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ABSTRACT

In this paper uses, a mathematical tool called two dimensional Principal Component
Analysis (2DPCA) to determine total electron content (TEC) anomalies in the
ionosphere for a Tropical Cyclone such as the Nakri Typhoon on 29 May, 2008
(UTC). 2DPCA are applied to the global ionospheric TEC data with transforms
conducted for the time period 12:00 to 14:00UT on 29 May 2008 when the wind was
most intense. Results show that at a height of approximately 150-200 km the TEC
anomaly is more localized; however its intensity increases with height and becomes
more widespread. The TEC anomaly is akin to an ionospheric tsunami. Potential
causes of the results are discussed with emphasis given to vertical acoustic gravity
waves. The approximate position of the typhoon’s eye can be detected if the TEC data
are divided into fine enough maps with adequate spatial-resolution at GPS-TEC
receivers. This implies that the trace of the typhoon is caught using 2DPCA.

Keywords: Two Dimensional Principal Component Analysis (2DPCA), Total
Electron Content (TEC), Tropical Cyclone, Vertical acoustic gravity waves

INTRODUCTION

A benefit of using GPS satellites in precision geodetic measurement has been the ability to
measure Total Electron Content (TEC) in the ionosphere through phase and code
measurements of signal delay between receivers and satellites. Furthermore, continued
development of dense ground-receiver networks has allowed for 2D and 3D imaging of
dynamic changes in ionospheric plasma. One potential area of application is in the study of
typhoon related TEC anomalies. Association between typhoon activity and TEC anomalies
dates back to the work of Bauer (reference) in the 1950s who noticed that the FOF2 region of
the ionosphere would rise and reach maximum height just before the typhoon arrived at the
observation station. Other more recent research has also noted fluctuations in the FoF2 layer
as typhoons approach (Shen 1982; Liu et al 2006 a & b). Huang et al. (1985) researched 15
typhoons though out 1982 and 1983 near Taiwan using a real-time HF Doppler frequency-
shift sounding array to detect ionospheric Doppler frequency shifts (DFS) induced by
typhoons. Among their results, two typhoons, Wayne and Andy, caused significant
ionospheric variations, which were attributable to typhoon-generated acoustic gravity waves.
These could be detected by the sounding system. In a more recent study, Mao et al. (2009)
found that anomalous TEC behavior relating to Typhoon Matsa could be distinguished using
a GPS-TEC map based on 50 GPS stations covering the IGSGPS tracking network,
CMONOC GPS tracking network, and Shanghai GPS tracking network from June 30 to
August 19, 2005. Their analysis showed that TEC increased before the landing of Typhoon
Matsa, with TEC increasing from its monthly median over the typhoon area by about 5 TEC
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units (1 TECu=10"® electrons/m?). The magnitude and the area of increased-TEC decreased
with the landing of the typhoon. One day after the passage of the typhoon, TEC reached a
minimum and was lower than its monthly median. Kazimirovsky et al. (2003) provides an
excellent review of the state of knowledge as of 2003 on potential causes of ionospheric
anomalies from anthropogenic causes through to the weather and other natural phenomena.
Explanations as to the cause of typhoon-related TEC anomalies include typhoon-generated
acoustic gravity waves and internal gravity waves (IGWSs), which are dependent on
temperature and wind structure in the atmosphere. Coupling between typhoon processes and
the ionosphere has been discussed by many researchers in recent times (Kazimirovsky, 2002;
Sun et al., 2007; Xu et al., 2008; Mao et al., 2009; Liu et al. 2010). These studies of TEC
anomalies, however, have been based on observational methods such as deviations from
running medians, and not pure mathematical analysis.

In theory, the upward propagation of internal atmospheric disturbances such as planetary
waves, tides and gravity waves into the troposphere and stratosphere create the momentum
necessary to influence the thermosphere/ionosphere (Kazimirovsky et al, 2003). However,
there have been few studies demonstrating the coupling between the troposphere and
thermosphere/ionosphere. Two researchers Bishop and Straus (2006) investigated more than
ten tropical cyclones (TCs) using GPS occultation data to examine the relationship between
ionospheric TEC and TCs. The impact on TEC was measured over a horizontal distance of
2000km from the cyclones’ centers and the results found that significant scintillation on TEC
could be recorded within 1200km of a storm center. Lin (2010a, 2011a) used principal
component analysis (PCA) to describe the spatial distribution of earthquake related TEC
anomalies to the Sichuan basin, Wenchuan, China M,, =7.9 earthquake of 12 May, 2008. The
studies showed the distribution of both a precursor TEC anomaly and a post earthquake
anomaly. For the post earthquake anomaly, the study found that at lower altitudes (200km)
the TEC anomaly was spread over a wide range and this range declined with height and the
anomaly intensified (300km altitude).

