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Abstract 

The time delay determination of the Pi2 pulsations could provide more understanding 

of the propagation characteristics of the Pi2. Few studies have concerned with the 

time delay of Pi2 pulsation. We present a new method to calculate the time delay of 

Pi2 pulsations using cross wavelet technique. We study 48 events occurred in March 

2008 and February-May 2009 at Carson City (CCNV), McGrath (MCGR), The Pas 

(TPAS) and Kuujjuarapik (KUUJ) stations which belong to the ground magnetometer 

network of the Time History of Events and Macroscale Interactions during Substorms 

(THEMIS). The cross wavelet spectrum showed a comparable time with that obtained 

using cross correlation method. We suggest that the cross wavelet technique can be 

effectively used to calculate the time delay of Pi2 pulsation and further used as a 

substitute for cross correlation method. 
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Introduction 

Geomagnetic Pi2 pulsations are irregular and damped ultra-low frequency wave naturally 

occurring in the Earth's magnetic field in the period range of 40s to 150s (Saito et al., 1969). They 

associate with the magnetic wave energy released during impulsive magnetic field dipolarization 

processes that characterized a substorm. As a result, substorm current wedge forms connecting 

magnetosphere and ionosphere (Clauer and McPherron, 1974; Lester et al., 1983). So, it can be a 

promising tool for determining the substorm onset. Pi2 pulsations can occur at all latitudes on the 

nightside with latitudinal and longitudinal variations in amplitude and phase (Yumoto, 1986). At 

high-latitude stations (L > ~5), Pi2 can be observed in the auroral zone, beneath the substorm 

enhanced ionospheric electrojet (Olson et al. 1975). Pi2 at midlatitudes (~2 ≤ L ≤ ~5) are appeared 

with a similar signature extending over at least 60° in longitude near the meridian of the substorm 

current wedge (Singer et al., 1983). At low latitudes (L < ~2), Pi2s can be observed at almost all local 

times and are appeared even on the dayside (Sutcliffe and Yumoto, 1989). The generation 

mechanism of Pi2 varies with their characteristics, relation with in situ observation, and the location 

of Pi2 observation.There are several scenarios on the generation mechanisms of Pi2 pulsations such 

as surface wave at the plasmapause (Sutcliffe, 1975) excited by the incoming compressional waves 

from the tailward source; the plasmaspheric cavity modes (Allan et al., 1986; Zhu and Kivelson, 

1989; Fujita and Glassmeier, 1995; Lee, 1996); plasmaspheric virtual resonance mode (Lee, 1998; 

Lee and Lysak, 1999; Takahashi, 2006; Ghamry et al., 2011; Ghamry et al., 2012; Ghamry et al., 
2015). The Pi2 onset has many cautions due to different factors: [1] Pi2 amplitude has a gradual 

increase until it reaches its maximum (Yanagihara and Shimizu, 1966). [2] It has a propagation time 

from low latitude to high latitude region approximately 100 s in the H component; also it has a 

longitudinal propagation, so there is a time of flight between ground stations (Fan et al., 2000; 

Uozumi et al., 2004, 2007 and 2009). Nosé et al. (2012) on basis of their own method (Nose et al., 

1998) have been proposed a new substorm index, the Wp index, which reflects Pi2 wave power at 

low-latitude using geomagnetic field data from 11 ground stations.  
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The time delay relation of Pi2 pulsation especially at high and low latitude region still an open 

question. There are a few studies that concerned with the time delay of Pi2 pulsation. Uozumi et al. 

(2000) showed the latitudinal propagation of Pi2 with respect to the relative timing of the maximum 

amplitude of Pi2 magnetic energy. Uozumi et al. (2004) used the same approach as Uozumi et al. 

