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Key Points: 15 

• The CWT and DWT spectrographs of GIC and dBx/dt during the 17 March 16 

2013 storm are very similar. 17 

• The XWT and WTC spectra of GIC and dBx/dt reveal their correlation and 18 

phase relationship for the first time. 19 

• The third-order low frequency coefficient best reflects the disturbances in GIC 20 

and dBx/dt. 21 

Abstract: Geomagnetically induced current (GIC) is known to be closely related to 22 

the rate of change of local horizontal magnetic field (dBx/dt); and their spectra can 23 

give better insight into the relationship. We study the spectral characteristics of GIC 24 

measured in Finland and dBx/dt measured 30 km away during the 17 March 2013 25 

intense geomagnetic storm (SymHMin = -132 nT). Two bursts of large GIC (up to 26 

32A) and dBx/dt occurred at ~16 UT and 18 UT during the storm main phase, though 27 
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their values were generally small. For the first time, the Cross Wavelet Transform 28 

(XWT) and Wavelet Coherence (WTC) techniques are used to investigate the 29 

correlation and phase relationship of GIC and dBx/dt in time-frequency domain. Their 30 

WTC correlation is strong (over 0.9) over the entire storm period, indicating dBx/dt is 31 

the main factor causing GIC and dBx/dt leading GIC. Their XWT spectra show two 32 

enclosed periods (8-42 min and 2-42 min) in the high energy region corresponding to 33 

the two bursts of activity in GIC and dBx/dt. Morever, we use continuous wavelet 34 

transform (CWT) and discrete wavelet transform (DWT) to analyze the spectral 35 

characteristics of GIC and dBx/dt. It is found that the CWT and DWT spectra of the 36 

two are very similar, especially in the low frequency characteristics, without 37 

continuous periodicity. Wavelet coefficients become large when GIC and dBx/dT are 38 

large; and the third-order coefficient, which corresponds to low-frequency part, best 39 

reflects the disturbance of GIC and dBx/dt.  40 

1. Introduction 41 

GIC (geomagnetically induced current) is the final link in the space weather chain 42 

originating from the sun. The high speed high density solar wind and frozen-in 43 

magnetic field (called solar storm) ejected from the sun propagates through the 44 

interplanetary space. The solar storm interacts with earth’s magnetic field and 45 

generates large electric current in the magnetosphere leading to geomagnetic storms; 46 

and the current terminates mainly in the high latitude ionosphere. The magnetic field 47 

produced by the large ionospheric current propagates down to the earth and induces 48 

secondary current (called GIC) in the earth by Faraday’s law; and GIC flows through 49 

the earthed utility systems such as electric power grids, tele-communication networks, 50 

oil and gas metal pipe lines, railway signal systems, etc. (Gideon et al., 1970; 51 

Campbell, 1978; Pulkkinen et al., 2001; Liu et al., 2009). During extreme space 52 

weather events, GIC can exceed the tolerance limit of the systems and cause system 53 

damages as happened during a number of such events (Carrington, 1859; Albertson 54 

and Thorson, 1974; Bolduc, 2002; Pulkkinen et al., 2006). Even medium level GIC 55 

flowing for a long period of time can cause cumulative impacts on utility systems 56 
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through reactive power loss in transformers, corrosion in pipe lines, etc., which can 57 

pose significant risk especially when there are defects in the systems (Viljanen et al., 58 

2001; Eroshenko et al., 2010; Khanal et al., 2019). 59 

      60 

In addition to the global cause originating from the sun, GIC depends on local 61 

factors such as ionospheric and earth electrical conductivities (Pirjola, 2000). At high 62 

latitudes, auroral zones are associated with the flow of auroral jets in the ionosphere. 63 