The goal of this paper is to use 2DPCA, which is better than PCA to recognize spatial
distribution of any typhoon driven ionospheric TEC anomaly associated with Typhoon Nakri
on 29 May 2008 (UTC). The time period chosen is 12:00-14:00 on 29 May 2008 when the
wind was very intense (Table 1 and Fig.1).
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Figure 1. Route of Typhoon Nakri. The time is UTC
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Tablel. Information about Typhoon Nakri (Japan Meteorological Agency Best Track Data
Correction Date: 2008-07-07)

Year Month Day Hour Lat. Long. Pr(issg)r ¢ V}ﬁgd
2008 5 26 6 10.5 140.4 1008 0
2008 5 26 12 11.7 139.3 1010 0
2008 5 26 18 12.6 138.6 1008 0
2008 5 27 0 13.7 138.0 1006 0
2008 5 27 6 14.3 137.6 1000 35
2008 5 27 12 14.3 137.4 996 40
2008 5 27 18 14.4 137.2 990 45
2008 5 28 0 14.8 137.1 985 55
2008 5 28 6 15.5 136.8 980 65
2008 5 28 12 15.8 136.7 970 70
2008 5 28 18 16 136.6 955 80
2008 5 29 0 16 136.3 950 85
2008 5 29 6 16.2 135.8 940 95
2008 5 29 12 16.2 135.5 930 100
2008 5 29 18 16.4 135.1 930 100
2008 5 30 0 16.6 134.7 930 100
2008 5 30 6 17 134.1 940 95
2008 5 30 12 17.3 133.5 950 85
2008 5 30 18 17.9 133 960 80
2008 5 31 0 18.4 132.8 965 75
2008 5 31 6 19.2 132.8 970 70
2008 5 31 12 19.7 132.8 970 65
2008 5 31 18 20.2 132.8 970 65
2008 6 1 0 20.6 132.9 970 70
2008 6 1 6 21.5 133.1 970 70
2008 6 1 12 22.3 133.3 970 70
2008 6 1 18 23.5 133.6 965 75
2008 6 2 0 25.1 134.4 960 75
2008 6 2 6 26.8 135.5 960 75
2008 6 2 12 28.3 137.1 965 75
2008 6 2 18 29.9 138.7 970 70
2008 6 2 21 30.8 139.5 975 60
2008 6 3 0 315 140.3 980 55
2008 6 3 3 32.1 141.1 985 50
2008 6 3 6 32.8 142.3 990 0
2008 6 3 12 33 144.3 994 0
2008 6 3 18 33.4 146.8 996 0
2008 6 4 0 33.4 149.4 1000 0
2008 6 4 6 33.2 151.7 1004 0
2008 6 4 12 32.6 154.4 1004 0
2008 6 4 18 31.7 158.2 1006 0
2008 6 5 0 31.2 163.9 1008 0
2008 6 5 6 30.9 167.2 1008 0
2008 6 5 12 31 172.9 1008 0
2008 6 5 18 31.7 176.8 1008 0
2008 6 6 0 33 181 1008 0
ISSN: 2186-8476, ISSN: 2186-8468 Print Leena and Luna International, Chkusei, Japan. Copyright © 2016

www.ajsc.leena-luna.co.jp B VFTFURLFAU2—F2aFiL, HAEHMBER Page| 60




Asian Journal of Natural & Applied Sciences Vol. 5(3) September 2016

SOURCE DATA

Data is from the Formosat-3 satellite, updated every 90 min with approximately 2500
profiles daily, and the IGS ground receiver network. Finally a brief discussion of the
possible causes and physical meaning of the anomaly as well as the possibility of tracking
of a typhoon are given.

Two-Dimensional Component Analysis (2DPCA)

For 2DPCA, let TEC data of a region be represented by a matrix A (the dimension of n x m).
Linear projection of the form is considered as followed (Sanguansat 2012),

y = AX 1)

Here xis an n dimensional project axis and y is the projected feature of signals on xcalled
principal component vector.

