Ann. Geophys., 33, 137-142, 2015
www.ann-geophys.net/33/137/2015/
doi:10.5194/angeo-33-137-2015

© Author(s) 2015. CC Attribution 3.0 License.

Annales
Geophysicae

Traveling ionospheric disturbances triggered by the 2009 North
Korean underground nuclear explosion

X. Zhang and L. Tang

School of Geodesy and Geomatics, Wuhan University, Wuhan, 430079, China

Correspondence to: L. Tang (Itang@whu.edu.cn)

Received: 27 April 2014 — Revised: 23 December 2014 — Accepted: 6 January 2015 — Published: 30 January 2015

Abstract. Underground nuclear explosions (UNEs) can in-
duce acoustic-gravity waves, which disturb the ionosphere
and initiate traveling ionospheric disturbances (TIDs). In this
paper, we employ a multi-step and multi-order numerical dif-
ference method with dual-frequency GPS data to detect iono-
spheric disturbances triggered by the North Korean UNE on
25 May 2009. Several International GNSS Service (IGS) sta-
tions with different distances (400 to 1200 km) from the epi-
center were chosen for the experiment. The results show that
there are two types of disturbances in the ionospheric distur-
bance series: high-frequency TIDs with periods of approxi-
mately 1 to 2 min and low-frequency waves with period spec-
trums of 2 to 5min. The observed TIDs are situated around
the epicenter of the UNE, and show similar features, indicat-
ing the origin of the observed disturbances is the UNE event.
According to the amplitudes, periods and average propaga-
tion velocities, the high-frequency and low-frequency TIDs
can be attributed to the acoustic waves in the lower iono-
sphere and higher ionosphere, respectively.
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1 Introduction

Traveling ionospheric disturbances (TIDs) are the iono-
spheric signatures of waves and are widespread phenomena
with many different origins (Afraimovich et al., 2009; Kelley,
2011; Hernandez Pajares et al., 2012). Atmospheric acous-
tic waves, which can be acoustic-gravity waves if the fre-
quencies are low enough, or gravity waves associated with
geophysical events, such as earthquakes (Artru et al., 2004;
Liu et al., 2010), tsunamis (Artru et al., 2005; Occhipinti et
al., 2006; Rolland et al., 2010), surface explosions (Calais et
al., 1998) and underground nuclear explosions (Rudenko and

Uralov, 1995; Krasnov and Drobzheva, 2005) can be such
origins. The atmospheric acoustic or gravity waves trans-
fer the energy from the ground into the atmosphere, which
subsequently interacts with ionospheric plasma and produces
disturbances.

Underground nuclear explosions (UNEs), as a disruptive
event on the Earth’s surface, can induce TIDs, which have
gained substantial attention. Krasnov and Drobzheva (2005)
present a model to describe the coupling process between
radiated acoustic fields from the spall zone of UNEs and
the ionosphere. The model results are consistent with high-
frequency Doppler sounding data measured following un-
derground nuclear explosions at the Semipalatinsk Test Site.
Owing to notable advantages, GPS measurement is a popular
technique for ionospheric sounding, including disturbance
detection. Park et al. (2011) and Yang et al. (2012) used GPS
observations to study the TID propagation characteristics of
North Korean UNEs.

On 25 May 2009, North Korea conducted its second UNE
at the reported location 41°17/38” N, 129°04'54” E. TIDs
were observed after the event. Park et al. (2011) applied the
numerical difference method to extract the TID series using
GPS observations from five IGS stations and six stations in
South Korea’s local GNSS network. This method is easy to
process and can magnify the amplitude of TID waves, which
is efficient for weaker signatures. However, the influence of
the time step on that method is not concerned. The time step
could be relevant to the detectable period of spectrum. Con-
sequently, TIDs whose periods are outside the spectrum may
be “neglected”. Yang et al. (2012) combined wavelet analy-
sis and band-pass filters to obtain TID series with GEONET
GPS data. This method can be used to identify TIDs with
different ranges of period, but it is not easy to determine the
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proper filter that can effectively distinguish the TID wave of
interest from group waves, such as signal trend and noise.