During storms, this current system can be strongly enhanced by magnetospheric 64 

substorms, resulting in large GICs on the ground (Ngwira and Pulkkinen, 2019). The 65 

rate of change of local horizontal magnetic field (dBx/dt or dBh/dt) is found to be a 66 

good indicator of GIC (Viljanen et al., 2001), with Bx being the northward component 67 

of the resultant horizontal field Bh. A number of scientists have shown good 68 

association between GIC and dBx/dt (and dBh/dt) (Trichtchenko and Boteler, 2004; 69 

Tóth et al. 2014; Dimmock et al., 2019; Heyns et al., 2020; Juusola et al., 2020). In 70 

addition, spectral analysis techniques have been used to obtain better insight into the 71 

relationship (Mendes, et al., 2005; Xu, 2011; Falayi et al., 2017; Adhikari et al., 2017). 72 

Since GIC is a non-stationary periodic signal that is continuously transformed in time, 73 

Continuous Wavelet Transform (CWT) has been used for spectrum analysis, and the 74 

signal has been observed from the time domain and frequency domain at the same 75 

time (Xu, 2011). Using the advantages of CWT for multi-scale analysis of the 76 

characteristics of each frequency band of the signal, the data can be analyzed on time 77 

and space scales, and localized characteristics of the signal can be observed. Xu (2011) 78 

separated the geomagnetic effect caused by the magnetosphere and ionosphere by 79 

observing the changing frequency of GIC.  80 

 81 

Falayi et al. (2017) used CWT to perform spectrum analysis on GIC and found 82 

that GIC corresponds well to the high-energy wavelet coefficients of dBx/dt. Khanal 83 

et al. (2019) used CWT to analyze the GIC data caused by high-intense long-term 84 

continuous auroral activity, and found that GIC has short-term energy bursts and 85 

continuous energy distributions with different periods. With an anticipation to 86 
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establish a forecasting tool for surface geomagnetic disturbances, Adhikari et al. 87 

(2017) used CWT and DWT to analyze the GIC data during four strong and weak 88 

magnetic storms, and found that the GIC has a stronger power spectrum in response to 89 

higher intense magnetic storms. Ariannik, et al. (2020) proposed a method of using 90 

CWT to reduce noise and calculate the event derivative of the geomagnetic X 91 

component to predict the size of GIC. However, earlier studies have not used CWT 92 

and DWT together to study both GIC and geomagnetic data. Moreover, the 93 

cross-wavelet technique can analyze the correlation between the high-energy and 94 

low-energy regions of two time series in the time-frequency domain from multiple 95 

time scales, reflecting the phase structure of the two; and it has been widely used in 96 

geography and physics (Li et al., 2020). However Earlier studies not analyzed the 97 

correlation between GIC and geomagnetic data using crossed wavelets. In this paper, 98 

the cross wavelet technique is applied to this field for the first time 99 

 100 

In this paper, we first use CWT to analyze the spectrum of GIC and dBx/dt 101 

measured in Finland during the intense geomagnetic storm (SymHMin = -132 nT) of 102 

17 March 2013. Then DWT is used to analyze the wavelet coefficient characteristics 103 

of GIC and dBx/dt and obtain the correlation between GIC and dBx/dt. It is found that 104 

there is a great degree of similarity between the two. Therefore, finally, the cross 105 

wavelet technique is used to analyze the correlation and phase characteristics between 106 

GIC and dBx/dt in time and frequency domain. 107 

2. Data and analysis techniques 108 

 We use the 10-second resolution GIC data measured (Pulkkinen et al., 2001) in 109 

the Finnish natural gas pipeline at Mancelai (MAN, 60.6°N, 25.2°E) during the 110 

geomagnetic storm on 17 March 2013; data are available at 111 

http://space.fmi.fi/gic/man_ascii/. The corresponding northward magnetic field Bx 112 

measured by the reference magnetometer at Nurmijarvi (NUR, 60.5°N, 24.7°E) 30 km 113 

away from MAN is available at https://space.fmi.fi/image/www/index.php; it is used 114 

to calculate the 10-second resolution dBx/dt. The pipeline in the area where the NUR 115 
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station is located is mainly east-west. Accordingly, it is more reasonable to select the 116 

geomagnetic northward component Bx to explore the relationship with GIC (Viljianen, 117 