(2000) to study the longitudinal and latitudinal Pi2 propagation in high-latitude region using the 

maximum time energy method of the wave packet . Uozumi et al. (2009) determined the 

propagation time of Pi2 pulsation between two ground stations. To do so, they combined the 

maximum time energy method and the cross correlation method. It has been difficult to determine the 

onset time of Pi2 pulsations with accuracy 15-30s or less due to the gradual increase of the magnetic 

perturbation around the onset. In the same time the higher latitudinal stations have ±1 minute 

identification of the substorm onset time of the magnetospheric substorm or substorm intensification 

(Rostoker et al., 1980). So it’s too hard and inaccurate to determine the time of flight of the Pi2 

pulsations in the time domain.  

During the last decade, wavelet analysis proved to be a useful tool in space physics (Waters, 2000; 

Chaston et al., 2005; Hafez et al., 2012, 2013a and 2013b; Ghamry et al., 2013; Hafez and Ghamry, 

2013). This work aims to use the cross wavelet technique as a new method to calculate the time delay 

of Pi2 pulsations between two stations separated by latitude. We make a comparison between the 

cross wavelet technique and the cross correlation method. We suggest that cross wavelet technique 

can be used as a substitute for cross correlation method. The outline of this paper is as follows. In 

section 2 we describe the data sets and event selection. In section 3 we present the applied 

methodology. In section 4 we show some advantages of cross wavelet technique through this study. 

In section 5 we present the results achieved by the analysis. In section 6 we give the conclusions. 

2. Data Sets and event selection: 

In this section, we describe the data used to calculate the propagation of Pi2 pulsations. Data obtained 

from Carson City (CCNV), Mcgrath (MCGR), The Pas (TPAS) and Kuujjuarapik (KUUJ) stations 

which belong to the ground magnetometer network of the Time History of Events and Macroscale 

Interactions during Substorms (THEMIS). The geomagnetic coordinates of these stations are listed in 

Table 1. The data from these stations have 0.5 second resolution. 

Here is Table 1. 

Pi2 pulsations were identified from the magnetic field horizontal component at all stations. We 

visually examined the Pi2 events occurred in the nighttime interval (1800 to 0600 local time) to 

exclude pulsations excited by solar wind disturbances. We identified 48 Pi2 events in March 2008 

and February to May 2009. The CCNV station is the lowest latitudinal station in THEMIS network. 

We will compare CCNV with one of the higher latitudinal stations (MCGR, TPAS or KUUJ). Based 
on our criteria (in section 3), related to the correlation coefficient (>= 0.75), none of TPAS events 

match this condition while KUUJ is used only for 7 events. Figure 1 shows typical examples of the 

Pi2, where CCNV station in the left panels and the higher latitudinal station in the right panels. 

Here is Figure 1. 

3.  Methodology 

In this section we present cross correlation method and cross wavelet method and demonstrate their 

criteria for calculation the time delay. 

3.1 Cross correlation (XC) 

 Through this method, the time delay was calculated using a built in MATLAB function 

xcorr. We use the following steps: first, the time series is filtered using high pass filter with cut off 

frequency 0.004 Hz. Second, 7-minutes length of the filtered data are selected starting from each Pi2 

onset. We picked out 7-minutes data, 2-minutes before the maximum amplitude and 5-minutes after 
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it, to cover at least two full cycles of Pi2 pulsation especially with large Pi2 period detected in our 

events. Finally, we calculated the time shift at the correlation coefficient >=0.75.  Figure 2a shows 

high pass filtered data observed on February 17, 2009 at CCNV and MCGR stations. The selected 7 

minutes for calculating the XC and the XC plot are shown in Figure 2b and Figure 2c, respectively. 

The maximum XC coefficient provided is 0.81. At this coefficient the time shift is equal +35s, the 

positive sign means the CCNV station leading the MCGR station by 35s.  

Here is Figure 2. 

3.2 Cross wavelet spectrum 

 

3.2.1 A brief introduction about wavelet transformation 

 

The wavelet transformation decomposes the time series signal (.)x  into its equivalent 

frequency-time pattern using a base wavelet function (.)ψ . The wavelet coefficients are calculated 

through a convolution of the signal with the basis functions in equation 2. 

