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[1] The present study proposes a new method to identify ground Pi2 onsets. The Pi2
wave is usually examined by applying a linear band-pass filter or something equivalent,
such as wavelet convolution, to ground magnetometer data, and its onset is determined
based on the amplitude of the extracted wave component. The proposed method is
distinguished from such conventional methods in terms of the following points. First the
proposed method does not filter or smooth data, rather it analyzes the original data.
Second the proposed method determines the Pi2 onset so that the intervals before and after
the onset can be optimally described by different time series models. The optimal partition
is determined by minimizing the Akaike information criterion (AIC). The time series
models adopted are general enough to apply to any nonstationary time series irrespective
of its waveform, frequency, amplitude, and signal-to-noise ratio. As a result, the proposed
procedure is free from the choice of a threshold and is therefore objective. The procedure
is applied to simulation data, and it is confirmed that the procedure can determine the
onset with the precision of the data’s time resolution. An application to magnetic field data
from 210° magnetic meridian (MM) stations suggests that our procedure can be used for
examining the latitudinal and longitudinal dependence of the onset time. The proposed
procedure is expected to be useful for examining issues that have been difficult to address

with conventional methods because of the precision required for determining Pi2

onset.
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1. Introduction

[2] Pi2 pulsation is a damped oscillation with a period of
40-1505(6.7-25 mHz) (see a recent review article by Olson
[1999]). The excitation of the Pi2 wave is closely related to
the substorm trigger [Saito et al., 1976] and therefore Pi2
onset is often used for identifying substorm onsets. Pi2
pulsation is observed in a wide latitudinal range, from the
magnetic equator to the polar cap, although the characteristics
of the Pi2 pulsation may differ depending on the latitude
[CPMN Group, 2001]. Pi2 pulsation can also be observed in a
much wider longitudinal range than the initial auroral bright-
ening or the negative bay onset. Thus, in contrast to other
onset identifiers, the limited distribution of ground stations is
less serious for the detection of Pi2 pulsations.

[3] Substorm onset timing is a key issue for understand-
ing the substorm trigger mechanism, and several studies
have been devoted to this issue recently [e.g., Ohtani et al.,
1999: Liou et al., 2000]. The onset of Pi2 pulsation provides
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a proxy of substorm onset. which was originally defined
based on the auroral image, and sometimes the Pi2 onset is
(implicitly) assumed to coincide with auroral breakup. Such
an assumption needs to be observationally tested. especially
because determination of the onset is crucial for investigat-
ing tail substorm dynamics. The fast plasma flow in the
plasma sheet, which is often regarded as an effect of near-
Earth neutral reconnection, is occasionally observed in the
midtail region prior to Pi2 onsets [e.g.. Shiokawa er al..
1998; Nagai et al.. 1998], whereas in some events, magnetic
fluctuations associated with tail current disruption are
observed in the near-Earth region prior to Pi2 onsets [e.g.,
Ohtani et al., 1998). The delay that these studies concern is 5
min at maximum and is generally shorter. [e.g., Sergeev et al.,
1995: Shiokawa et al.. 1998: Nagai et al.. 1998: Ohtani et
al., 1999]. The situation is even more complex because the
timing of the Pi2 onset relative to the corresponding auroral
breakup is controversial [Liou er al.. 2000]. However, the
Pi2 onset is often identified by visual inspection, and there-
fore its determination tends to be subjective or ad hoc.
Furthermore, the delay concerned is close to the period of
the Pi2 pulsation. Thus the Pi2 onset needs to be determined
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with precision much shorter than the wave period. Another
relevant issue is the time difference of Pi2 onsets at different
stations, that is, the (apparent) propagation of Pi2 waves in
latitude and longitude on the ground. Precision required for
examining such propagation is also much shorter than the
typical period of the Pi2 pulsation.

[4] Development of a procedure to determine Pi2 onset
automatically and accurately would be desirable. Automatic
determination of Pi2 onset has been carmried out by employ-
ing various data adaptive filters such as wavelet analysis
[Nose ' er al.. 1998: Tsunezawa et al., 1999] and an artificial
neural network (ANN) [Surcliffe. 1997]. Although these
methods are useful for selecting Pi2 onsets. the precision
of the determined onset time does not meet our requirement,
for example.