2006). The 30 km spatial separation between the MAN and NUR stations and other 118 

factors can cause a small error in GIC. As an overall estimate, the error is ~0.1A and 119 

inaccuracy due to various reasons is ~10-15% (Pulkinen et al., 2001).  120 

 121 

2.1. Continuous wavelet transform (CWT) 122 

CWT continuously describes the changes of the signal in a detailed form on 123 

different time scales, and is suitable for studying GIC time series and finding time 124 

periods where high power is concentrated during events. For a given time series , 125 

the wavelet transform is expressed as (Torrence and Compo, 1998) formula (1). 126 

             (1) 127 

In the formula, represents the wavelet basis function, and a and b represent 128 

the scaling factor and translation parameter of the wavelet function, respectively. In 129 

order to study the related variability and local periodicity of GIC signals through 130 

CWT, this paper chooses the Morlet wavelet (Torrence and Compo, 1998) basis 131 

function as the generating function. Morlet wavelet is a wavelet composed of a 132 

single-frequency compound exponential function. It is non-orthogonal. Its amplitude 133 

is modulated by a function proportional to the standard Gaussian function. It has good 134 

time-frequency localization capabilities. It is often used in the field of space physics 135 

(Balan et al., 2017). The wavelet expression is shown in formula (2), where is the 136 

dimensionless frequency. 137 

                       (2) 138 

2.2. Discrete wavelet transform(DWT) 139 

DWT is a wavelet transform that performs discrete sampling of wavelets. In 140 

DWT analysis, the local regularity in the signal is studied according to the amplitude 141 

changes of wavelet coefficients (Mendes et al., 2005; Ojeda et al., 2013). The 142 
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amplitude of the wavelet coefficients may be related to the singularity or discontinuity 143 

of the GIC signal, the calmness or disturbance state of the magnetic field. 144 

Since Daubechies wavelet has no symmetry (Daubechies, 1990) it can cause 145 

phase distortion when processing and analyzing signals. Therefore, on this basis, a 146 

Coiflet wavelet (Shyh-Jier and Cheng-Tao, 2002) with a 2N-1 order moment of 0 is 147 

proposed. In this paper, a coif3 wavelet is selected to realize DWT decomposition of 148 

the signal. It decomposes the signal at high and low frequencies, and selects the one 149 

that matches the original signal to decompose again. After three decompositions, three 150 

high-frequency components and one low-frequency component are obtained. Then 151 

analyze the characteristics of the low-frequency and high-frequency components of 152 

the signal and observe the relationship between the decomposed signal and the 153 

original signal. For details, refer Daubechies (1990) and Klausner et al. (2014).  154 

2.3. Cross wavelet transform 155 

Cross wavelet analysis is a new signal analysis technology that analyzes the 156 

correlation of two signals in the time-frequency domain, which is generated by the 157 

combination of cross-spectrum analysis and wavelet transform methods (Grinsted et 158 

al., 2004). It can analyze two time series in time-frequency from multiple time scales. 159 

The correlation between the high-energy region and the low-energy region in the 160 

domain reflects the phase structure and detailed characteristics of the two. It has been 161 

widely used in the fields of meteorology, climate and geophysics. For two time series 162 

 and  the cross wavelet power spectrum is as follows (Labat, 2010; Li et 163 

al., 2020): 164 

                        (3) 165 

where  is the cross wavelet power spectrum;  is the 166 

sequence  wavelet transform coefficients, and  is the complex of the 167 

sequence  wavelet transform coefficients conjugation. Among them, 𝑎 is the 168 

scaling parameter and b is the time translation parameter. The wavelet coherence 169 

spectrum can be used to measure the closeness of the local correlation between two 170 
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time series in the time-frequency space. The darker the color, the closer the 171 

correlation between the two. Even if the cross wavelet power spectrum is in the low 172 

energy region, the two are close in the wavelet coherence spectrum. The degree may 173 

also be significant. WTC focuses more on the correlation between two time series in 174 

the low-energy region. The cross wavelet coherence spectrum is defined as follows 175 