S, =E(y—Ey)y—Ey)’ 2)
Here s _is the covariance matrix of the project feature vector.

The trace of s_is defined,

J(x) =tr(S,) 3)
tr(S,) = tr{x"Gx}, Where G = E[(A—EA)" (A—EA)] (4)

The matrix G is called covariance matrix. The vector x maximizing Eq.4 corresponds to the
largest (principal) eigenvalue of G, and let the largest eigenvalue be the most dominant
component of the TEC data in this region, therefore largest eigenvalue is represented the
principal characteristics or situation of the TEC data in this region. 2DPCA can be removed
small sample signal size (SSS) problem. The PCA converts the measurements into one-
dimensional data before covariance matrix calculation. The covariance matrix of PCA is
based on an input matrix with the dimension of m x n, which is reshaped from one-
dimensional data (length of m multiplying n). Reshaping data will cause computing error
because PCA is a tool to deal with one-dimensional data. It means that the spatial structure
and information can not be well preserved due to some original information loss when
inverting to original dimension under the condition of the matrix being small sample size
(SSS). Such information loss is called SSS problem. However, the covariance matrix in
2DPCA is full rank for a matrix of low dimension. Therefore the curse of dimensionality and
SSS problem can be avoided. TEC data are examined to detect Xiaolin mudslide-related TEC
anomaly and GIMs are only used to observe TEC situation in this study.

DATA PROCESSING AND RESULTS

Figure 2(a) shows the GIM on 29 May for 12:00-14:00UT. Figure 2(b) gives a color-coded
scale of the magnitudes of principal eigenvalues corresponding to Fig. 2(a). Color intensity
denotes magnitude. From the figure it can be seen that 100 principal eigenvalues are assigned
(i.e., each grid in the bottom figures represents a principal eigenvalue). Figures 3-7 show the
same approach but for different heights. Varying color intensity, representative of large
principal eigenvalues in the bottom figures of Figs. 2 to 7, shows the existence of a TEC
anomaly, much like an ionospheric tsunami, over the region of the position of Typhoon Nakri
at 16.2°N, 135.5°E (Table 1) The anomaly becomes more widespread with height. At 150 to
200 m it is intense and highly localized. With height the anomaly remains intense in the same
localized region but also shows to be more widespread around this intense center (Fig. 2-7).
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Figure 2a. GIM on 29 May at height 150-200 km for the time period 12:00-14:00UT.
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Figure 2b. Color-coded scale of the magnitudes of principal eigenvalues corresponding to
Fig. 2a. The color within a grid denotes the magnitude of a principal eigenvalue
corresponding to Fig. 2a, so that there are 100 principal eigenvalues assigned (i.e., each grid
in the bottom figures represents a principal eigenvalue), respectively.
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Figure 3a. GIM on 29 May at height 200-250 km for time 12:00-14:00UT.
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Figure 3b. Color-coded scale of the magnitudes of principal eigenvalues related to Fig. 3a.
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Figure 4a. GIM on 29 May at height 250-300 km for time 12:00-14:00UT.
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Figure 4b. Color-coded scale of the magnitudes of principal eigenvalues related to Fig. 4a.
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Figure 5a. GIM on 29 May at height 300-350 km for time 12:00-14:00UT.
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Figure 5b. Color-coded scale of the magnitudes of principal eigenvalues related to Fig. 5a.
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Figure 6a. GIM on 29 May at height 350-400 km for time 12:00-14:00UT.
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Figure 6b. Color-coded scale of the magnitudes of principal eigenvalues related to Fig. 6a.
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Figure 7a. GIM on 29 May at height 400-450 km at 12:00-18:00 UT.
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Figure 7b. Color-coded scale of the magnitudes of principal eigenvalues related to Fig. 7a.
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Figure 8a. Dst indices in May 2008 (World Data Center for Geomagnetism, Kyoto). The DST
indices on 29 May are within the rectangle
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Figure 8b. Kp indices from 29 to 31 May 2008 (NOAA Space Center).