[s] When the background magnetic field and/or the
amplitude of noisy component change around the initial
period of Pi2 pulsations. any linear band-pass filter gener-
atcs a pseudo precursor prior to a irue onset time. The
previous methods use the wave amplitude or something
equivalent for selecting onsets, which is defined by apply-
ing a wavelet convolution procedure or an appropriate
smoothing method [Takahashi et al., 1995; Nose’ et al..
1998: Tsunezawa et al., 1999: Liou et al., 2000; Uozumi et
al., 2000; Kepko and McPherron. 2001). Therefore those
methods inevitably disregard information about wave com-
ponents with frequencies higher than the Pi2 frequency. In
addition. the threshold for selecting the Pi2 pulsation tends
to be arbitrary, which affects the estimated onset time. The
approach using an ANN mitigates this problem of a rea-
sonable choice of thresholds but still suffers from insuffi-
cient resolution in estimating the onset time because the
lower-frequency components of the amplitude spectrum are
used as input data in the ANN [Suscliffe, 1997].

[6] The present paper reports an objective procedure we
developed to determine the onset time of the Pi2 pulsation.
We applied this procedure to magnetic field data from the
210° magnetic meridian (MM) observation [Yumoto et al..
1996]. Section 2 explains the switching model approach.
Section 3 describes a procedure to determine a Pi2 onset
time. In section 4 we demonstrate the procedure by applying
it to a simulation data set. In section 5 we apply the procedure
to ground data acquired from the 210° MM observation
network. In section 6 we discuss the analysis result in terms
of a precision. Section 7 gives a brief summary.

2. Model Switching Approach
2.1. Time Series Models

[7] Three time series models are adopted in this study to
describe sequential data H,, in the time domain: Model m.
where m = 1, 2, 3. Model | assumes that the time series
contains no periodic variation associated with the Pi2
pulsation. This model consists of a smooth varation of
the background magnetic field and high-frequency/irregular
fluctuations, which correspond to noises or unknown phys-
ical processes. A decomposition approach similar to Model
1 for extraction of the Pi2 pulsation was proposed by
Itonaga and Kitamura [1994]). Model 2 is for describing
monochromatic pseudocyclical variations such as Pi2 pul-
sations superposed on a smooth change of the background
magnetic field. Model 3 describes more complicated sig-

HIGUCHI ET AL.: P12 ONSET TIME DETERMINATION

natures whose power spectrum contains a line and is
continuous elsewhere.

[¢] These three time series models can be expressed as
follows:

Model 1. H, = 1}:’) 4 “-’(,‘)
Model2: H, = ’/(;2) - q’('z) + “.5'2)
Model 3: H, = (@ +¢®+r, +w®

where w{™ (m = 1, 2, 3) is the observation noise, which

follows a Gaussian distribution with zero mean and unknown
variance of o> wi"™ ~ N0, o>, "™ is a stochastic
trend component and follows a system model [Kitagawa,
1981: Higuchi, 1991: Kitagawa and Gersch. 1996]

,'(’m) = 21’(111)‘ _ !,('"-122 + ‘,’l',[m)‘ v’l’.(m) ~ N(O,T,l(l")), (])

where v/ is the system noise which follows a Gaussian
distribution with zero mean and unknown variance of T2,
A ratio of 7 to 6> controls the smoothness of the trend
component: see Kitagawa and Gersch [1996. Section 8] for
the performance of this trend model.

[9] The g¥™ (i = 2,3) describes a quasi-periodic oscil-
lation (QPO), which is represented by the following second-
order stochastic difference equation:

gl = 2c05 (27 A0 ) gl — g7 + v,

2
vt~ N (o, 7;’,"'"’) : ®

where f1™ corresponds to the frequency of the Pi2
pulsation. which in our procedure is treated as an unknown
parameter that does not have to be given beforehand. Here
At is a sampling interval. For an extreme case of 7, = 0.
g% is reduced to either a purely sinusoidal signal or zero.
The system noise in (2) makes the cycle stochastic rather
than deterministic. and accordingly. the QPO model
describes a periodic component of distinct frequency £
with stochastically time-varying amplitude and phase
[Higuchi et al., 1988]. Thus the QPO model is suitable
for mathematically representing Pi2 pulsations.

[10] We add a locally stationary component r, to Model 3,
which is represented by an auto-regressive (AR) model as

LJR
Z ary + V. Vo~ N(Ow ‘r:) . (3)
=1

'n =

In this study we set L,z = 4. The performance of an AR
model for various applications is given by Akaike and
Kitagawa [1998].