(Grinsted et al., 2004) 176 

   (4) 177 

3. Results 178 

3.1. Solar wind, geomagnetic field and GIC  179 

Figure 1 shows the interplanetary magnetic field (IMF), solar wind parameters, 180 

geomagnetic indices, and GIC data during the geomagnetic storm on 17 March 2013. 181 

From top to bottom, the panels show the components of IMF (a), solar wind density 182 

and speed (b), solar wind dynamic pressure (c), AL and AU indices (d), SYM-H index 183 

(e), dBx/dt (f), and GIC (g). The resolution of solar wind and interplanetary magnetic 184 

field parameters is 1 min. In addition, due to the time difference between the bow 185 

shock and ionosphere, they have a delay of 7 minutes. It can be seen from the figure 186 

that compared with the calm level before 06 Universal Time (UT), during the period 187 

from the initial phase, main phase, and recovery phase of the storm until 23:30 UT, 188 

there are obvious disturbances in all indices.  189 

It can be seen from the figure that at 06 UT, there is a sudden change in IMF, 190 

solar wind parameters, geomagnetic index, dBx/dt index and GIC signal, which is a 191 

sign of the beginning of geomagnetic emergency. The components of IMF gradually 192 

stabilized after 15 UT, and Bz was in the southward direction. In AL, it can be seen 193 

that there are several large substorms, especially around 16UT where a large substorm 194 

occurred. The SYM-H index reached a minimum value of -132 nT at 20:28 UT, 195 

indicating that this storm was a major storm. dBx/dt starts to produce disturbances at 196 

06 UT, the first large disturbance appears at 16 UT, and another larger disturbance 197 

appear around 18:05 UT, the maximum value reaches 92.9 nT and the disturbance 198 
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continues until 23:30 UT and gradually returned to a calm level. We speculate that 199 

this larger disturbance may be related to the influence of the substorm. GIC shows 200 

small disturbance starting at 06:00 UT, which is similar to the trend of dBx/dt, 201 

reaching a maximum value of 31.65 A at 18 UT. The disturbance continued until 202 

23:30 UT and returned to a calm level. It can be seen that GIC and dBx/dt have a high 203 

similarity in perturbations, so we will study their spectral characteristics in depth. 204 

 205 

Figure 1. Overview of solar wind parameters, geomagnetic indices and GIC during 17 206 

March 2013. From top to bottom: (a) Bx By Bz component of IMF, (b) solar wind velocity 207 

and solar wind density; (c) solar wind dynamic pressure; (d) AL and AU indices; (e) SYM-H 208 

index; (f) dBx/dt; (g) GIC. 209 

3.2. Continuous wavelet transform of GIC and dBx/dt 210 

Figure 2a-2b shows the GIC disturbance and its continuous wavelet transform 211 
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spectrum. In Figure 2b, the vertical axis is the period, and color blue to yellow 212 

indicates energy increasing from small to large. The upper part of the thick solid line 213 

represents the area that passed 95% noise test. It can be seen that in the region from 214 

06:00UT to 23:30UT, the energy is significantly higher than that of the outer region. 215 

At the time of first major GIC disturbance at 16 UT, a closed region with period 8-62 216 

minutes appears in the CWT time-frequency diagram; and around the time of larger 217 

GIC disturbances at 18-19 UT, a closed area with period 4-48 minutes appears in the 218 

spectrogram from 17:30UT to 19:30UT. During 22-23 UT, there are two enclosed 219 

areas with periods of 9-14 min and 29-38 min. There are also some smaller 220 

oscillations, corresponding to the moments of disturbance in the left figure.  221 

 222 

Figure 2. (a) Disturbance of GIC; (b) Continuous wavelet spectrogram of GIC; (c) 223 

