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Application of Kalman filter in detecting pre-earthquake ionospheric

TEC anomaly *
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Abstract: As an aitempt,the Kalman filter was used to study the anomalous variations of ionospheric Total E-
lectron Content( TEC) before and after Wenchuan Ms8. 0 earthquake, these TEC data were calculated from the
GPS data observed by the Crustal Movement Observation Network of China. The result indicates that this meth-
od is reasonable and reliable in detecting TEC anomalies associaied with large earthquakes.
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1 Introduction

Anomalous ionospheric changes have been found to oc-
cur within a few hours to a few days before earthquakes

51'-"] " Various methods

of magnitude greater than
have been used to detect such anomalies, including the
moving-average, the median, and the interquariile-
range method"™'. Although some obvious total-elec-
tron -content (TEC) anomalies can be detected by such
methods, the reliability of the results is affected by the
way the background variation is determined, namely,
from data recorded in a period of about one month that
precedes the earthquake oceurrence.

Another method that has become widely used in data
processing for a variety of observations is Kalman fil-
tert®""® 1t is a linear minimum-variance optimal-re-
cursion estimation theory obtained by minimizing mean-

squares error as the criterion for optimization'™!.
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When used in data processing, it does not need to re-
tain the data which have been processed, thus it can
save a lot of computer-storage space and improve com-
puting efficiency. Also it can obtain a new estimator in
accordance with the recursive formula based on new
data, thus avoid reprocessing old data. In this study,
we applied the Kalman filter to the ionospheric TEC
data recorded by the GPS reference stations of Crusial
Movement Observation Network of China prior to the
Wenchuan Ms8.0 carthquake to search for possible
pre-earthquake anomalies.

2 Observation and methodology

The ionosphere, which is about 60 to 1000 km above
the earth’ s surface, is usually represented by a thin
spherical layer in the GPS TEC studies. In this paper,
we take a height of 350 km for this layer, which is in
the middle of the height range of the largest TEC value
(300 —400 km). The ionosphere is a dispersive medi-
um and the slant TEC(STEC) can be derived from GPS
data and converted to VTEC by using a spherical har-
monics mapping function at the ionospheric pierce

point ( see reference[ 19 ]for the specific calculation).
Both VTEC and STEC are expressed in TECu unit {1
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TECu = 10" el/m”). By using GPS dual-frequency
carrier phase smoothing of the P code observations and
spherical -harmonic function as the fitting model for ion-
ospheric TEC, we obtained the coefficients of the

spherical harmonic by the least-squares fit[ 1221,

P=pP, -P,=
a(1/f - l/fi)Fl(z):ZéoFm(sinﬁ) (a,,cos(ms) +
b,,sin(ms)) +b, (1)

where P, is the code observations, @ =4.03 x 10" ms

TECU ™ ,F,(z) =1/cos(z), Z is the satellite zenith
angle, B is the geographical latitude of the ionospheric
puncture point, S is the solar longitude,s =~ UT + A —
7, UT is the Universal Time, A is the longitude, n_,
is the maximum degree of the spherical harmonics (
SH ), b, is the deviation of hardware delay, P,_(sin
B) is the orthogonal Legendre function, and e, and
b, are the SH coefficients to be determined, n =m =
5. We selected the 36-parameter model of spherical
harmonics to calculate the SH coefficients, and used e-
quation (1) to estimate the the deviation of hardware-
delay by least-squares method and to obtain the TEC
values of each point at different time.

We used the GPS data from 24 stations of the Crustal
Movement Observation Network of China (Fig.1) dur-
ing April 12 to May 22. As shown in figure 1, the sta-
tion distribution is quite uniform, which is essential in
obtaining accurate TEC values over China. The sam-
pling interval is 30 seconds, and the cut-off angle is
15°. The calculated TEC values are evenly distributed
over each grid (1° x1°) in the range of 70°E - 140°E
and 15°N —55°N. In order to check the accuracy of
the calculated TEC values, we selected an arbitrary ac-
cess point (35°N,105°E) in China and considered the
12 daily TEC values ( at an interval of 2 hours) calcu-
lated by Center for Orbit Determination in Europe
(CODE) as the true values. The time series of RMS
difference between our calculated TEC values and the
true values is shown in figure 2. The differences shown
in the figure are mostly within 2 TECu, thus verifying
the accuracy and the reliability of our calculated TEC

values.
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Figure 1 GPS station network in China
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Figure 2 Time series of RMS differences between
our TEC values and CODE values

3 Anomaly-detecting method based
on Kalman filter

3.1 Kalman filter

The calculation with Kalman filter is a continuous
process of correction, beginning with an initial estima-
tion of a previous state to obtain the predicted value of
the next step according to the equation of state. This
value is then modified according to the currently ob-
served value. The best estimate may be obtained by
multiple iteration of this calculation. Assuming the

state equation of the dispersive Kalman filter'*'to be

X1 = DXy + Ty, (2)

The observation equation is
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Y,=HX, +y, (3)

Where X,,, is the state vector, @®,,,, is the transfer
matirix, I, is the system driver matrix, Y, is the obser-
vation vector, H, is the observed coefficient vector, v,
is the noise of observation, and u; is the noise-of-state
sequence, the mean value of which is 0. The best esti-
mate of the state vector can be calculated according to

the equation of state and noise statistics. The specific
algorithm can be found in reference .