In this study, we present a modified numerical differ-
ence method with multiple time steps by using GPS dual-
frequency data to detect TIDs induced by the 2009 North
Korean UNE.

2 TID detection method

As is well-known, the geometry-free combination of the
dual-frequency GPS carrier phases can be used to calculate
the ionospheric total electron content (TEC):

Li=k-s+0b, Q)

where L4 is the geometry-free combination (in meters); s
represents the ionospheric TEC (in the unit TECU); k is
the conversion factor between TEC and observation (k ~
0.105m TECU™1); and 5 is an unknown constant bias for
each satellite-receiver continuous arc of data, including car-
rier phase ambiguity and hardware delays. Although Eq. (1)
cannot acquire the absolute value of TEC at a particular time,
it can used to calculate the TEC variation over time with high
precision, which is the basis for TID detection.

Hernandez-Pajares et al. (2006) and Park et al. (2011) ap-
plied a numerical difference method to extract TIDs with or-
der of 1 and 3, respectively. Generally, the n-order numerical
difference procedure is defined:

A's(t) = A" Ls(r) —0.5(A" st + 1)
+ A" st — 1)), (2

where As(¢) is n-order difference of TEC series; ¢ is the
observation epoch and t is the time step.

For a given TID with period of T, a complex exponential
function can be used to express the wave d(¢):

d(t) = Aoexp(j2nt/T), 3)

where Ay is the TID amplitude and j = +/—1 is the complex
unit. Assuming the TEC trend approximately varies linearly
in a short time (Hernandez-Pajares et al., 2006) and is elimi-
nated in Eq. (2), then the expression between d(¢) and A”s(r)
is obtained as follows:

A's(1) = 2"sin?" (rt/T)d (1). (4)

According to Eq. (4), we can see the observed disturbance
has the same period of d(¢). That means we can pick up the
disturbance waves by using Eq. (4). The augmentation factor
is 2sin?" (r 7/ T), which is the function of 7 and z. Setting
n to 2, the relationship between amplification factor and T is
shown in Fig. 1 for a given .

As seen from Fig. 1, the wave amplitude is magnified (the
maximum magpnification is up to 4) with an amplification fac-
tor larger than 1, which is very effective for TID detection,
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Figure 1. Amplification factors of TIDs for different time steps.

and vice versa. Obviously, the detectable span of disturbance
period is closely associated with the time step = and is gen-
erally limited for a specific single time step. For example,
a span with amplification factor larger than 1 is only 40 to
120 s (this is the same when the order is set to 3) for t = 30,
which may miss other important TIDs.

To solve this problem, we use multiple time steps to re-
place the single time step to extend the scope of the de-
tectable period. According to Fig. 1, the ranges for amplifica-
tion factors larger than 1 where t = 30, t =90 and t = 300s
are 0.7-2, 2-6 and 6.6—20.0 min, respectively. Therefore, the
combined range is 0.7-20.0 min (the amplification factor be-
tween spans 6 to 6.6 min is smaller than 1 but larger than 0.8,
which is also effective) after applying the multi-step process.
In the next section, we will use the multi-step multi-order
numerical difference method to detect the TIDs induced by
the North Korean UNE on 25 May 2009. As the 2-order
difference is sufficiently sensitive to weaker signals, and 3-
order difference may lead to significant ambient noise when
a longer step is used, such as 300s, the magnitude of differ-
ence order is set to 2.

3 Observations and results

Eight IGS GPS stations located around the epicenter are se-
lected to observe the ionospheric disturbances induced by the
North Korean UNE on 25 May 2009 (see Fig. 2). The data
sampling rate of GPS observations is 30s. Stations CHAN
and DAEJ are near the epicenter, with distances of 400-
500 km, and the other stations are farther away, with dis-
tances of 900-1200 km. The height of the single-layer iono-
sphere is set to 350 km (the altitude of maximum ionospheric
electronic density on the event day, obtained by International
Reference lonospheric model) to calculate the ionospheric
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Figure 2. The locations of GPS stations (black triangles) and IPPs
of detected TIDs. The black star represents the epicenter location.
The circles denote the high-frequency TIDs and the squares denote
the low-frequency TIDs. The color bar indicates the TIDs’ propa-
gation velocities.