2.2, State Space Representation

[:1] The time series models mentioned above can be

expressed by the state space model (SSM) [4dnderson and

Moore, 1979: Kitagawa, 1981; Higuchi. 1991]
Hn = D(m)\'l(;") + wf'm)

{X,(,m) —_ F(I”)X/(;'_r)l + G(m)‘,flmj B (4)
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Figure 1. Schematic illustration of a whole procedure for an onset time determination.

One merit of using this SSM is that we can employ
computationally efficient recursive calculation algorithms.
called the Kalman filter and smoother, for estimating state
variables such as ¢, ¢, and r,.

[12] As an example, we show only the SSM for Model 3,
which is the most complicated of the three models. The
SSM for Model 3 consists of the following vectors and
matrices:

3 3 !
) = [f,(,”. 2.9 @ o ry Fana, r,._s]

DM =1(1,0,1,0,1,0,0 0],

2 -~
1
Cc -1
FO = ‘
a, a» day das
1
]
1
|
0
(l) vi(3)
G® = 7 ,V,(,3)= vg3)
0 v
0
0

where C = 2cos (2n/’Ar). The prime denotes transposi-
tion, and the empty entries of F*) and G** are all zero. Here
vl ~ NSO.RO)) with a diagonal variance matrix of R® =

D (23 2 2 2
diag(t;?, 773 12). Here 1™, 12, and 12 are unknown

parameters to be optimized. Thus Model 3 includes nine
unknown parameters:

‘
6(3) = [62‘(3), le,(S)‘/;(J)‘ Ts'(a), TE, ay.ax,asz, a.,] . (5)

The SSMs for Model 1 and Model 2 are easily defined by
reducing the dimensions of the vectors and matrices.

2.3. Parameter Estimation and AIC

[13] When we apply Model-m to a data set Hy ., = [Ha,,
Hasls oo oy Hoyot Hy,), the Kalman filter and smoother algo-
rithms for the given parameter 8 provide an estimate of the
state vector. ¢ [Kitagawa. 1981: Higuchi, 1991). The
procedure for obtaining ¢ is described in appendix 1.
The unknown parameter vector 8 can be determined by
maximizing the log-likelihood for H,,..,

l(H..,,.,IB“"’) = Z log p(!-l,,[H,,,,,-..B(’")), (6)

n=n

where p(Hu|Ha, . n-1,8™), is the likelihood of H, given H,,,.n_1
and is obtained as a by-product in the filtering step of the
Kalman filter (see appendix ). The optimal 8 is denoted as
0 The final estimate of the state vector. x{™*. is obtained
by applying the Kalman filter and smoother algorithms to the
SSM with 8¢,

[14] The fitness of Model m can be evaluated by the Akaike
information criterion (AIC) [dkaike. 1974; Sakamoto et al.,
1986]. The value of AIC for Model m, which is applied to data
Huyer, (AIC ) is defined as follows [Kitagawa, 1981]:

ey

AICK, = =20(Hy 00
- (™M
+2 [dim (9""’) + dim(x,(,':’ll)] .
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Figure 2. Simulation data. The three thin horizontal bars
at the top indicate the data windows adopted for an onset
time determination of each wave packet. The thick part of
each bar represents the interval for which an optimal § is
searched within each data window. The three vertical lines
m:&nma:._nm?muﬂamo:mm:::om”mﬁnuoowm.mm._an

1501 s. and £f3)° = 1921 s.

A model with smaller AIC"

W, 1s regarded as a better
model.

3. Determination of Onset Time
3.1. Division of Data Set

[15s] Suppose that a wave packet of a Pi2 pulsation starts
at time £ within an interval of total data points N, which we
call the data window henceforth. Hence the entire data set
H,.n is divided into two subintervals:

Hig-o He.x
e e e e

Hy.x=[H, ..H |He. ... Hy ] . (8)

Obviously, Model 2 and Model 3 are candidates for
describing H¢.y. The better model is determined by com-
paring AICE) and AICS). and is denoted by mg.y. For
simplicity, AIC(R™ is designated by AIC¢n hence-forth.

