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Abstract. This paper proposes a new method to evaluate ge-

omagnetic activity based on wavelet analysis during the solar

minimum activity (2007). In order to accomplish this task, a

newly developed algorithm called effectiveness wavelet co-

efficient (EWC) was applied. Furthermore, a comparison be-

tween the 5 geomagnetically quiet days determined by the

Kp-based method and by wavelet-based method was per-

formed. This paper provides a new insight since the geo-

magnetic activity indexes are mostly designed to quantify

the extent of disturbance rather than the quietness. The re-

sults suggest that the EWC can be used as an alternative tool

to accurately detect quiet days, and consequently, it can also

be used as an alternative to determine the Sq baseline to the

current Kp-based 5 quietest days method. Another important

aspect of this paper is that most of the quietest local wavelet

candidate days occurred in an interval 2 days prior to the

high-speed-stream-driven storm events. In other words, the

EWC algorithm may potentially be used to detect the quietest

magnetic activity that tends to occur just before the arrival of

high-speed-stream-driven storms.

Keywords. Geomagnetism and paleomagnetism (instru-

ments and techniques; general or miscellaneous) – Magne-

tospheric physics (solar wind–magnetosphere interactions)

1 Introduction

A substantial part of the energy carried by the solar wind

(SW) can be transferred to the terrestrial magnetosphere, and

it is associated with the passage of southward-directed inter-

planetary magnetic fields past the Earth for sufficiently long

intervals of time. Gonzalez et al. (1994) discussed the energy

transfer process as a conversion of the mechanical energy

from the SW into magnetic energy stored in the magneto-

tail of Earth’s magnetosphere and its reconversion into ther-

mal mechanical energy in the plasma sheet, auroral particles,

ring current and Joule heating of the ionosphere.

The increase in the SW pressure is responsible for the en-

ergy injections, and it induces global effects in the magneto-

sphere called geomagnetic storms. The characteristic signa-

ture of geomagnetic storms can be described as a depression

on the horizontal component of the Earth’s magnetic field

measured at low- and middle-latitude ground observatories.

The decrease in the magnetic horizontal field component is

due to an enhancement of the trapped magnetospheric par-

ticle population as a consequence of the enhanced ring of

current. This perturbation of the H component can last from

several hours to several days as described by Chapman and

Bartels (1940) and Sugiura (1964).

During solar minimum activity, as in the case studied in

this work, corotating high-speed streams (HSSs) contribute

70 % of the geomagnetic activity (Tsurutani et al., 1995;

Richardson et al., 2000; Gonzalez et al., 2006; Guarnieri,

2006; Kozyra et al., 2006; Turner et al., 2006). The inter-

action between a fast-speed and a lower-speed stream gener-

ates a compression of plasma and magnetic fields which, by

this interaction, creates the so-called corotating interaction

regions (CIRs; Smith and Wolfe, 1976). The geomagnetic ac-

tivity due to CIRs and solar HSSs has a physical mechanism

much different than the magnetic storms caused by fast inter-
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planetary coronal mass ejections (ICMEs). In the CIRs and

solar HSSs cases, the principal cause of geomagnetic storms

is the intermittency and the brief intervals of southward mag-

netic field resulting from magnetic field fluctuations asso-

ciated with Alfvén waves (Tsurutani et al., 1995; Belcher

and Davis, 1971; Tsurutani and Gonzalez, 1987; Richardson,

2006). Due to the highly oscillatory nature of the magnetic

field within the CIRs, the resultant geomagnetic storms are

typically only weak to moderate in intensity and the storm

main phases are irregular and do not decrease smoothly with

time (Tsurutani et al., 2006).

Recently, the discrete wavelet transform (DWT) has been

used to classify quiescent and non-quiescent periods related

to geomagnetic storms. As an alternative to the traditional

Dst index (Sugiura, 1964), new indexes were developed us-

ing DWT, such as the wavelet-based index of storm ac-

tivity (WISA; Jach et al., 2006; Xu et al., 2008) and Wp

(Nosé et al., 2012), among others. Motivated by the works of

Mendes et al. (2005), Mendes da Costa et al. (2011), Hafez et

al. (2013) and Klausner et al. (2014a, b, 2016a, b), which use

the DWT to detect transition regions and to localize singular-

ities in geophysical data, in this work, the geomagnetic varia-

tion associated with the events of CIRs and HSSs in 2007 will

be analyzed. To accomplish this task, the DWT will be used

in three levels of decomposition to calculate the effective-

ness wavelet coefficients (EWCs). With the EWCs in hand,

we will be able to detect the local quiet and the local dis-

turbed wavelet candidate days for each magnetic observatory

chosen. The aim of this paper is to compare the 5 local quiet

wavelet candidate days to the 5 quietest days determined by

the German Research Center for Geosciences (GFZ) and to

discuss how this selection may be used to detect the quietest

magnetic activity that tends to occur before HSS events.