*

0

1

( ) [( ) ]
N

dt dt
n n ns s
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W s x n nψ
=

= −∑
        (2) 

Where dt , s, n and 
*(.)ψ  are the sampling time interval, the scales,  the shifting parameter and the 

complex conjugate of the base wavelet filter, respectively. This process could be performed faster in 

the Fourier space. The wavelet is a powerful analytical method for decomposing the time series 

because it contains wide types of filters which have different scales (frequency width) and shapes. 

We used the Morlet base wavelet function because it has a uniform distribution and limited in 

frequency. The length of the time series and the filter, both control the maximum number of levels Jth 

to which we can decompose the signal; 

02
*2JNscale s= =

   (3) 

Where N is the length of the time series and 0s
 is the smallest scale which is twice the sampling time 

interval.  

 

Here is Figure 3. 

 

According to the same Pi2 event in Figure 2, Figures 3a and 3b show the raw data minus daily mean 

value (blue color) and filtered data (red color) at CCNV and MCGR, respectively. Figures 3c and 3d 

show the wavelet spectrum for CCNV and MCGR, respectively. It is clear that Pi2 at CCNV has a 

longer period than Pi2 at MCGR as indicated by the higher amplitude illustrated by the color coded 

index located in the right of each panel. The wavelet reveals an average period equals ~157s and 

~132s at CCNV and MCGR, respectively. 

 

 

 

 

3.2.2 Cross wavelet transformation (XWT) 

 

The cross wavelet transformation (XWT) of two time series 
 
     n nx and y  is defined as  

*( ) ( ) ( )XY X Y
W s W s W s=  where 

*YW  is the complex conjugate of the wavelet coefficients of the 

wavelet transform ny
. The absolute value of the complex XWT ( )XYW s , shows the time intervals 

and frequency ranges with high common power (Grinsted at al., 2004; Torrence and Compo, 1998).  

The new work in this research is to use the XWT to detect time delay between two Pi2 events 

separated in latitude. The time difference between any pair of stations is calculated through: 
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Where T is the period of the maximum integrated power and φ∆  is the circular phase shift in radian. 

The criteria in our study is as follows: we filter the raw data using high pass filter with cut off 

frequency 0.004 Hz. We calculate the integrated power at each frequency, then we determine the 

frequency at maximum integrated common power amplitude. We integrate the common power 

amplitude at each time step and select 7-minutes length within the maximum integrated power 

amplitude (2-minutes before maximum power amplitude and 5-minutes after it). Then, we determine 

the frequency at maximum power amplitude and we calculate the phase as a mean value of these 7- 

minutes. Finally we calculate the time delay according to equation 4. We also compare phase of the 

±3 frequencies to illustrate how much time delay of these ±3 frequencies close to the dominant 

frequency. We found that the time delay of these ±3 frequencies have only ±5 seconds error. To show 

the phase angle and the power amplitude in one plot, we normalized power amplitude and multiplied 

by 150. 

Figure 4a shows high pass filtered data at CCNV (blue color) and MCGR (red color) of the Pi2 event 

illustrated in Figure 2 and Figure 3. Figure 4b and 4c show the XWT and the phase angle with the 

normalized power amplitude, respectively. The relative phase relationship between the two stations is 

shown as arrows directions and phase values at locations that have correlation coefficients >=0.75. 

Left arrows direction means both stations are antiphase, while right arrows direction means both 

stations are in phase. The arrows in the downward direction means the lower latitudinal station 

(CCNV) leading higher latitudinal station (MCGR, KUUJ or TPAS) and vice versa. To avoid the 

confusion of the interpretation of the arrows direction, the X and Y notations refer to the lower and 

higher latitudinal stations, respectively. We can see, at the dominant period of the Pi 2 (157s), the 

direction of the arrows in the downward direction which means CCNV leading MCGR (X leading 

Y). The phase at this common integrated power is 71.2
o
 and its corresponding time delay between 

CCNV and MCGR is equal to +33.5s, which is close to that calculated by the XC (+35s). 