The possibility of other factors such a solar flare and geomagnetic effects affecting the results
are considered by examining the Dst indices and Kp indices (Elsner and Kavlakov, 2001;
Mukherjee, 1999; Hamilton et al., 1986) in Figs. 8a and b, respectively. Figure 8a shows that
for May the Dst index was relatively flat indicating that geomagnetic storm activity could not
have been responsible for the TEC anomaly. Similar to Fig. 8a, Fig. 8b shows that
geomagnetic storm activity was low during the period being examined (Plotnikov and
Barkova, 2007; Uyeda et. al., 2009; Muella et al., 2009).
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DISCUSSION

Hines’(1960) classic work indicated that acoustic gravity waves generated in the lower
atmosphere propagate upwards and are amplified as they rise due to lower atmospheric
density with height. Typically during a typhoon these disturbances can be seen as travelling
ionospheric disturbances (TIDs). Such disturbances are particularly evident when a typhoon
is near coastal regions (Xiao et al., 2007). It is reasonable to think that 2DPCA applied in this
paper was able to identify TIDs associated with Typhoon Nakri. Dhaka et al (2003)
investigated intense gravity wave activities in the upper troposphere and lower stratosphere
during typhoon 9426. Chun and Kim (2006) proved gravity waves can be generated by a
typhoon (Typhoon Rusa), which passed through the Korean Peninsula in 2002. While in this
present paper examination of typhoon-driven TEC anomalies takes place at the height of
Typhoon Nakri, Kim and Chun (2011) showed that the momentum flux of typhoon generated
gravity waves is greatest during the development of a typhoon and in fact this helps the
typhoon develop by reducing vertical wind shear. This could suggest a good time window for
a future examination of typhoon driven TEC anomalies due to gravity waves.

There is a coupling process within the troposphere-upper atmosphere — ionosphere (Pulinets,
2004). Two previous works have shown such coupling processes through earthquake-
generated-gravity waves to cause TEC anomalies (Lin, 2011a; Liu et al. 2011). Liu et al
(2011) was able to identify TEC anomalies caused by acoustic gravity waves resulting from
the March 11 2011 great Tohoku earthquake and tsunami. 2DPCA also appeared able to
detect TEC anomalies associated with China’s Wenchuan earthquake due to gravity waves
(Lin 2011a).

It is interesting that 2DPCA can potentially detect typhoon-driven TEC anomalies, which
have in the past been detected by deviations from predetermined mean or median values for
TEC. 2DPCA gives a pure mathematical basis to the detection of TEC anomalies and can
describe the spatial distribution of anomalies, which may be useful in characterizing the
cause of observed TEC anomalies.

There are many potential causes of ionospheric TEC anomalies besides gravity waves
resulting from lower atmospheric forcings such as typhoons and earthquakes. These include
internal ionospheric features, radio waves from the lower atmosphere, cosmic rays and
geomagnetic storms (Lin 2010 a, b, 2011 a, b). In addition, long term variance in TEC must
also be considered when applying 2DPCA. Previous studies using 2DPCA have shown that
the results are not affected by long term variance (Lin, 2010b). For example, Lin (2011b)
used NLPCA to examine both ionospheric TEC anomalies before the May 12 2008
Wenchuan earthquake in China and those of an earthquake-free day when a known
geomagnetic storm was taking place. The magnitude of large principal eigenvalues returned
(>0.5 in a normalized set) (Lin, 2010b) were relatively small for the geomagnetic storm day
compared with those given for the earthquake. It seems that 2DPCA was definitely able to
detect TEC anomalies due to gravity waves caused by the typhoon in this work.

Finally, another interesting finding from this study is that the approximate position of the
typhoon’s eye may be detectable using 2DPCA. This should be possible if the GIM can be
divided into fine enough maps with adequate spatial-resolution of TEC data, such as that
supplied by Japan’s GEONET network system and IGSGPS tracking network, CMONOC
GPS tracking network, and Shanghai GPS tracking networks.
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CONCLUSION

In this study, 2DPCA is used to detect and determine the spatial distribution of a TEC
anomaly, which was akin to an ionospheric tsunami that accompanied Typhoon Nakri on
May 29, 2008. Analysis is conducted for the time period 12:00 to 14:00 UT on 29 May 2008.
At 150-200 km the anomaly is intense and highly localized; with height, the anomaly remains
intense at the same localized region but is more widespread around that point. It is assumed
the anomaly relates to travelling ionospheric disturbance created by the typhoon due to
acoustic gravity waves.

The results show that 2DPCA identified TEC anomalies almost above the eye of Typhoon
Nakri and to a lesser extent in the surrounding typhoon zone. These findings indicate 2DPCA
shows promise in finding the approximate position of a Typhoon’s center if the GIM can be
divided into fine enough maps with adequate spatial-resolution of TEC data.
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