2 Data set

In this paper, 13 worldwide ground magnetic observato-

ries distributed reasonably homogeneously have been se-

lected. One of the 13 observatories chosen is Vassouras

(VSS), which is located under the South Atlantic magnetic

anomaly (minimum of the geomagnetic field intensity), and

another four of them, Hermanus (HER), Kakioka (KAK),

Honolulu (HON) and San Juan (SJG), are used to calculate

the Dst index. The geomagnetic data used in this work rely

on data collections provided by the International Real-time

Magnetic Observatory Network (INTERMAGNET) program

(http://www.intermagnet.org).

The geographic distribution of the magnetic observatories

and their International Association of Geomagnetism and

Aeronomy (IAGA) codes are shown in Fig. 1. Their respec-

tive IAGA codes and locations are also given in Table 1.

This selection of magnetic observatories is the same selec-

tion used in a previous work by Klausner et al. (2013) for the

same reasons (exclusion of the major influence of the auroral

Figure 1. Geographical location of the observatories used in this

work and their respective IAGA code.

Table 1. INTERMAGNET network of geomagnetic observatories

used in this study.

Station Geographic coord. Geomagnetic coord.

Lat. (◦) Long. (◦) Lat. (◦) Long. (◦)

AMS −37.83 77.56 −46.07 144.94

ASP −23.76 133.88 −32.50 −151.45

BEL 51.83 20.80 50.05 105.18

BMT 40.30 116.20 30.22 −172.55

BOU 40.13 −105.23 48.05 −38.67

CLF 48.02 2.26 49.56 85.72

CMO 64.87 −147.86 65.36 −97.23

EYR −43.42 172.35 −46.79 −106.06

HER −34.41 19.23 −33.89 84.68

HON 21.32 −158.00 21.59 −89.70

KAK 36.23 140.18 27.46 −150.78

SJG 18.12 −66.15 27.93 6.53

VSS −22.40 −43.65 −13.43 27.06

Source: http://wdc.kugi.kyoto-u.ac.jp/igrf/gggm/index.html (2010).

and equatorial electrojets). However, in this work, we only

use the data interval corresponding to the year 2007 (solar

minimum activity).

The interplanetary SW and magnetic field considered

to identify the HSSs and CIRs are taken from measure-

ments by the Atmospheric Composition Explorer (ACE)

satellite and are available through the National Space Sci-

ence Data Center (OMNIWeb): http://omniweb.gsfc.nasa.

gov/form/dx1.html. The Kp and Dst indexes are extracted

from the world Data Center for Geomagnetism, Kyoto (http:

//wdc.kugi.kyoto-u.ac.jp).

3 Methodology

The method used here is based on the DWT to character-

ize the local magnetic variation behaviors. This technique

is employed to analyze the quiet local day candidates at

each magnetic observatory chosen. The EWC approach is ap-

Ann. Geophys., 34, 451–462, 2016 www.ann-geophys.net/34/451/2016/
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Figure 2. The H component average variation for KAK obtained

in March 2007 is presented in the upper panel, and the square root

wavelet coefficients amplitudes d1, d2 and d3, corresponding to the

pseudo-periods of 3, 6 and 12 min, in the bottom three panels. The

10 geomagnetically quietest days (blue) and the 5 most disturbed

days (red) are highlighted. These highlighted days are the days de-

termined by the GFZ, which are deduced from the Kp index on the

basis of their criteria.

plied in order to facilitate the DWT analysis visualization be-

cause it has only one level of decomposition, which translates

the three levels that are previously calculated by the DWT

method.