Here is Figure 4. 

 

4. Advantages of cross wavelet technique 

 

4.1 A Complex Pi 2 waveform with poor cross correlation coefficient 

 

The XC sometimes mislead us to estimate the time delay, especially if the Pi2 event has a 

complicated waveform. Figure 5 shows a Pi2 pulsation observed on 1st May 2009. (a) CCNV (blue) 

and TPAS (red) high pass filtered data, (b, c, d, e) cross wavelet transformation and power amplitude, 

07 minutes selected and cross correlation plot, respectively. The correlation coefficient is 0.72, which 

exclude the event from proceeding the time shift calculations (note that the time shift calculated at the 

correlation coefficient >=0.75). But the XWT showed that at a specific frequencies we have a high 

correlation coefficient >0.75. The time delay calculated by XC at 0.72 gives that X lead Y by 1.5s. 

While the XWT gives that X lead Y by 4.5s which close to XC value. So, we can conclude that the 

XWT can calculate the time delay with higher correlation coefficient. 

 

Here is Figure 5. 

4.2 Confused onset determination 

Pi2 pulsations sometimes has no clear onset as observed on March 13, 2008 as shown in 

Figure 6, (a1, a2, b1, b2) show high pass filtered data in the upper panel and wavelet transformation 

in the lower panel for CCNV and MCGR, respectively; (c, d, e, f) show 7-minutes selected, cross 

correlation plot, cross wavelet transformation and power amplitude, respectively. The two solid 

rectangles show the selected event used to calculate the correlation coefficient for both stations. The 

data series (Figure 6b1) shows fluctuations observed at the beginning of the event (dashed 
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rectangular). These fluctuations have higher frequency bands than that in the solid rectangular as seen 

at wavelet transformation (Figure 6b2). Thereby the calculations of the correlation coefficient will be 

affected by these higher frequencies. The XC of the selected time (Figure 6c and 6d) gave us two 

correlation coefficients (-0.8 and 0.79). Note that the amplitude of CCNV is multiplied by 3 to be 

visually clear. The highest correlation coefficient (-0.8) calculate the time delay that X leading Y by 

39s while the lower correlation coefficient (0.78) gave Y leading X by 86s. In the same time, the 

XWT (Figure 6e) calculate a single time delay value equals -19s (Y leading X by 19s) at the 

dominant frequency (Figure 6f) regardless of the fluctuations in the time series. This indicates the 

capability of XWT method to calculate time delay more precisely than XC method.  

Here is Figure 6. 

 

5. Results 

In this section we present the time delay results achieved by both XC and XWT methods. Table 2 

shows a list of the 48 Pi2 pulsations: event number, date, start time, end time, time delay calculated 

by XC method, time delay calculated by XWT method, cross phase and the higher latitudinal station 

used with CCNV station.  

Figures 7a and 7b show the relationship between the time delay and the Pi2 periods for XC and XWT, 

respectively. Note that the events in figure 7a are 96, reflecting the time delay based on XC, which 

occurred simultaneously at lower latitude station (CCNV) and one of higher latitude station. The 

events in figure 7b are 48 according to the unique definition of the period T associated with one 

event, determined by the maximum common power in the cross-wavelet spectrum (Eq. 4 and the 

subsequent explanation). Figure 7c shows a scatter plot of the time delay calculated by XC versus the 

time delay calculated by the XWT. A diagonal line, from (-60, -60) to (70, 70), shows that most of 

the points are clustered along this line. About 70 % of calculated time delay of the Pi2 pulsations had 

a good correlation between both XC and XWT methods (the correlation coefficient R = 0.69). The 

XC showed 6 events have negative time delay while the XWT showed 3 events. This results show 

that Pi2 has a time delay between the higher latitudinal stations and the lower one in the range of 

+70s. This result is similar to the previous studies reported by (Fan et al., 2000; Uozumi et al., 2009). 