[16] No Pi2 pulsation is usually expected for an interval
before €. and therefore Model | is first considered as an
appropriate time series model for H,¢_,. However. if the
interval includes a Pi2 pulsation with different wave char-
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acteristics from those of the Pi2 pulsation during He.,
Model 2 could be applied to H,¢_,. For example, it is
possible for the two different Pi2 pulsations to be observed
successively in a data window. A choice of the time serics
model can be made by comparing two values of AIC:
an_ml and >~O_mum|_. A chosen model is specified by
Mye_1.

de The best partition of the data window, namely an
optimal €. can be obtained by evaluating for .5, which is
denoted by AIC(m{_;. m&y) in this study and is given by
[Takanami. 1998]

>_0A5ﬂm|7 EM;\v = >—Oﬂm|_ + »LOM...Z . AOV

Here AIC(m¥c_,. m&y) is a function of & AIC(m%_,.
m¥e.x) = AIC(£). An optimal £, denoted by £*, is determined
by searching § which minimizes AIC(m{_,. m&y) between
an interval centered at N/2 (N/2 — L < § < N2+ L)

3.2. Onset Time Definition

[18] The procedure described in section 3.1 assumes
that there is a Pi2 onset in the given data window H..
which can be determined by optimally fitting different
models to intervals before and afier the onset. However.
we need to consider two cases in which the data division
is unnecessary. One is that the interval does not include
any signature associated with a Pi2 pulsation. In such a
case, Model 1 must be applied to H,.,. The fitness is
evaluated by AIC{Y . The other case is that a Pi2
pulsation is dominant throughout the the interval without
changing its characteristics. In this case. Model 2 or
Model 3 can be regarded as an appropriate time series
model for H,.n. and the model’s fitness can be evaluated
based on AICS3) and ancm. The model with the
minimum value among Zn_w\. AIC{% . and AICSY is
chosen as the best single-model fit to H,n and is
denoted by m*y . The AIC value with m¥y is repre-
sented by AIC(m*y).

[19] The final step of the onset time determination is to
compare two AIC values: AIC(mt,y) and AIC(m¥.._,,
mé.n). If AIC(mYg-_,. m¥..y) is smaller than AIC(miy).
£* is identified as an onset time. Otherwise no onset time is
identified: § = N/A for AIC(m*y) < AIC(m¥.c._;. m¥..n).
The whole procedure is schematically illustrated in Figure 1.
It should be remarked that our procedure has a resolution
identical to the sampling time from the viewpoint of the
algorithm.

3.3. Additional Criteria

[20] In practice we impose several additional criteria for
model evaluation beyond the minimization of AIC. When
wave activity for the first wave cycle after the onset time is
insignificantly small, for example. less than the standard
deviation of the estimated observation noise sequences. )
(see Appendix), such decomposition is meaningless. If the
mean amplitude of the QPO component for the first quarter
wave cycle is smaller than 35, the procedure discrim-
inates such a case by giving an extremely larger value to
AICSH (m =2 or 3). Here it should be noted that 5™ is not
given empirically but is determined by the procedure in the
course of maximizing the log-likelihood. That is. it is data-
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Figure 3. Result for the first packet. (a) Simulation data and estimated trend. The thin vertical line

true

indicate the given true onset time £1}". The two thick vertical lines represent an interval for which the
optimal onset time £, is searched. (b) Enlarged version of Figure 3a. (¢) AIC values as a function of €.
AIC(m§e _ |, mE.y). (Note the circles indicate the optimal €, £f).)

adaptive, and therefore it docs not depend on the signal-to-
noise ratio. It is again important to understand that 5™ need
not be specified beforehand. This is an important difference
from previous approaches such as [Kepko and McPherron,
2001], who adopted as ¢ the standard deviation of data

during 30 min prior to Pi2 onsets. Another added criterion is
that if 6" is smaller than a data resolution such as 0.01 nT,
such decomposition is owing to the overfitting of a time
series model to the data. We also assign an outlier to AIC
for this case.
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Figure 4. Result for the second packet.

[21] Since our model does not impose any constraint on
the phase information. a QPO component extracted by our
procedure starts with cither an increase or a decrease.
However, we found in our application (section 5) that an
identified onset occasionally jumps by the half wave period
from onsets identified for nearby stations, making it difficult
to systematically understand the spatial (latitudinal) varia-
tion of onset times. Thus we decided to impose an addi-

tional restriction that the # component of the Pi2 pulsation
starts with a positive change. which is realized by assigning
an outlier to AIC if the first quarter wave cycle after a
determined Pi2 onset is negative. This restriction should be
reasonable since the Pi2 wave is believed to be generated by
plasma compression in association with the substorm trig-
ger. Note that we usually use Pi2 onsets detected in the
midnight sector for identifying substorm onsets. However,
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Figure 5. Result for the third packet.

some caution needs to be exercised when applying our
procedure to Pi2 onsets detected at the flanks.