3.2 Anomaly detection

As mentioned above, in using this anomaly-identifica-
tion algorithm, the first step is to delermine an initial
value of the state and its covariance matrix. In this
study, we selecied the TEC values of the first 10 days
of observation, between April 12 and 21, as the initial
values for the Kalman filter, and proceeded step by
step, using prediction-residual difference as a measure
to judge the abnormality of the disturbance. Assuming
that Y, ,, is the observation vector and X, ., is the state
vector, then the observation equation can be expressed

as follows
Vi =H  Xph +050 (4)

Assuming that the variance component of v, is

o7,,(i), the forecast value of the state vector X, ,, is

X .14, and the prediction residual is e, , then
€1 = Yoo —HiiXisis (5)

Under the null hypothesis, v,,, is a zero-mean

Gaussian random quantity whose variance matrix is
T T
Elve 1% ] =Hy Prondin + Ry (6)

In equation {(6), P,.,, is the forecast variance ma-
trix. By using statistics of the prediction residuals,
each component of Y, ., can be detected. The basis for

anomaly detection is as follows

leg (i) 1 e ’\/(Hk+1Pk+1/kH:+l)i,i +o5..(i) (7)

where e, (i) tepresents the ith component of e, ,; (i)
(1<i<m) and c is the quantile of the normal random
quantity determined by a, which is 3 or 4 in practical

application.

Ifekn(i) = -c ’\/(Hk+1Pk+l/kH.{+l)i,i +0'i+|(i) ’
then we considered Y,,, as a negative anomaly; if ¢, ,,

(i) >¢ ’\/(Hkupku/kﬂ:u)i,i +0':+1(':) , then we

considered Y, ,, as a positive anomaly.

4 Calculated pre-earthquake TEC a-
nomalies

We processed and analyzed the ionospheric TEC data
over China before the Ms8.0 Wenchuan earthquake,
which occurred at 14;28 ( 06.:28 UT ) on May 12,
2008 at 31.0°N and 103.4°E and with a depth of 14
km'™*!, The result shows several significant anomalous
disturbances a few days before the earthquake. The
mapping function for anomaly distribution is given in

reference! ™

. Figure 3 shows, for example, the two-
dimensional distribution of AVTEC at 08:00 UT and
10:00 UT on May 9, three days before the earthquake.
From figure 3 we can see that the TEC values increased
anomalously by as much as about 5 TECu around the
epicenter, and the anomaly was drifiing from east to
west, as found in some previous studies!® '],

In order io see the distribution of the ionospheric
TEC anomalies at different time more cleatly, we show
in figure 4 how the calculated distribution of the ATEC
values vary with time over the epicenter of the earth-
quake from April 22 to May 22, or 20 days before to 10
days after the earthquake. In this figure, the horizontal
axis shows time before and after the earthquake in unit
of day and the vertical axis shows the time of each day
in unit of hour.

From figure 4, we may see several features of the a-
nomaly distribution over the epicenter; (1) The TEC
disturbance may be either positive or negative. There
were significant anomalous decreases { beyond the lim-
its of about 3 TECu) on 13 days and 6 days before the
earthquake and a larger anomalous increase of 5 TECu
on the 3rd day before the earthquake. (2) The time
intervals when these disturbances occurred were mainly
between afternoon and evening, or 12,00 - 1800
(LT). By studying the global ionospheric TEC grid
data released by the IGS data center in the same way,
we found that similar disturbances occurred on 13 days

and 6 days before the earthquake also. This result indi-

cates that these disturbances were associated with the
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Figure 4 Temporal distribution of ATEC
values over the epicenter

geomagnetic activity rather than the earthquake. How-
ever, the geomagnetic activity was quiet after May 6.
Thus we consider the abnormal increase on the 3rd
days before the earthquake to be earthquake-related.
To check whether the assumed initial condition may
have affected the result of calculation, we changed the
initial condition by reducing and increasing the TEC
values to 50% and 150% , respectively, in similar cal-
culations. The results are shown in figure 5. It may be
seen that the TEC-variation patterns remain basically
the same. Thus the influence of the prior abnormal ob-

servation to the detecting result gradually weakened ,
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the results are not significantly affected.

5 Discussion and conclusion

The methods used currently in detecting TEC anoma-
lies, including the moving-average, the median, and
the interquartile-range'™!, require highly reliable
background-variation information. In this study, we at-
tempted to use Kalman filter to establish a model of de-
tecting the TEC anomalies. By using GPS data from the
reference stations of Crustal Movement Observation
Network of China, we have processed and analyzed the
ionospheric TEC data before and after the Wenchuan
Ms8. 0 earthquake. The result showed the occurrence
of some pre-earthquake TEC anomalies, which are sim-
ilar to those of previous findings!" ~"*!. Thus the result
shows the usefulness of this method. However, this
method also has some shortcomings: the calculated re-
sults are affected by abnormal background variation,
especially when estimating the filter value; if the se-
lected model noise and measurement noise covariance
matrix are different, then the filter value and the detec-

tion result will be different also.
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Ttime (day)
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Figure 5 Temporal distribution of ATEC values over the epicenter by using different initial conditions
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