TEC and location of pierce points. According to the Space
Weather Prediction Center (SWPC, http://www.swpc.noaa.
gov/), the Kp index was relatively low (< 1), which implies
low geomagnetic activity during the time of the UNE.

Figure 3 shows the ionospheric slant TEC (STEC, which
contains constant bias) calculated using the dual-frequency
GPS data of PRN 26 from station CHAN. The vertical red
arrow indicates the explosion time, 00:54 UT. The top right
shows the enlarged TEC during 02:00-03:15 UT separately,
to discern the arrival time of the TIDs. The capital letters
“A” “B” and “C” mark the larger disturbances in STEC.
Disturbance series extracted by the multi-step multi-order
numerical difference method from station CHAN are pre-
sented in Fig. 4. As seen from Fig. 4a, TID “A” approxi-
mately 02:00 UT is discernable when the time step is set to
305, which is consistent with the results in Park et al. (2011).
However, according to the top right of Fig. 3, the iono-
spheric STEC series also contains significant disturbances
during 02:30-03:15UT (namely, TIDs “B” and “C”), sug-
gesting that the 30 s step may miss important disturbance sig-
nals. After we extend the time step to 90, the two later TID
events are detectable, while TID “A” is “missing” (Fig. 4b).
No more significant TID events are detected if we increase
the time step to 300 s (Fig. 4c).

To obtain the periods of the TIDs, the corresponding re-
sults of spectral analysis for disturbance series are shown in
Fig. 4d—f. Figure 4d shows that TID “A” has a frequency
spectrum of 11-15 mHz, corresponding to the period of 1.1-
1.6 min. The TIDs “B” and “C” have similar frequency spec-
trums of 3.3-7.5mHz (corresponding to periods of 2.2—
5min) in panel e. The TID signal in Fig. 4f is not evident and
the frequency spectrum of 1 to 2 mHz belongs to the ambient
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Figure 3. lonospheric STEC obtained by GPS observations of satel-
lite PRN 26 at station CHAN. The three arrows in top right indicate
the arrival time of TIDs.

noise signal, which is the residual term when the ionospheric
TEC is detrended. Based on the above results, two types of
TIDs are observed by the GPS station CHAN after the North
Korean UNE: TID “A” is a high-frequency wave with peri-
ods of approximately 1 to 2 min, whereas TIDs “B” and “C”
are low-frequency waves with periods of approximately 2 to
5 min.

The two types of TIDs are also observed by other stations.
Figures 5 and 6 show all the extracted disturbance series
containing high-frequency TIDs and low-frequency TIDs, re-
spectively; and corresponding attributes of the TIDs are listed
in Tables 1 and 2, respectively. As a comparison, 3-day data
centered on 25 May 2009 are illustrated both in Figs. 5 and
6. According to the results, the disturbance signals are sig-
nificant on event day with larger signal to noise rate (SNR)
varying from 5.4 to 33.6, but not on other two days. The
disturbance signal is like an N wave with short duration,
which is also observed on the ionospheric TEC after earth-
quake (Afraimovich et al., 2001). As shown in Tables 1 and
2, the periods for high-frequency TIDs are approximately 1
to 2 min and the low-frequency TIDs have periods about 2—
5min. Small differences in detected periods exist between
different stations, due to the Doppler effect caused by the rel-
ative motion between the GPS satellite and the TIDs (Wang
et al., 2007; Garrison et al., 2007). Both the frequencies of
high-frequency and low-frequency TIDs are larger than the
acoustic cutoff frequency (about 3.3mHz in the lower at-
mosphere; Artu et al., 2004), suggesting that the two types
of TIDs can be attributed to the acoustic waves. The iono-
spheric pierce points (IPPs), where the detected TIDs have
maximum amplitudes, are also listed in Tables 1 and 2 and
are illustrated in Fig. 2. Obviously, both the high-frequency
waves and low-frequency waves are centered on the epicen-
ter of the UNE. As these TIDs surround the epicenter and