4. Simulation Data Analysis

{22] We tested our procedure with simulation data, which
we created based on a midlatitude Pi2 event that Liou et al.
(2000. 2001] and Kepko and McPherron [2001] debated in
terms of the onset timing. The resolution of the data is 1 s,

and the entire data set consists of 3600 points. The simu-
lation data set, which is plotted in Figure 2, includes three
packets of Pi2 pulsations. Their onset times are §i}’ = 901 s,
BF = 1501 s, and €5} = 1921 s. where [1], [2], and (3]
indicate the first, second, and third wave packet in the
simulation data. The wave periods are 75, 60. and 90 s,
respectively. The maximum wave amplitudes are 0.5. 1. and
2 nT. Whereas the first wave packet is designed to start with
a decrease. the second and third wave packets begin with an
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Figure 6. The raw H component data obscrved at KAK on
March 1. 1997. The three vertical lines indicate the
estimated onset times for each packet: £%). §#;. and £f%;.
The three horizontal bars represent the data window for
cach packet. The thick parts of each bar represent the
interval for which an optimal § is searched.

increase. The noise sequence is generated by drawing from
a Gaussian distribution with zero mean and a standard
deviation of 0.05; its ratio to the minimum amplitude among
the three packets is 10%. The objective of this simulation
study is to check the ability of our procedure to capture a
wave signature irrespective of the sign of the initial varia-
tion. that is, whether it starts with an increase or a decrease.
We did not require that the wave component starts with an
increase. although when applying the procedure to actual
data in section 5, we did require the increase.

[23] Although we frequently obscrve multiple-onset Pi2
pulsations, our procedure is designed to determine one onset
within a data window. Thus a smaller data window size ¥ is
preferable in terms of the algorithm of the procedure.
However. a smaller data window is unfavorable in terms
of the model selection because the AIC value is less stable
for a smaller number of data points, which makes the model
selection less reliable. Since there is no theoretical frame-
work for this trade-off problem. we adopted an empirical
approach based on several simulation studies. We set Ny, =
600 in this study. An interval over which a search for an
optimal § is performed is defined by /2 — L <€ < N2+ 1L
in section 3.1. In this study we set L = 30. Then AIC(m¥¢ _ ;.
me.y) is calculated as a function of § between 270 and 330 s
for each data window.
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[24] Figure 3 shows the result of applying our procedure
to the first Pi2 packet. Figure 3a plots only data points
within this data window. on which a trend curve estimated
by the procedure is superposed. The thin vertical line marks
the given true onset time. The two thick vertical lines
indicate an interval for searching £*. The circle marks an
estimated onset time. £ = 906 s. Figure 3b shows a close-
up of Figure 3a. Figure 3¢ plots AIC(m{_;. m¥.n) for the
same time interval as Figure 3b. As mentioned above,
AIC(m¥e_,. m¥,y) is calculated for the interval bounded
by two thick vertical lines. The £* is defined by § with the
minimum AIC. The constant and large vaiue of AIC before
1 =904 s is actually truncated from the value we set as an
outlier for not satisfying the additional criteria mentioned in
section 3. The selected models are m¥-_; =1 and m¥. y=2
before and after the onset, respectively. confirming the
absence of the Pi2 pulsation before n = £*. The estimation
error, namely. a discrepancy of £* from the true value given
by £ — &1} is only 5 s. A visual inspection to Figure 3b
suggests that our procedure is capable of identifying an
onset time with high precision.

[25] Figures 4 and 5 show the results for the second and
third packets. respectively. in the same format as Figure 3.
For the second packet, £% is identical to the true onset
time, For the third packet, the determination of the onset
time is more difficult. As shown in Figure 5b. the residual
effect of the second packet is included in the window.
although its amplitude continues to decrease and reaches
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Figure 7. Result for the first wave packet at KAK.
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Figure 8. Result for the second wave packet at KAK.

the observation noise level around the onset time of the
third packet. The estimated onset time is £4 = 1903 s. The
difference from the true value, £%; — €5 = 18 s, is larger
than the differences for the first and second packets.
However, the ratio of the estimation error to the wave
period of the third packet is only 20%. We therefore infer
that the procedure can determine the onset time with
precision better than visual inspection even for such a
complicated situation. It should be noted that AIC(m¥e_y,
m¥.y) takes the second minimum value at 1919 s, which is
only 2 s off the true onset time. Thus, by taking into
account of § with local minima, we can enumerate
candidates for possible onset times with a probabilistic re-
liability. The selected models are mf¢+_| =2 and mfsy =2
before and after the onset, respectively, indicating that
the procedure successfully identified two distinct Pi2
waves.

