde-derived heights hI
with estimated uncertainties for ordinary (O) and extra-

ordinary (X) mode are given, respectively, in rows 4 and

5 of the Table 1. Figure 6 shows ionograms with calcu-

lated true heights of electron density profile measured in

Taiwan (Fig. 6a) and the Czech Republic (Fig. 6b) on 25

April 2015 at 06:30 UT and 06:45 UT, respectively. It

should be noted that local time (LT) was ~14:30 UT in

Taiwan, whereas LT ~7:45 in the Czech Republic. The

Table 1 Measured and simulated parameters in Taiwan and the Czech Republic for the specific frequencies f0

Taiwan (f0 = 6.57 MHz) Czech Republic (f0 = 3.59 MHz) Czech Republic (f0 = 4.65 MHz) Czech Republic (f0 = 7.04 MHz)

1 tD (s) 532.3 ± 7 449.2 ± 7 480.0 ± 8 548.8 ± 24

2 hM (km) 201.4 ± 5.1 146.4 ± 4 163.9 ± 5 209.3 ± 17

3 cS at hM (m/s) 754 ± 11 560 ± 17 626 ± 16 731 ± 32

4 hI (km) O-mode 229 ± 20 144 ± 10 178 ± 10 230 ± 10

5 hI (km) X-mode 214 ± 20 102 ± 5 157 ± 10 215 ± 10

6 RMS(fD)_max (Hz) 0.393 0.172 0.307 0.084

7 wA max (m/s) 27.7 8.64 11.89 2.14

8 wA + C max (m/s) 0.84 ± 0.42 0.28 ± 0.14 0.41 ± 0.2 0.088 ± 0.044

9 RMS(vz)_max (m/s) 3.95 × 10−3 0.087 × 10−3 0.087 × 10−3 0.087 × 10−3

10 wA/vz (7.16 ± 0.22) × 103 (106 ± 8.8) × 103 (130 ± 10.2) × 103 (30 ± 7.9) × 103

11 wA + C/vz (0.22 ± 0.11) × 103 (3.4 ± 1.7) × 103 (4.5 ± 2.2) × 103 (1.2 ± 0.6) × 103

12 w /vz (theor. max) (43.7 ± 3.0) × 103 (17.2 ± 1.8) × 103 (25.3 ± 2.6) × 103 (53.2 ± 13.6) × 103

13 w /vz (expected) (9.7 ± 1.7) × 103 (14.9 ± 1.0) × 103 (17.4 ± 0.3) × 103 (5.9 ± 6.2/4.1) × 103

tD is the time delay between the seismic wave and observation of the related Doppler shift fluctuations fD, hM is the modeled height for the time tD, cS is the

speed of sound, hI is the height derived from ionosonde measurements, wA, wA + C and w is the air particle oscillation velocity computed from Eqs. (7), (9), and

(13), respectively (cS0 = 334 m/s in the Czech Republic and cS0 = 346 m/s in Taiwan, depending on air temperature on ground), and vz stands for the vertical

velocity of ground surface motion
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Fig. 5 Infrasound ray tracing results for the Czech Republic; a rays in the vertical plane, b evolution of elevation angle ε (solid) and zenith angle α

(dashed) with height, c time of propagation to a specific altitude, d modeled w/vZ ratio (solid—theoretical maximum; dashed—with attenuation

for the central frequency of 0.0455 Hz; dotted—with attenuation for the frequencies of 0.035 and 0.056 Hz). See the “Reflection heights” and

“Wave amplitudes” sections for more details

Fig. 6 a Ionogram recorded in Taiwan on 25 April at 6:30 UT with superposed calculated electron density profile (magenta line); b Ionogram

measured in the Czech Republic on 25 April at 6:45 UT with electron density profile (black line); c plasma density gradient for electron density

profile in Fig. 6a), Taiwan (red), and profile in Fig. 6b, Czech Republic (blue); d Sound speed profile for Taiwan (red) and the Czech Republic (blue)
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ionograms in the Czech Republic were obtained by mod-

ern digital portable sounder DPS4, and were processed

by the dedicated SAO explorer software (version 3.5.1.)

which scales the ionograms and computes the electron

density profile (Reinisch et al. 2005). The Czech DPS4

sounder is directly in the area of the continuous Doppler

sounder (horizontally within several km from reflection

points). The ionosonde in Taiwan is about 50 km away

from the Doppler sounder, and provides only ionograms

in the form of figures. These ionograms—figures of

virtual heights—were manually fitted (scaled), and the

resulting data were then used as input to the SAO ex-

plorer software. The fitting (scaling) from the figures

may introduce an additional error (estimated about

10 km). Figure 6c displays the electron density gradients

∂N/∂z as a function of plasma frequency (sounding fre-

quency) obtained from electron density profiles for

Taiwan (red) and the Czech Republic (blue). These

values are necessary to apply Eq. (9).