Disturbance of dBx/dt; (d) Continuous wavelet spectrogram of dBx/dt. 224 

 225 

Figure 2c-2d is similar to Figure 2a-2b but for dBx/dt. In Figure 2c, it can be seen 226 

that the signal began to disturb from 06:00 UT and lasted until 23:30 UT. The first 227 

large disturbance appeared at 16 UT, and larger disturbances appeared at 18-19 UT. At 228 

the same time, the energy increased significantly from 06UT to 23:30UT. A closed 229 

area with a period of 9-28min appears at 16 UT and another closed area with a period 230 
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of 1-34 min appears from 17UT to 19UT, and a smaller oscillation period appears at 231 

22UT-23UT. There are some smaller oscillation periods in the whole area, 232 

corresponding to the moments when the disturbance is larger in the left picture. As 233 

Figure 2 shows, the frequency spectrum of GIC and dBx/dt have high similarity, 234 

neither has continuous period, and energy in the spectrum corresponds well to the 235 

level of disturbance. 236 

 237 

3.3. Discrete wavelet transform of GIC and dBx/dt 238 

 239 

Figure 3 is the discrete wavelet transform diagram of GIC and dBx/dt. From top 240 

to bottom, it shows the square of third-order low-frequency coefficient, third-order 241 

high-frequency coefficient, second-order high-frequency coefficient, and first-order 242 

high-frequency coefficient. The Y-axes scales use large difference for better display. 243 

By comparing the coefficients (Figure 3a), it can be seen that the third-order 244 

low-frequency coefficient A32 corresponds best to the GIC signal, and the other three 245 

different higher-order signals decrease in amplitude from higher to lower orders. At 246 

around both 16 UT and 18-19 UT, the coefficients have different degrees of 247 

fluctuations, which is consistent with the fluctuation of GIC at the relevant times. It 248 

can be seen from Figure 3b that the third-order low frequency corresponds to the best 249 

situation, and the first-order high frequency corresponds to the least ideal situation. 250 

The third-order low frequency signal is the low frequency part obtained by 251 

decomposing the signal three times. After decomposing the third-order low-frequency 252 

part, it still best reflects the characteristics of the original signal. The third-order 253 

low-frequency coefficient reflects the 16 UT and 18-19 UT disturbances of dBx/dt. 254 

The three high-frequency coefficients can be seen to varying degrees in the 255 

disturbances that occur in the entire disturbance interval. As shown, GIC and dBx/dt 256 

have high similarities in wavelet coefficients and high-frequency and low-frequency 257 

characteristics, and both have obvious low-frequency characteristics. 258 



11 

 

 259 

Figure 3. From top to bottom: Discrete Wavelet Transform of GIC (a) and dBx/dt (b). Y-axes 260 

scales of D32, D22 and D12 are expanded compared to that of A32 for better display. 261 

 262 

3.4. Cross wavelet transform of GIC and dBx/dt 263 

 264 

Figure 4a shows the crossed wavelet power spectrum of GIC and dBx/dt, the vertical 265 

axis is the period, the color depth represents the size of the crossed GIC and dBx/dt 266 

power spectrum, and the arrow represents the phase difference between GIC and 267 

dBx/dt; → indicates that the two are in same phase or positively correlated; ← 268 

indicates that the two are in the opposite phase or inversely related; ↓ and ↑ indicate 269 

that the latter lags behind and leads the former by 90°. In the figure, the thick solid 270 

line is the boundary effect cone, and the area above the thick solid line is the area that 271 

has passed the 95% noise test. It can be seen that in the entire interval from 06:00 UT 272 
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to 23:30 UT, the energy is significantly higher than the area outside the interval. The 273 

strongest interaction between GIC and dBx/dt, that is, the cross wavelet high-energy 274 

area, is mainly concentrated at 15:30-16:30 UT and 17:30-19:10 UT. There are two 275 

obvious enclosed areas with a period of 8-42 minutes and 2-42 minutes. There are two 276 

small areas in 22-23 UT, the period is 10-14 min and 28-38 min respectively. In the 277 

four obvious areas, the arrow points to the upper right as a whole, indicating that 278 

dBx/dt precedes over GIC, there is a positive correlation between the two to a certain 279 

extent, and there are some small periodic oscillation signals with a small area. 280 