5. Application

[26] Figure 6 shows the H magnetic field component
measured at Kakioka (KAK) in Japan on March 1. 1997.
The time resolution of data is 1 s. The horizontal axis
represents seconds from 1300:00 UT. This event includes
multiple onsets and was closely examined by Liou et al.
[2000, 2001] and Kepko and McPherron [2001] in terms of
the onset determination. A visual inspection of Figure 6
suggests that there are three Pi2 pulsation packets starting
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around 1326 UT (1560 s), 1330 UT (1850 s), and 1332 UT
(1920 s). The Pi2 pulsations of the second- and third-wave
packets were examined in detail previously in terms of a
sophisticated approach to the onset time determination
rather than a visual inspection [Kepko and McPherron,
2001]. Three horizontal bars shown in the top indicate
the data windows adopted to determine an onset time for
each wave packet. We set N, = 300 for this case study
because of the wave’'s shorter periods than those in the
simulation study (N, = 600). The thick part for each bar
represents the interval for which an optimal £ is searched
within each data window. Three vertical lines indicate the
estimated onset times for each wave packet: £f; = 1325:51
(1551 s). &fy = 1330:35 (1835 s), and £f; = 1333:05
(1985 s).

[27] Figure 7 shows the result for the first wave packet
at KAK. Figure 7a plots raw data and the estimated trend
component for the interval around the optimal ;. Two
thick vertical lines indicate the searched interval. The thin
line marks £#. Figure 7b demonstrates the QPO component
corresponding to the Pi2 pulsation. The vertical line marks
Efi)- The selected models are m¥¢-_; = 1 and mf..y = 2
before and after the onset, respectively. Figure 8 shows the
result for the second wave packet in the same format as
Figure 7. This onset was selected as the first onset by
Kepko and McPherron [2001]. The selected models are
mie«_y = 1 and m¥.,y = 2. Figure 9 shows the result for
the third wave packet, which Liou et al. [2000] selected as

(a)

© 4

Trend comp.

1900 1950 2000 2050

seconds

(b)

1.5

1.0

QPO comp.
-0.5 0.0 05

-1.5

1950 2000

seconds

1900 2050

Figure 9. Result for the third wave packet at KAK.
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Table 1. Coordinates of Stations
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Station Name Abbrev. GG lat GG lon. GM [t GM ion. L &4y (Ish 30} £5

Magadan MGD 59.97 150.86 53.49 218.75 2.87 1551 1838 1984
Popov Island - PPl 42.98 131.73 36.27 203.74 1.56 1545 1826 1986
Kakioka KAK 36.23 140.18 26.94 208.29 1.26 1551 1835 1985
Kagoshima KAG 31.48 130.72 2437 202.36 1.22 1556 1829 1985
Muntinlupa MUT 14.37 121.02 6.2¢ 192.22 1.03 1564 1841 1989
Guam GAM 13.58 144.87 5.61 215.55 1.03 1554 1840 1986
Biak BIK -1.08 136.05 -9.73 207.39 1.05 1546 1823 1985

the Pi2 onset of this event. The selected models for each
interval are m¥.c-_; = 1 and mfe,y = 2.

[28] We applied the procedure to data from other stations
of the 210°. MM Observation Network. The coordinates of
those stations are listed in Table 1 [Yumotro et al., 1996]. We
used the same data windows and search intervals. Figure 10a
shows the first wave packet. Here the data are detrended
and are normalized by their range over the interval of the
plot. The vertical bar marks the estimated onset time, and
its length corresponds to 0.3 nT for each station. Figures
10b and 10c show the results for the second and the third
wave packets, respectively, in the same format used in
Figure 10a.

6. Discussion

[25] The onset times determined by our procedure for the
second and third wave packets at KAK are £f) = 1330:35
(1835 s) and £p%) = 1333:05 (1985 s), respectively. which are
15 s later than the onset times that Kepko and McPherron
[2001] determined by the 1/3 maximum amplitude method.
Whereas Kepko and McPherron [2001] determined the
onset of each packet by combining data from seven stations
of the same network. our procedure determines an onset for
each station. We did not show the result for the BSV data
because of a possible timing problem of the data for this
event.