Comparing the hM heights (row 2) with hI heights

(rows 4 and 5) for the Czech Republic measurements,

we deduce that for f0 = 3.59 MHz, the O mode is prob-

ably observed, whereas for f0 = 4.65 and f0 = 7.04 MHz,

the X mode likely dominated, since hM = hI within the

estimated uncertainties. It should be noted that for f0 =

3.59 MHz, the X mode reflected from the E-layer. The

Doppler shift of signal reflected from E-layer is usually

small (negligible). Moreover, the signal reflected from E-

layer often experiences large attenuation (absorption). A

comparison of hM with hI heights for Taiwan reveals that

probably, the X mode was received. We note that the es-

timated uncertainty of hI is relatively large for Taiwan

since traces in the related ionograms were only detected

for frequencies larger than 4.6 MHz, and direct informa-

tion (measurement) from the bottom-side ionosphere is

missing.

Wave amplitudes

Row 6 in Table 1 gives the measured maximum RMS

values of fD fluctuations. We see that the fD fluctuations

in Taiwan and Czech Republic are of the same order for

f0 = 4.65 MHz, whereas the RMS(fD) for f0 = 7.04 MHz is

much lower in the Czech Republic. It should be noted

that the reflection heights for f0 = 4.65 and f0 = 3.59 MHz

in the Czech Republic are lower than reflection height in

Taiwan for f0 = 6.57 MHz.

To understand the observed amplitudes of infrasound

waves, it is useful to derive the air particle velocities

from the observed fD fluctuations. The air particle vel-

ocities computed from the maxima of RMS(fD) by Eq.

(7) are presented in row 7 in Table 1, whereas the air

particle velocities calculated by more sophisticated for-

mula (9) are given in row 8. The quantity wA thus repre-

sent air particle velocities computed from the Doppler

shift under the approximation of mirror-like reflection,

when only advection is considered, whereas the quantity

wA + C represent air particle velocities computed from

the Doppler shift when both advection and compression

are considered in the reflection region. The gradient ∂N/

∂z was obtained from electron density profile measured

by nearby ionosondes, and the infrasound frequency of

0.0455 Hz was considered for the calculations by Eq. (9).

The signal is, however, not monochromatic; most of the

energy is in the frequency range 0.035–0.056 Hz (“Mea-

sured signals and time delays between the ground sur-

face motion and Doppler” section). To estimate the

uncertainties originated from the usage of single fre-

quency in Eq. (9), we consider the half-width of the

0.035–0.056 Hz frequency range related to the center

frequency (~25%). Similarly, from the ∂N/∂z differences

between adjacent ionograms, we estimated the uncer-

tainty of ∂N/∂z (~25%). These uncertainties then propa-

gate into uncertainties of wA +C values given in row 8 via

the application of Eq. (9). The inclination of magnetic

field is I ~ 34.7° in Taiwan and I ~ 65.8° in the Czech Re-

public. According to Eq. (6), the effective vertical plasma

motion and hence the measured Doppler shift is about

2.57 times larger (for the same w and ∂N/∂z) in the

Czech Republic than in Taiwan. A comparison of the air

particle velocities wA obtained from (7) with velocities

wA + C calculated by (9) shows that wA are more than 20

times larger than wA + C, so the compression mechanism

is extremely important, and contributed to the observed

Doppler shift fD more than the advection. We stress that

the maximum values of wA and wA + C are larger than

those given in rows 7 and 8 in Table 1 that are related to

RMS(fD) computed over 48 s (“Measured signals and

time delays between the ground surface motion and

Doppler” section).

Next, we will compare the obtained wA and wA + C vel-

ocities with values expected from simple modeling. It

was documented that the air particle oscillation veloci-

ties at the ground approach the vertical velocity vz of

ground surface motion [e.g., Watada et al. 2006]. In the

case of idealized lossless propagation of infrasound plane

wave, the energy density flux ρcsw
2 across a unit area is

conserved, and as the mass density ρ decreases with

height, the air particle oscillation velocity w increases ac-

cording to relation (13)

w

w0
¼

ffiffiffiffiffiffiffiffiffiffi

ρ0cs0

ρcs

r

; ð13Þ

where w0 ~ vz is the air particle oscillation velocity at the

ground and ρ0 is the mass density at the ground. The

ratio w/w0 (w/vz) along the simulated ray trajectory is

shown in the plot (d) in Fig. 5 by the solid curve. We

note that this ratio represents the maximum possible
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value since it corresponds to lossless propagation of the

plane wave. In reality, the waves are attenuated and

moreover, the rays diverge as the actual waves are not

plane waves; consequently, the energy flux is not con-

served and decreases with height, so the measured ratios

should be lower. Rows 9, 10, and 11 in Table 1 give the

maximum of RMS(vZ), and measured ratio wA/vz and

wA + C/vz, respectively. Row 12 in Table 1 presents the

maximum theoretical limit given by Eq. (13) obtained

from the ray tracing (also an example for the Czech

Republic drawn by the solid line in Fig. 5d).