Why is the DWT used in this work? The reason for us-

ing the discrete wavelet methodology instead of a Fourier

transform, as explained by Xu et al. (2008), is due to the geo-

magnetic data containing several different kinds of variations

with various spectral ranges which are related to complex

current systems in the ionosphere and magnetosphere. On the

one hand, the Fourier transform has been a traditional tool

to analyze geophysical data. Sugiura (1964) chose a Fourier

transform to identify quiet signals of expected harmonics re-

lated to Earth rotation, lunar orbit and Earth orbit. Love and

Rigler (2014) also performed a detailed Fourier harmonic

analysis of magnetic tides using the Honolulu observatory

data. On the other hand, the DWT can decompose the sig-

nal into different frequency variations and obtain informa-

tion localized in both frequency and space domains, while in

the Fourier transform, the information is only localized in the

frequency domain due to the Heisenberg principle. For these

reasons, using DWT, it is possible to separate the different

kinds of magnetic variations from their drivers.

3.1 Identification of local magnetic disturbance

The discrete wavelet analysis has the following property: the

larger amplitudes of the wavelet coefficients are associated

with locally abrupt signal changes or details of higher fre-

quency. In the work of Mendes et al. (2005) and the subse-

quent works of Mendes da Costa et al. (2011), Hafez et al.

(2013) and Klausner et al. (2014a, 2016a), a method for the

detection of the transition regions and the location of sin-

gularities due to geomagnetic events was implemented and

evaluated.

In these works, the highest amplitudes of the wavelet co-

efficients indicate the singularities in the geomagnetic signal

in association with the disturbed periods.

In this work, we applied this methodology to the magnetic

ground signal using Daubechies orthogonal wavelet function

family 2 (db2). Using db2, the pseudo-periods correspond-

ing to the first three wavelet decomposition levels are 3, 6

and 12 min; see Klausner et al. (2014a) for more details.

These pseudo-period values are associated with our choice

of wavelet function and with the data sample rate used, in

this case, a 1 min time resolution.

As observed by Mendes et al. (2005) Klausner et al.

(2014a, 2016a) for different observatories and magnetic

storms, the periods of 3, 6 and 12 min were able to iden-

tify the sudden storm commencement (SSC) and the storm

main phase (SMP) in all magnetic observatory wavelet sig-

natures. These magnetic field fluctuations on the ground are

associated with variations in the ring current, and it is possi-

ble to infer that the wavelet signatures in the first three levels

are related to the ring current in this timescale range, which

consequently is related to Pci 5 pulsations.

The wavelet coefficients d
j
k are described as the inner

product of

d
j
k =

∫
f (t)ψ

j
k (t)dt, (1)

where f (t) is the signal with k number of points, ψ is the

analyzing wavelet db2, and j is the decomposition level.

As discussed by Klausner et al. (2014a), the wavelet coef-

ficient can be considered a local approximation error. More-

over, wavelet coefficients can be used as local indicators of

the signal regularity. The local approximation error depends

on the analyzing wavelet function choice, and as a result, the

local error obtained by this approximation can be indicated

by the wavelet coefficients. These local errors also detect the

local regularity of high-order derivatives of the signal. Nor-

mally, this kind of feature cannot be seen by visual inspection

(see Appendix A of Klausner et al., 2014a, for more details).

In this work, we use the db2 wavelet, which approximates

locally linear functions. Previous works (Mendes et al., 2005;

Klausner et al., 2014a, 2016a) focused on finding the highest

amplitudes of the wavelet coefficients, which indicate the lo-

cal disturbances related to the abrupt signal variations. These

highest amplitudes were evaluated as indicators of disturbed

periods in the geomagnetic data set. However, if the signal

can be approximated locally by linear functions, then the

wavelet coefficients are zero in those regions. The smaller the

amplitude of the wavelet coefficients, the smoother the sig-

nal. Therefore, when the magnetosphere is under quiet condi-

tions, the wavelet coefficients should show very small ampli-

tudes. Here our focus is to identify these local quiet periods

in the analyzed signal. In addition, we will evaluate whether

the local quiet periods identified by the wavelet coefficients

www.ann-geophys.net/34/451/2016/ Ann. Geophys., 34, 451–462, 2016
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Table 2. The first 10 geomagnetically quietest days and the first 5 most disturbed days determined by the GFZ for March 2007.

Month/year 10 quietest days 5 most disturbed days

q1 q2 q3 q4 q5 q6 q7 q8 q9 q10 d1 d2 d3 d4 d5

Mar 20 21 3 19 9 29 22 18 31 4 13 24 6 7 14

Source: http://wdc.kugi.kyoto-u.ac.jp/qddays/index.html.

necessarily correspond to a non-disturbed day determined by

the GFZ.