281 

 Figure 4. (a) Cross wavelet transform of GIC and dBx/dt, and (b) Wavelet transform coherence 282 

of the GIC and dBx/dt. 283 

 284 

Figure 4b shows the cross-wavelet coherence spectrum of GIC and dBx/dt, where 285 

the color depth represents the correlation between the two, yellow represents strong 286 

correlation and blue poor correlation; and the remaining parameters are the same as 287 

for Figure 4a. It can be seen that the area enclosed by the black line occupies most of 288 

the entire time series, and the correlation coefficient of some areas is close to 1, and 289 

the arrow in the area points to the upper right as a whole, indicating that the 290 

correlation between GIC and dBx/dt is not limited to the duration of the magnetic 291 

storm. On quiet days also the correlation between the two is strong, and dBx/dt occurs 292 

before GIC. 293 

4. Discussion and conclusions 294 

As mentioned in the introduction, GIC is a non-stationary periodic signal that is 295 
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continuously transformed in time. Therefore, many scientists have used CWT 296 

(continuous wavelet transform) to conduct excellent research on the GIC spectrum 297 

(Xu, 2011; Khanal et al., 2019). These studies found that GIC has short-term energy 298 

bursts and there is no continuous periodicity. Falayi et al. (2017) used CWT to 299 

perform spectrum analysis on GIC and found that GIC corresponds well to the 300 

high-energy wavelet coefficients of dBx/dt. With a view to establish a forecasting tool 301 

for geomagnetic disturbances, Adhikari et al. (2017) used CWT and DWT (discrete 302 

wavelet transform) to analyze the GIC data during geomagnetic storms, and found 303 

that GIC has stronger power spectrum in response to magnetic storms. However, 304 

earlier studies have not used CWT and DWT together to study GIC and geomagnetic 305 

data, and no study has analyzed the correlation between GIC and geomagnetic data 306 

using cross wavelet transform (XWT) or wavelet coherence (WTC) techniques. In this 307 

paper, considering the data during the intense geomagnetic storm on 17 March 2013, 308 

we have shown the feasibility of using CWT and DWT together to analyze the 309 

spectrum and wavelet coefficients of both GIC and dBx/dt. Then, XWT and WTC 310 

techniques are used to analyze the correlation and phase relationship between GIC 311 

and dBx/dt in time and frequency domain for the first time. 312 

 313 

The GIC and dBx/dt data have two occasions of larger disturbance at ~16 UT 314 

and 18 UT when IMF Bz remained southward. At ~16 UT, the AL index decreases 315 

rapidly, resulting in a larger geomagnetic substorm. At 18UT, both GIC and dBx/dt 316 

have larger disturbances, AL index has just recovered from minimum value, and more 317 

frequency changes appeared. The changes of GIC and dBx/dt can be distinguished by 318 

solar wind parameters and SYM-H index. However, the extreme values of GIC are 319 

related more to IMF Bz southward and geomagnetic substorms (Falayi and Beloff, 320 

2012). GIC has high correlation with dBx/dt fluctuation, which is consistent with the 321 

results of Viljanen (1997). 322 

 323 

The CWT spectra of GIC and dBx/dt show large similarities, there is no 324 

continuous periodicity, and two high-energy enclosed areas with good correspondence 325 
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exist; this indicates a certain correlation between GIC and dBx/dt. This is similar to 326 

the conclusions of an earlier study (Khanal et al., 2019). Through DWT analysis of 327 

GIC and dBx/dt, it is found that the wavelet coefficient increases significantly when 328 

the GIC disturbance is large. And the third-order low-frequency coefficient best 329 

reflects the disturbance of GIC and illustrates the low-frequency characteristics of 330 