[30] Kepko and McPherron [2001] defined the Pi2 onset
as a time when the wave amplitude of a filtered component
reaches a certain fraction of the maximum phase amplitude
of the wave packet (1/3 in the first approach of Kepko and
McPherron [2001]). Tsunezawa et al. [1999] used a *fil-
tered” signal (running average of 20 s) and evaluated the
peaks of the oscillation. The method adopted by Takahashi
et al. [1995] also focuses on the envelope function of the
wave amplitude. Any method based on a wavelet analysis
examines the wavelet coefficients for some ranges in
frequency domain [Nose’ et al.. 1998). and thus it can also
be regarded as based on the same concept.

[31] We emphasize that analyzing lower-frequency com-
ponents is essentially the same as analyzing smoothed
(filtered) data. If the background magnetic field and/or the
amplitude of noisy components change around the initial
period of Pi2 pulsations, any linear band-pass filter generates
a pseudo precursor prior to a true onset time. making an
estimated onset earlier than the real one. Therefore we must
avoid an artifact of applying the band-pass filter. In addition,
the threshold for selecting the Pi2 pulsation such as 1/3 and a
factor of 10 is arbitrary, which also reduces the precision of
the estimaled onset time. In contrast. our procedure does not
filter or smooth data, rather it analyzes the original data. It
determines the Pi2 onset so that intervals before and after the

onset can be optimally described by different models. The
onset determined therefore has the same precision as the
sampling time of the data.

[32]1 Uozumi et al. [2000] examined the latitudinal
dependence of the time when the energy fluctuation reaches
its maximum. Whereas their studies examined the (appa-
rent) spatial propagation of Pi2 waves based on the timing
of the peak amplitude or the phase of oscillation. our
procedure allows us to discuss the very initial signature of
Pi2 waves. Thus the result should be more informative on
the excitation mechanism of Pi2 waves. For the first wave
packet we can see the tendency for the onset time to become
later as approaching the magnetic equator, especially if we
disregard MGD, the result for which is likely to be affected
by the less qualified data. in contrast, the tendency is not
very clear for the second package. Obviously. a more
extensive study is necessary for addressing the latitudinal
dependence of the onset time. which. however. is beyond
the scope of the present paper.

[33] As demonstrated in Figure 5. our procedure enables
us to identify an optimal €. £*. by which two different wave
packets are separated in time domain. For the third wave
packet in the actual application. £* appears to be determined
around a point where we may observe a phase skip: as
typically demonstrated in Figure 9. the third wave packet
starts with a positive phase during an interval for which the
second wave packet obviously takes a positive phase. Figure
10c clearly shows that this tendency is common to all
stations. It has been reported that the Pi2 pulsations observed
at high-latitude and midlatitude ground stations on the
nightside ofien exhibit phase skips [Meir-Jedrzejowicz and
Hughes. 1980: Kepko and Kivelson. 1999]. A dependency of
£* on the locations of the stations. i.e.. latitudinal depend-
ency, seems to be insignificant in comparison with those for
the first and second wave packets: the ranges of £* for the
first, second. and third wave packets are 19. 18, and 5 s,
respectively. No clear geophysical interpretation can be
given to this insignificant difference for the third wave
packet: we need more case studies that involve two different
wave packets observed successively.

[34] In the actual data analysis (section 5). we imposed
conditions relating to the sign of phase in the first half wave
cycle because it is believed that a Pi2 pulsation at low-
latitudes and midlatitudes starts with a positive phase as a
result of phenomena associated with a compressional wave
process. Actually. the Cauchy wavelet which starts with a
positive deviation is adopted as the mother wavelet in an
analysis of the Pi2 pulsation because its shape is similar to
that of Pi2 pulsation [Tsunezawa et al.. 1999]. Other mother
wavelets used in the wavelet analysis for the Pi2 pulsation.
the Mayer wavelet and the Gabor wavelet, are apart from this
characteristics [Nose’ et al.. 1998: Tsunezawa et al.. 1999].
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Figure 10. (a) Normalized data for the first wave packet. The location and length of the vertical bars
indicate the estimated onset time and unit of 0.5 nT for each station. (b) Normalized data for the second
wave packet. (¢) Normalized data for the third wave packet.

and then unfavorable in terms of the sensitivity to detect an
initial deviation of the Pi2 pulsation. This condition on the
sign of phase allows us to exclude £ from a candidate for an
optimal §. when AIC(£) attains the minimum value at £, but

the decomposed QPO component starts’ with a negative
phase. Then the small fluctuation of the trend component
around a true onset time is no longer diagnosed as the QPO
component insofar as the small fluctuation starts with
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negative phase. In other words. imposing this condition
makes an estimate of the onset time robust against the small
fluctuation of the trend component. Consequently. if coher-
ent wave patterns are observed at several stations, imposing
this condition helps our procedure identify these wave
patterns as the QPO component and then makes physically
reasonable a wave propagation speed estimation based on an
analysis of the onset times at multiple stations. Meanwhile, it
is shown in the simulation data analysis (section 4) that our
procedure without this condition is capable of detecting an
onset time of the Pi2 pulsation irrespective of the sign of
initial phase. Then if a concept related to initial phase is
subject to questionable. our procedure provides us with 2
diagnosis to examine this concept.