Ann. Geophys., 33, 137-142, 2015


http://www.swpc.noaa.gov/
http://www.swpc.noaa.gov/

140
(a) step 30s (d) step 30s
0.1
0.05
0
—-0.05
-0.1
15 2 25 3 35 4 45
(b) step 90s
5 0.2 %2
o ol n p S 4
[ 2
= 0 c
O [] "
& 0.1 26
5 g
-0.2 8
15 2 25 3 35 4 45 15 2 25 3 35 4 45
(c) step 300s (f) step 300s
0.2
0.1
0
-0.1
-0.2
15 2 25 3 35 4 45 . .
UT/h UT/h

Figure 4. The disturbance series extracted by multi-step multi-order
numerical difference method at station CHAN. The order is set to
2. Panels (a—c) present the results of time steps 30, 90 and 3005,
respectively. Panels (d—f) are the corresponding spectrograms.

have similar features, we confirm that they were induced by
the UNE rather than by other random events.

The average propagation velocity of TIDs is obtained us-
ing the linear distance between epicenter and IPP divided by
propagation time, which is approximately equal to the trace
velocity. The results are listed in Tables 1 and 2 and are il-
lustrated in Fig. 2 as well. According to Fig. 2, in general,
TIDs near the epicenter have larger propagation velocities
than TIDs away from the epicenter, suggesting the propaga-
tion velocities feature distance-dependent attenuation. This
phenomenon is consistent with the view that these TIDs are
related to the acoustic waves induced by the UNE. Gen-
erally, for such a scenario, the trace velocity is basically
¢ - [sec(e) — 1], where c is the sound speed and e is the el-
evation of the ray path of a wave as it leaves the epicenter
(Kinsler et al., 2000). In addition, the TIDs on the northern
side of epicenter have significantly lower propagation veloc-
ities than the southern parts. The possible reason may be be-
cause the northward-propagating disturbances are sensitive
to the effects of Earth’s magnetic fields (Heki and Ping, 2005;
Otsuka et al., 2006; Occhipinti et al., 2008; Liu et al., 2011).
Another phenomenon should be noted that many observed
TIDs have velocities below the lowest sound speed within
Earth’s atmosphere at these latitudes. This may be due to the
effects of Earth’s magnetic fields mentioned above. In addi-
tion, the real traveling distance of acoustic waves induced by
UNE is generally longer than the distance between the IPP
and epicenter (sometimes may be ducted within the thermo-
sphere), so the velocity is underestimated.

Comparing the results between Figs. 5 and 6, the ampli-
tude of high-frequency TIDs is generally lower than the low-
frequency TIDs: the former is about 0.1 TECU whereas the
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Table 1. The propagation characteristics of observed high-
frequency TIDs in terms of location (latitude and longitude), period
and average propagation velocity. The SNR is the signal and noise
rate.

Latitude  Longitude Period  Velocity
Station ©) (°) SNR (min) (ms71)
Chan-26  43.501 123308 132 1.1-16 165.5
Daej-24 36.207 126.307 188 1.1-2.0 585.8
Yssk-26 47.570 143.604 9.2 1.0-14 132.1
Chan-27 39.333 126.660 9.0 1.0-17 485.3
Daej-27 34.237 128.097 188 1.0-1.9 363.2
Khaj-09 48.193 135.141 273 1.1-2.0 95.1

Table 2. Same as Table 1 but for the low-frequency TIDs.