We also found that about 32 % of the Pi2 pulsations had a period more than 150s which is the upper 

limit of Pi2 period, indicated by horizontal dashed line in Figures 7a and 7b, as defined by Jacobs et 

al. (1964). It is noted that deep minimum between solar cycles 23 and 24 was observed in 2008-2009 

(e.g., Mrigakshi et al., 2013). Perhaps this factor has led to observe periods more than 150s for Pi2 

pulsations as described by Troitskaya (1967) and recently confirmed by Kwon et al. (2013). 

 

                                                        Here is Table 2. 

   

Here is Figure 7. 

 

 

6. Conclusion 

We present a new method to calculate the time delay between two stations using cross wavelet 

transformation. It is clearly shown that we have a comparable time between cross correlation method 

and cross wavelet transformation method. The cross wavelet spectrum gives the exact time delay at 

the dominant Pi2 period. Also, it shows a flexibility to visually illustrate the lagged/delayed station 

and enables us to calculate the phase of each frequency in non-confusable way. We suggest that the 
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cross wavelet technique can be effectively used to calculate the time delay of Pi2 pulsation and 

further used as a substitute for cross correlation method. 
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Figure captions: 

 

Figure 1. Examples of the Pi2 pulsations observed at lower latitudinal station (CCNV) in the left and 

the higher latitudinal stations for the same events in the right. 

 



  

9 

 

Figure 2.  (a) filtered data of Pi2 event occurred on February 17, 2009 (b) 7 minutes selected plot (c) 

cross correlation plot 

 

Figure 3. Wavelet transformation of the Pi2 event shown in Figure 2. (a) raw data (blue) and high 
pass filtered data (red) of CCNV, (b) raw data (blue) and high pass filtered data (red) of MCGR, (c 

and d) wavelet spectrum for CCNV and MCGR, respectively. 

 

Figure 4. (a) CCNV (blue) and MCGR (red) high pass filtered data of Pi2 event shown in Figure 2 

and 3, (b) cross wavelet transformation. The relative phase relationship is shown as arrows (with in-

phase pointing right, antiphase pointing left). (c) power amplitude. 

 

Figure 5. Pi2 event observed at CCNV and TPAS stations on 1st May 2009. (a) CCNV (blue) and 

TPAS (red) high pass filtered data, (b, c) cross wavelet transformation and power amplitude, 

respectively, (d, e) 7-minutes selected plot and cross correlation plot, respectively. 

 

Figure 6. Illustration of a confusable Pi2 event observed on March 13, 2008. (a1, a2, b1, b2) high 

pass filtered data in the upper panel and wavelet transformation in the lower panel for CCNV and 

MCGR, respectively, (c, d, e, f) 7-minutes selected plot, cross correlation plot, cross wavelet 

transformation and power amplitude, respectively.  

 

Figure 7. (a, b) the relationship between the time delay and the Pi2 periods for XC and XWT, 

respectively. The horizontal dashed lines show the maximum Pi2 period. (c) a scatter plot of the time 

delay calculated by XC versus the time delay calculated by the XWT. A diagonal line, from (-60, -

60) to (70, 70), shows that most of the points are clustered along this line. The dashed line shows the 

linear fit between the time delay calculated by XC and XWT. 
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List of tables 

 

Station Code 
Geog 

Lat. 

Geog 

Long. 

Mag 

Lat. 

Mag 

Long. 
L 

Midnight 

(hh:mm) 

Kuujjuaq KUUJ 55.3 282.3 65.2 352.0 5.66 04:14 

The Pas TPAS 54.8 258.1 63.0 320.3 5.18 07:04 

McGrath MCGR 63.0 204.4 62.2 256.6 4.47 11:30 

Carson City CCNV 39.1 240.2 45.3 304.8 2.00 08:26 

 

Table 1. The geographic and geomagnetic location of the stations (Russell et al., 2008). 