GIC, which has quasi-DC characteristics. The third-order low frequency coefficient is 331 

the low frequency part of the original signal obtained by decomposing the high and 332 

low frequencies three times. The wavelet coefficient of dBx/dt is similar to GIC, 333 

indicating that the two have high similarity and there is a certain correlation. This is 334 

similar to the conclusion obtained by (Adhikari et al., 2019) on the discrete wavelet 335 

analysis of geomagnetic components. 336 

 337 

The cross wavelet (XWT) and wavelet coherence (WTC) method can be used as 338 

a new method to analyze the temporal and spatial changes of GIC and dBx/dt or other 339 

geomagnetic indices. The cross-wavelet aggregation spectrum and the cross-wavelet 340 

coherence spectrum clearly show the correlation, phase difference and local 341 

characteristics between the two signals in the time-frequency domain. It also passed 342 

the 95% confidence test, indicating high reliability. Thus, we use the XWT and WTC 343 

to investigate correlation and phase relationship of GIC and dBx/dt in time-frequency 344 

domain in this paper for the first time. Through XWT and WTC analysis, we found 345 

that GIC and dBx/dt have a very strong correlation; and at times of large disturbance, 346 

the arrow direction points to the upper right, indicating that dBx/dt is ahead of GIC 347 

and there is a positive correlation between GIC and dBx/dt to a certain extent. From 348 

the WTC, it can be seen that the yellow enclosed area occupies most of the space, 349 

indicating that the correlation between dBx/dt and GIC is relatively strong both during 350 

magnetic storms and non-magnetic storms, and dBx/dt occurs before GIC. Changes in 351 

GIC play a leading role, and dBx/dt is the main cause of GIC. This also proves that 352 

the cross wavelet method is also suitable for studying the relationship between GIC 353 

and geomagnetic index. In the future, we can use cross wavelet to analyze the phase 354 

characteristics and correlation between interplanetary parameters and GIC. 355 
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 479 

Figure captions 480 

Fig. 1. Overview of solar wind parameters, geomagnetic indices and GIC during 17 March 481 

2013. From top to bottom: (a) Bx By Bz component of IMF, (b) solar wind velocity and solar 482 

wind density; (c) solar wind dynamic pressure; (d) AL and AU indices; (e) SYM-H index; (f) 483 

dBx/dt; (g) GIC. 484 

 485 

Fig. 2. (a) Disturbance of GIC; (b) Continuous wavelet spectrogram of GIC; (c) Disturbance 486 

of dBx/dt; (d) Continuous wavelet spectrogram of dBx/dt. 487 

 488 

Fig.3. From top to bottom: Discrete Wavelet Transform of GIC (a) and dBx/dt (b). Y-axes scales 489 

of D32, D22 and D12 are expanded compared to that of A32 for better display. 490 

 491 

Fig. 4. (a) Cross wavelet transform of GIC and dBx/dt, and (b) Wavelet transform coherence of 492 

the GIC and dBx/dt. 493 



Figures

Figure 1

Overview of solar wind parameters, geomagnetic indices and GIC during 17 March 2013. From top to
bottom: (a) Bx By Bz component of IMF, (b) solar wind velocity and solar wind density; (c) solar wind
dynamic pressure; (d) AL and AU indices; (e) SYM-H index; (f) dBx/dt; (g) GIC.



Figure 2

(a) Disturbance of GIC; (b) Continuous wavelet spectrogram of GIC; (c) Disturbance of dBx/dt; (d)
Continuous wavelet spectrogram of dBx/dt.



Figure 3

From top to bottom: Discrete Wavelet Transform of GIC (a) and dBx/dt (b). Y-axes scales of D32, D22 and
D12 are expanded compared to that of A32 for better display.



Figure 4

(a) Cross wavelet transform of GIC and dBx/dt, and (b) Wavelet transform coherence of the GIC and
dBx/dt.
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