We present an example of the local magnetic disturbance

identification by the DWT using three decomposition levels

in Fig. 2. This figure is composed of four panels. The first

panel presents geomagnetic horizontal components obtained

with a resolution of 1 min at Kakioka observatory (Japan)

on March 2007 and the other three present the first (d1), the

second (d2) and the third (d3) wavelet decomposition level.

Also, the first 10 geomagnetically quietest days are high-

lighted in blue and the 5 most disturbed days in red. These

days are determined by the GFZ; see Table 2. The GFZ selec-

tion of the quietest days and the most disturbed days for each

month is deduced from the Kp index, and it is based on three

criteria for each day, such as the sum of the eight Kp values,

the sum of squares of the eight Kp values and the maximum

of the eight Kp values (see http://www.gfz-potsdam.de for

more details). By analyzing these highlighted days in Fig. 2,

we will try to validate the wavelet method as an alternative

way to classify the level of geomagnetic disturbance.

In Fig. 2, the wavelet coefficients that appear simulta-

neously at all three decomposition levels with amplitudes

higher than the background are associated with geomagnetic

storms as discussed in Mendes et al. (2005), Mendes da Costa

et al. (2011), Klausner et al. (2014a) and Klausner et al.

(2016a). However, we will focus on the days that present

smaller wavelet coefficient amplitudes (WCAs) or that are

equal to the background; i.e., these days will be the wavelet

candidates for quiet days. Consequently, the days with higher

amplitudes will be considered as geomagnetically disturbed.

Through the analysis of WCAs, it will be possible to distin-

guish the 5 quietest days from any other disturbed days in

every month of 2007.

3.2 Example of the identification of magnetic

disturbance and EWC

In this section, we will apply the EWC in all geomagnetic

data sets in order to enhance the visualization of the wavelet

coefficients. This method has been already defined in the

work of Klausner et al. (2014a, 2016a, b), and it is described

by the following expression:

EWC=

1

7

(
4

N∑
k

|d
j=1
k |

2
+ 2

N∑
k

|d
j=2
k |

2
+

N∑
k

|d
j=3
k |

2

)
, (2)

where the k summations are for 1 day, N = 1440, consid-

ering our original signals with a 1 min resolution for every

month.

The EWC is weighted according to the scale decomposi-

tion levels to identify the small-scale disturbances better.

One advantage of the EWC over other methods is that the

EWC can be performed in times series with gaps without a

need for data interpolation. In other words, a few issues such

as the availability and the data quality during short periods of

time and erroneous data points can be treated as gaps without

compromising the analysis.

Figure 3 shows the EWC for each magnetic observatory

chosen in alphabetical order as given in Table 1. Similar to

Fig. 2, all these graphs have the first 10 geomagnetically

quietest days and the 5 most disturbed days determined by

the GFZ highlighted in blue and in red, respectively, for

March 2007. The EWC also allows us to evaluate the locally

quietest candidate days and the most locally disturbed candi-

date days for each magnetic observatory chosen. The results

of the 10 quietest and the 5 most disturbed candidate days for

each observatory are presented in Table 3. In this table, the

superscript letter a indicates the days where the EWC candi-

date and the GFZ day are coincident and in the same order

of magnetic disturbance, and superscript b indicates the days

where the EWC candidate and the GFZ day are coincident

but have a different order of magnetic disturbance. Compar-

ing the results of candidate days with the days determined by

the GFZ, we note that most of the quietest and disturbed can-

didate days are classified as international quiet days (IQD)

and international disturbed days (IDD), respectively, by the

GFZ. The IQD and IDD vary from the highest to the lowest

order of quietness and disturbance, respectively. Here, some

of the candidate days correspond to the 10 IQD and/or 5 IDD

but with a different order of quietness and/or disturbance.

4 Results and discussion

The question arises as to why the quietest local wavelet and

locally disturbed candidate days are not the same ones clas-

sified as quiet and as disturbed by the GFZ. In order to ad-

dress this question, we decided to compare the results of

Ann. Geophys., 34, 451–462, 2016 www.ann-geophys.net/34/451/2016/
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Figure 3. The effectiveness wavelet coefficients for each magnetic observatory chosen related to March 2007.