 

 

High latitude 

station 

Phase 

(degree) 
Time delay 

XWT 

Time 

delay XC 

Time (hh:mm) 

start - end 

Date 

yyyymmdd 

No 

MCGR -50  -16.6 31 07:20-07:45 20080313 1 

MCGR 66.4 24 17.5 09:00-09:30 20080317 2 

MCGR 70.3 15 14.5 10:20-10:40 20080317 3 

MCGR 54.7 30 22 09:20-10:00 20090210 4 

MCGR 71.2 33.5 35 07:15-07:35 20090217 5 

MCGR 61 32.5 11 08:00-08:20 20090301 6 

MCGR 80 18.5 -20 08:19-08:35 20090301 7 

MCGR 102.3 26 -10 08:15-08:30 20090315 8 

MCGR 76 26 29.5 08:40-09:00 20090315 9 

MCGR 73.1 17 19.5 05:45-06:00 20090317 10 

MCGR 57.7 23.8 20 08:15-08:45 20090319 11 

MCGR 102 64.8 53 06:03-06:30 20090323 12 
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MCGR 37.7 19 21 07:50-08:20 20090331 13 

MCGR 64 31 24 08:20-09:00 20090331 14 

MCGR 74 40 29.5 07:50-08:20 20090404 15 

MCGR 80.6 34 24 05:50-06:20 20090404 16 

MCGR -145 -40 -39 07:40-07:55 20090405 17 

MCGR -11 -8.6 -9 11:50-12:10 20090407 18 

MCGR 42 16 12.5 06:10-06:30 20090408 19 

MCGR 98 32 30 07:35-07:48 20090410 20 

MCGR 56.2 21 23 07:50-08:05 20090410 21 

MCGR 126 42 43 04:55-05:10 20090413 22 

KUUJ 91  33 28.5 07:45-07:58 20090413 23 

KUUJ 85.9 19 26.5 07:58-08:10 20090413 24 

MCGR 75  19 17.5 09:04-09:16 20090414 25 

MCGR 31.0 21 20.5 09:24-09:36 20090414 26 

MCGR 42 21 11 06:45-07:00 20090419 27 

MCGR 75.2 23 23.5 06:00-06:12 20090419 28 

KUUJ 140.5 45 49 05:25-05:45 20090420 29 

KUUJ 14.6 7 4.5 06:25-06:40 20090422 30 

MCGR 68.5 27 32 07:30-07:45 20090422 31 

MCGR 75.1 31 -15 06:16-06:35 20090424 32 

KUUJ 54.8 26 14 07:45-08:10 20090428 33 

KUUJ 63.8 21 21 08:40-09:10 20090428 34 

MCGR 109 45 49 08:20-08:45 20090430 35 
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MCGR 44.9 17 18 04:00-04:30 20090504 36 

MCGR 111.1 29 42 08:00-08:22 20090504 37 

MCGR 100.2 40 38 08:20-08:37 20090504 38 

MCGR 78.7 31 28 08:50-09:15 20090504 39 

MCGR 10.5 6.9 9 04:48-05:12 20090505 40 

MCGR 53.3 25 21 06:44-07:05 20090514 41 

MCGR 71.1 27 19.5 07:25-07:45 20090514 42 

KUUJ 10.2 4.6 -2.5 01:43-02:10 20090522 43 

MCGR 44 7.4 11.5 06:40-07:00 20090523 44 

MCGR 80.4 23 20 07:05-07:25 20090523 45 

MCGR 66.5 22 20 08:30-09:00 20090525 46 

MCGR 53.2 12.5 18.5 07:30-08:00 20090526 47 

MCGR 29.7  6 10 09:15-09:45 20090531 48 

 

Table 2. List of forty eight Pi2 pulsations used in this study. Event number, date, start time, end time, 

time delay calculated by XC method, time delay calculated by XWT method, cross phase and the 

higher latitudinal station used with CCNV station. 
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