7. Summary

[35}] The advantages of applying our procedure are sum-
marized as two points. First our model for onset time
determination is conceptually based on the approach of
switching the time series model at an onset time. and then
it is free from an artificial signature, which is inherent to any
linear band-pass filter. Second the onset time, which is
defined as an optimal partition of the time series. can be
objectively determined by minimizing the Akaike informa-
tion criterion. Our method is free from the ambiguity of
onset time determination. Accordingly, our procedure ena-
bles us to determine an onset time of Pi2 pulsations with a
precision of the sampling time of data. Excellent perform-
ance in estimating the onset time precisely was illustrated
by applying our procedure to simulation and actual data sets
in each of which a typical Pi2 pulsation is observed.

Appendix: Kalman Filter and Smoother

[36] Here we bricfly explain the Kalman filter along with
the model for He.y. More detailed explanation is given by
Kitagawa [1981], Higuchi [1991]. and Kitagawa and
Gersch [1996].

[371 The first step of the recursive calculation of the state
vector is to give a proper initial distribution. p(x{”||¢).
which is assumed to be-a Gaussian distribution with an
initial mean vector x‘&’"_)”g_, and variance matrix V ‘é’l’.,&_l.
Here ¢ is a parameter vector for specifying X(gm_)ua_] and
V1. Usually x¢e_, and V¢, are given by a
zero vector and a diagonal matrix diag (c. .. .. ¢). where c is
a large value (for example ¢ = 10°). Of course. proper
treatment to include prior information on a distribution of

x¢™) is recommended in practice. For example, we can

employ state variable values of x{"c_,. where X¢ e

is a final estimate of xéﬁ'? given Hy g, and m’ denotes the
time series model adopted for Hy.¢_,.

[38] The procedure repeats the following prediction and
filter alternately from # = £ through n = N and saves a set of

Z0 = (G Vi S VD I =€ L N

Prediction
‘(M)

“jp—~1

— F(m) ‘(“‘)

“n—tn-1

V('“) = F{m)V(l") F(:u)’ + G(m)R(m) G(m)'

njn—-1 n=1{n=1

(A1)
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Filtering
( * } & (n
N = X+ eRL
(m) _ 1(m) (m)
Vn[u - VHI::—I - K'(IM)D(M) Vuln—l : (Az)
where
ul('m) D(nr)v’(";"l)_l D(m)' +1
m l () {m)’
Kr(r ) anln—lD "
n
e'('m) = H, - D(IM)\.("") -

nin—~

[39] The likelihood of H,, p(H,|He.n—1, 6"y, is defined
as a by-product in this filtering step.

2
1 g(""
exp| — (~" )(,,,) . (A3)
\/2—“02.(1")112") 20»_.(m)“"

[40] The €(He.M0""Y30™™ yields an estimate of the
variance of the observation noise

p(HalHea-1,0) =

2m) | N (eslm))_

= (A4)
N-g+ iz

Then the maximization of £(Hg.M0'"") with respect to 6
can be simplified to a nonlinear maximization problem
under the assumption that g™ = ")

[s1] The smoothing algorithm estimates the state vector
at any time of n, x,, based on all data points, i.e.. Hen It
should be remembered that the estimate of the state vector
x," with the Kalman filter algorithm is based on the
observations from § up to n. i.e.. Hg,. The efficient
calculation of estimating x,.»" is achieved by using a set
Z™ which has already been determined by applying the
Kalman filter. Repeat the following step backward in time.

i.e.. from n = N through n = €.

Smoothing
aN = Caln ut W T Cuslin

-, A

s+l J 00

x('") _ ‘(m) + _A'('m) X(“') ‘(’") )

V("')_ V("’) +A(m)(V("')

N Tl n+ N (AS)

where

m) _ plm) () pplm)”
A:(r' = Vn{n F( " Vn-l-llu -

Define an estimate of the state vector for given 8" i,

by il(':rr) = xilIN(m)~
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