We stress that the measured wA/vz ratios are about

five times larger than the maximum theoretical limit

w/vz for f0 = 4.65 and f0 = 3.59 MHz in the Czech

Republic. This result supports the previous reasoning

that in the case of observation of infrasound waves,

the compression term cannot be neglected in the

Doppler shift analysis and that Eq. (9) gives much

more reasonable values, compared to the usually used

Eq. (7).

Finally, we also estimated the attenuation of plane wave

along its trajectory. The attenuation is based on analytic

model described in Section 2.8 of the previous work

[Chum et al. 2012]. The analytic model takes into account

the classical losses from viscosity and thermal conductivity,

and rotational relaxation losses. The model is mainly based

on previous studies by Bass et al. 1984 and Sutherland and

Bass 2004. The modeled (expected) increase of w/w0 (w/vz)

is drawn by dashed and dotted curves in Fig. 5d. The dot-

ted curves correspond to the edges of the 0.035–0.056 Hz

frequency range, the dashed curve represent the computed

ratio for the central frequency of this frequency range. Row

13 in Table 1 gives the expected ratios w/vz for the central

frequency (0.0455 Hz) of the 0.035–0.056 Hz frequency

range. The simple analytic model describes relatively well

the altitude of maximum ratio w/vz; note that the max-

imum ratio wA+C/vz was measured for f0 = 4.65 MHz at

the altitude of ~160 km in agreement with the maximum

of calculated w/vz curve in Fig. 5d.

We note that all the measured ratios wA + C/vz ob-

tained from (9) are lower than the maximum theoretical

limit w/vz. They are also lower than the modeled ratios

w/vz(expected). That is, however, not surprising. The

simple analytic model for attenuation assumes plane

wave propagation and does not consider nonlinear effects

[e.g., Krasnov et al. 2007]. Maruyama and Shinagawa 2014

also reported that simple analytic solution gives a bit lar-

ger amplitude than full-wave modeling. In addition, a part

of infrasound energy can be reflected from the bottom-

side of the thermosphere as the sound speed strongly in-

creases there. The measured ratios wA+C/vz obtained

from (9) seem to be therefore reasonable and do not

contradict the theory and previous studies and are in

qualitative agreement with expected values.

The dashed curve of the calculated w/vz in Fig. 5d,

more specifically the strong attenuation above ~160 km

also explains why the Doppler signal at f0 = 4.65 MHz in

the Czech Republic is comparable with the Doppler sig-

nal in Taiwan (f0 = 6.57 MHz), though the ratio of

ground surface velocities vz in the Czech Republic and

Taiwan is 1/45.5. The reflection height in Taiwan is

above 200 km (Table 1), whereas the reflection height

for f0 = 4.65 MHz in the Czech Republic is about 160 km

(note that the Doppler signal for f0 = 7.04 MHz in the

Czech Republic reflecting above 200 km is much smaller

than that for f0 = 4.65 MHz). In addition, the same neu-

tral particle velocity w leads to about 2.57 larger vertical

plasma motion, and hence a larger Doppler shift fD (pro-

vided the same ∂N/∂z) in the Czech Republic, than in

Taiwan, in accordance with Eq. (6) owing to the different

inclination angles I. Consequently, the difference between

the wA+C or wA velocities in Taiwan and the Czech

Republic is larger, than the corresponding difference be-

tween the measured fD. It is also possible that a nonlinear

attenuation of infrasound owing to larger values of w

played a role in Taiwan. Moreover, we also cannot exclude

that nearby ocean is less effective in generating coherent

upward propagating infrasound waves.

Conclusions

We presented analysis of co-seismic perturbations in the

ionosphere over the Czech Republic and Taiwan related

to seismic waves triggered by the Nepal earthquake on

April 25, 2015. It was shown that the ionospheric pertur-

bations, observed by continuous Doppler sounding at

large distances from the epicenter (~3700 and ~6300 km),

were caused by the infrasound waves generated by the

vertical motion of the ground surface. The time delays

(~8–9 min) between the ionospheric fluctuations at the

heights of observations and ground surface motion are

consistent with the calculated times for quasi-vertical

propagation of infrasound waves by ray tracing using

atmospheric parameters obtained from NRLMSISE-00

model for the locations and times of measurements.

The simulation of infrasound attenuation and the

measured values of air particle oscillations (compared

with the velocity of ground surface motion) show that

the ionospheric disturbances were observed at heights

where the infrasound waves were strongly attenuated.

Consequently, the observed amplitudes of fluctuations

are strongly dependent on the altitude of observation.

The observed amplitudes of ionospheric fluctuations can

be therefore comparable for different distances from

earthquake epicenter, where the source amplitudes of

ground surface motion differ by more than one order.

Moreover, it was verified that in the case of infrasound

observation, the air particle oscillation velocities cannot

be calculated from the observed Doppler shifts by a
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simple formula based on assumption of mirror-like

reflection from a layer that moves up and down. The

formula that takes into account electron density and its

gradient, and hence the contribution of compression to

the observed Doppler shift has to be used. Our analysis

shows that the compression mechanism contributed

more to the observed Doppler shift than the advection

(up and down motion).
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