Latitude  Longitude Period  Velocity
Station ©) () SNR  (min)  (ms71)
Chan-26 44.384 124743 188 2.3-5.0 92.0
Chan-26 44.559 125211 134 2.3-5.0 80.3
Dagj-26 35.685 124402 218 2.2-46 483.1
Aira-21 32.988 127.516 75 2452 239.5
Smst-24 30.977 134.236 54 22-49 214.9
Usud-24 31.732 136.024 33.6 2.1-4.9 171.8
Khaj-24 45.104 132,799 122 2142 132.9
Mizu-18 42.749 134.760 9.0 2342 125.3

latter is generally above 0.2 TECU. A possible reason for this
phenomenon is that the high-frequency signal only reaches
the lower ionosphere due to the viscous dissipation within the
thermosphere which is inversely proportional to frequency.
The acoustic waves or acoustic-gravity waves in lower iono-
sphere can also induce detectable disturbances (Choosakul
et al., 2009; Watada and Kanamori, 2010; Nina and Cade?,
2013). This explanation can be strengthened by the results:
observed average velocities of high-frequency TIDs are basi-
cally larger than the low-frequency TIDs. As the real height
is less than 350 km, the calculated average velocities of high-
frequency TIDs are amplified. The most likely origin for the
two different TID components is stratospheric filtering of the
acoustic waves generated by the UNE. This wave spectrum
can be filtered to some degree by the wind profile in the
stratosphere, and is further altered by nonlinear interactions
as the waves break in the upper atmosphere (Moo, 1976).
According to the observation results in Yang et al. (2012),
TIDs with periods of 2 to 5 min were detected after the North
Korean UNE in 2009, while the high-frequency TIDs with
periods of 1 to 2min were not reported in that paper. The
most likely reason is that the high-frequency (1-2 min) sig-
nals are relatively weak and cannot be detected easily, which
suggests our detection method is also effective for weaker
signals. Furthermore, there are also very long period (3—
12 min) disturbances in data from PRN 21 that were re-
ported in Yang et al. (2012). However, the periods of the
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Figure 5. The extracted disturbance series containing the high-
frequency TIDs at different stations for 3-day data. The abscissa
represents the UT time and the ordinate represents the disturbance
series with unit of TECU. The title for every panel is composed of
station 1D and satellite PRN number. The bold red line indicates the
series on event day and the green and blue for the former day and
the latter day, respectively.

same disturbances were both 2.4 to 5.2 min when employ-
ing our method and the frequently used polynomial fitting
method (Wang et al., 2007; Tsugawa et al., 2007; Galvan et
al., 2011). In essence, our method and the polynomial fitting
method obtain the TEC disturbances directly in the time do-
main, whereas the method of Yang et al. (2012) is in the fre-
guency domain. Considering the complexity and uncertainty
in selecting suitable filters and the range of acoustic cutoff
frequency, our results may be more reliable.

4 Summaries

This study employs a multi-step multi-order numerical dif-
ference method to detect TIDs using GPS observations from
several IGS stations located around the epicenter of the North
Korean underground nuclear test on 25 May 2009. Com-
pared to the current numerical difference method, the mod-
ified method has a wider period spectrum for TID detection
and possesses the capacity to identify different types of iono-
spheric disturbances. The detection method is also sensitive
to relatively weak signals due to its magnification effect.

Two types of ionospheric disturbances, namely, high-
frequency and low-frequency TIDs, have been observed sur-
rounding the epicenter. The high-frequency TIDs generally
have periods of 1 to 2min, while the period range for low-
frequency TIDs is between 2 to 5min. The propagation
velocities of TIDs exhibit distance-dependent attenuation
and north-south asymmetry. The high-frequency and low-
frequency TIDs can be ascribed to the acoustic waves in
lower ionosphere and higher ionosphere, which originated
from the UNE event on 25 May 2009.
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Figure 6. The extracted disturbance series containing the low-
frequency TIDs at different stations for 3-day data. The abscissa
represents the UT time and the ordinate represents the disturbance
series with unit of TECU. The title for every panel is composed of
station 1D and satellite PRN number. The bold red line indicates the
series on event day and the green and blue for the former day and
the latter day, respectively.

In short, this work demonstrates the capability of using
GPS observations to detect UNE-generated ionospheric dis-
turbances. At present, thousands of GPS stations from 1GS
and other organizations have been deployed across the globe
including local districts. These GPS observations can be used
as an important data source to monitor nuclear weapons de-
velopment.
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