Fig. 3 and Table 3 to solar events observed in the same pe-

riod. The events identified as HSSs, which mostly originated

from coronal holes, are indicated in Table 4. Solar and in-

terplanetary parameters associated with these HSSs events

are shown in Fig. 4. In this figure, F10.7 is the solar flux

(10−22 Wm−2 Hz−1); SWvel is the SW velocity (km s−1);

SWNP is the SW density (cm3); SW temp. is the SW temper-

ature (105
×K); IMF Bz is the interplanetary magnetic field

(nT); Baver is the total magnetic field strength (nT) in GSM

coordinates; AE is the auroral electrojet index (nT); and Dst

is the disturbance storm time index (nT). Vertical lines indi-

cate the beginning of each slow solar wind (SSW) event.

Table 4 is a slightly modified table from Xistouris et al.

(2014) and it is arranged as follows: column 1 gives the stud-

ied events labeled a to e; column 2 gives the date and the time

of occurrence of an intensification of SW velocity; column 3

gives the date, the time and the value of the SW maximum

velocity; column 4 gives the average SW velocity; and col-

umn 5 gives the duration in days of the HSS.

In Fig. 3, it is noticeable that most of the quietest local

wavelet candidate days occurred in an interval 2 days prior

to the high-speed-stream-driven storm (see Fig. 4 for com-

parison). This fact was already observed by the Kp index and

explained by Borovsky and Steinberg (2006). They explained

these calm periods (2 days) as being due to the uncompressed

SSW reaching the Earth just before the Earth is compressed

by high-speed-wind arrival. Also, the difference in responses

of the geomagnetic observatories can be explained by cool

dense plasma that appears on the nightside of the Earth dur-

ing the early phase and by the increase in geomagnetic storm

perturbations; see Borovsky and Steinberg (2006) for more

details. In this work, the wavelet coefficients also seem to be

www.ann-geophys.net/34/451/2016/ Ann. Geophys., 34, 451–462, 2016
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Figure 4. Interplanetary parameters of March 2007. The dashed lines correspond to the starting time of the events presented in Table 4.

Table 3. The 10 geomagnetically quietest days and 5 most disturbed days obtained by the discrete wavelet analysis for March 2007.

Station 10 quietest days 5 most disturbed days

q1 q2 q3 q4 q5 q6 q7 q8 q9 q10 d1 d2 d3 d4 d5

AMS 20a 3b 9b 21b 10 29a 2 8 4b 22b 13a 15 14b 12 24b

ASP 3b 20b 21b 10 2 9b 22a 8 29b 19b 13a 15 12 14b 25

BEL 9b 20b 8 3b 22b 10 4b 21b 2 19b 13a 15 14b 12 7b

BMT 3b 10 21b 20b 9a 8 2 22b 19b 4a 13a 15 12 24b 14a

BOU 3b 20b 21b 9b 19b 10 22a 8 2 18b 13a 14b 6a 7a 12

CLF 20a 10 3a 9b 22b 8 4b 2 21b 19b 13a 15 14b 12 6b

CMO 20a 3b 21b 19a 10 4b 9b 29b 18b 22b 13a 24a 25 6b 1

EYR 3b 20b 10 2 21b 29a 9b 31b 22b 8 13a 24a 15 25 12

HER 20a 9b 8 10 3b 22b 21b 19b 2 29b 13a 25 12 6b 14a

HON 20a 10 3a 9b 8 2 21b 18a 19b 22b 13a 25 12 14b 16

KAK 3b 10 20b 9b 21b 8 2 19b 22b 4a 13a 25 12 15 24b

SJG 9b 20b 10 3b 8 19b 22a 21b 2 18b 13a 14b 25 12 6b

VSS 10 9b 8 20b 3b 19b 22a 2 21b 29b 13a 14b 12 15 25

a indicates the quietest and/or disturbed wavelet candidate days, with the IQD or/and IDD being coincident; b indicates a wavelet candidate with a

different order of quietness and/or disturbance from 10 IQD and/or 5 IDD.

able to estimate “the calm days before the storm” discussed

by Borovsky and Steinberg (2006).

In order to show the association of HSSs and CIRs with

the geomagnetic variation, we present a spectral analysis us-

ing the gapped wavelet technique (GWT) of the geomagnetic

indexes such as AE, Kp and Dst. The GWT can be used

in the analysis of nonstationary signal to obtain information

on the frequency or scale variations and to detect its struc-

tures’ localization in time and/or in space (see Klausner et al.

(2013) for more details). It is possible to analyze a signal in a

timescale plane, the so-called wavelet scalogram that is used

to provide the energy distribution in the timescale plane. In

the scalograms presented in Fig. 5, areas of stronger wavelet

power are shown in dark red and the areas of low wavelet

power are shown in dark blue. On the x axis the time varia-

tion is plotted with a 1-day resolution, and the scale variation

is plotted on y axis.

Figure 5 presents the variation of each index (top panel) as

a function of each day of March 2007 and its corresponding

wavelet spectrum (bottom panel). Small periodicities (less

than 1 day) between 6–7, 11–17 and 23–28 March which

are associated with the fast fluctuations due to the injec-

tion of energy in the magnetosphere are noticeable. Also,

it is possible to identify periodicities of 5, 7 and 27 days,

and the sub-harmonics of Sun rotation, i.e., 9 and 13.5 days,

which are associated with HSSs and CIRs. From the gapped

Ann. Geophys., 34, 451–462, 2016 www.ann-geophys.net/34/451/2016/
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Table 4. Solar events in 2007 March.

Column 1 2 3 4 5

Event Starting time Maximum SW velocity Average SW velocity Duration

day, month, time (UT) day, month, time (UT), km s−1 km s−1 days

2007

a 5 Mar 19:00 7 Mar 13:00 628 382 3.42

b 11 Mar 06:00 13 Mar 06:00 698 299 11.29

c 23 Mar 02:00 26 Mar 07:00 498 260 4.38

d 27 Mar 12:00 28 Mar 04:00 581 425 4.04

e 31 Mar 13:00 2 Apr 20:00 645 333 7.67
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Figure 5. Gapped wavelet spectra (bottom panel) of the geomag-

netic indexes (top panel) AE, Kp and Dst for March 2007. The

dashed lines correspond to the starting time of the events presented

in Table 4.

wavelet spectrum analysis, the spectra of AE and Dst are

well-correlated to the Kp spectrum, and consequently, they

are well-correlated with the days classified as quiet and as

disturbed days by the GFZ. The way that the GFZ classifies

these days assumes a linear relation between magnetic obser-

vatories during both quiet and disturbed times. This kind of

relation to nonlinear systems, such as geomagnetic storms,

can be misleading. It should be noted that even during quiet

times each observatory has unequal contributions according

to its local conductivity of the E-region, the local geomag-

netic field intensity and its configuration, and the regional

thermospheric winds (Klausner et al., 2013). However, the

wavelet coefficients can detect all these nonlinear variations

because each observatory magnetic data point is separately

analyzed, which may be one advantage of our analysis per-

formed here.

The quietest local wavelet candidate days were identified

for the whole year of 2007 following the same strategy as

mentioned in the context of analysis applied on March 2007.

Figure 6 shows the SW velocity for the year 2007. In the

upper panel, the 5 quietest days determined by the GFZ are

highlighted in red. In the lower panels, the 5 quietest days for

each magnetic observatory used in this work determined by

the wavelet-based method are highlighted in green. The SW

velocity clearly shows recurrent high-speed streams during

this period. Since the Kp index varies with the SW velocity,

the GFZ 5 quietest days appear mostly during the passage of

low-speed SW. It can be also seen that the quietest magnetic

activity tends to occur just before the arrival of high-speed

SW as other researchers have previously found (Tsurutani

et al., 1995; Borovsky and Steinberg, 2006). The wavelet-

based method shows remarkably similar results in the detec-

tion of quiet periods preceding SW HSSs to the normal Kp-

based method used by the GFZ. Since the difference between

these two results is rather small, it is possible to say that the

wavelet-based method can be used as an alternative tool to

the Kp-based method in detecting quiet SW conditions, in

spite of the fact that the wavelet method is more sensitive to

high-frequency magnetic variations (pseudo-periods are 3, 6

and 12 min) in comparison with Kp.

However, the geomagnetic activity also depends on the

southward interplanetary magnetic field (Bz). Therefore,

www.ann-geophys.net/34/451/2016/ Ann. Geophys., 34, 451–462, 2016
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Figure 6. SW velocity for 2007. The 5 quietest days of month are indicated based on (top) the conventional GFZ definition and (bottom) the

wavelet method proposed in this study.
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Figure 7. Distribution of IMF Bz and SW velocity for the 5 quietest days determined by the GFZ and by the wavelet analysis for the 13

magnetic observatory used in this study. The histogram Gaussian distribution fit for GFZ is shown in red and, for the wavelet analysis, in

green.

low-speed SW does not necessarily mean low geomagnetic

activity. The coupling solar-wind–magnetosphere is most

strongly controlled by the direction of the interplanetary

magnetic field, being strongest when the interplanetary mag-

netic field is southward (Russell, 2001). At this point, the

relative contribution of the wavelet method to the identified

quiet SW conditions will remain an unresolved issue.

In order to validate the 5 quietest days derived from the

wavelet analysis in a more physically meaningful way, a

comparison between the Z component of the interplanetary

magnetic field (Bz) and the SW velocity is presented in a sta-

tistical approach. Figure 7 shows the distribution of Bz and

SW velocity for the Kp-based 5 quietest days in 2007 de-

termined by the GFZ (histogram Gaussian distribution fit is

shown in red) and by the wavelet-based method (in green).

All the magnetic observatories show the same trend observed

in histogram Gaussian distribution fits for Bz and SW us-

ing the Kp-based and the wavelet-based method. The Bz
histogram horizontal scale between −1 and 2 nT contains

the intervals with the highest frequency of observations, and

www.ann-geophys.net/34/451/2016/ Ann. Geophys., 34, 451–462, 2016
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Figure 8. Geomagnetic Sq variations at Kakioka averaged over the 5 quietest days of each month given by the GFZ definition (black lines)

and (bottom) the present study (dot-dashed black lines). The 5 quietest days by the GFZ are presented in red, those by the wavelet analysis

in green, and the days considered quiet by both methods in blue.

SW histogram shows the intervals between 300 and 400

km s−1. This behavior of Bz and SW is expected during quiet

days. Geomagnetically quiet days are associated with near-

zero or small and positive values of Bz and low SW veloci-

ties (Campbell, 1989). The wavelet-based quiet days present

these characteristics; therefore, these days are geomagneti-

cally quiet in nature (see Fig. 7).

However, it is noticeable that the low-latitude magnetic

observatories present differences between their histogram

Gaussian distribution fits. This result may be explained by

the fact that the Kp index is obtained as the mean value of

the disturbance levels observed at 13 subauroral magnetic

observatories. As discussed by Klausner et al. (2016a), the

observatories located at high latitudes presented more struc-

tured wavelet signatures, which are associated with rapid

changes in magnetospheric and ionospheric currents in the

auroral region, while at low latitudes, the wavelet signatures

are smoother.

The wavelet-based method developed here could also be

used as an alternative way to calculate the Sq variation us-

ing quietest local wavelet candidate days. One of the many

important aspects of determining the Sq variation is to cal-

culate the Dst index. The derivation of the Dst index con-

sists of three main steps: the removal of the secular variation,

the elimination of the Sq variation and the calculation of the

hourly equatorial Dst index. The traditional method of cal-

culating the Sq baseline for the quiet-day variations is to use

the 5 quietest days determined by the GFZ for each month for

each magnetic observatory. However, the Dst reconstruction

and the quiet-time baseline remotion have been a motivation

of several works (Karinen and Mursula, 2005, 2006; Mursula

et al., 2008; Love and Gannon, 2009).

Figure 8 shows that the difference between the Sq baseline

derived from the Kp 5 quietest days and the wavelet analysis

5 quietest days is rather small. However, the selected 5 qui-

etest days are not the same for the two cases but the average

Sq variations are almost identical. These results show that the

difference due to the selection of the 5 quietest days is much

smaller than the day-to-day variability of Sq. Therefore, the

method developed here could be used as an alternative way

to calculate the Sq baseline because it would not make any

significant difference to the Dst index.

Ann. Geophys., 34, 451–462, 2016 www.ann-geophys.net/34/451/2016/
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5 Conclusions

In this work, we implemented the wavelet-based method as

an alternative way to identify local geomagnetically quiet

days. This new approach addresses some issues, such as the

availability and the quality of data, abrupt changes in the

level of the H component, erroneous points in the database

and the presence of gaps in almost all the magnetic observa-

tories.

In addition, the EWC has been used to evaluate the geo-

magnetically local 5 quietest days for each ground observa-

tory chosen. The traditional method of calculating quiet days

is using the Kp index determined by the GFZ. Our results

showed that the Kp-based and the wavelet-based method

present similar results. In spite of the fact that the wavelet

method is more sensitive to high-frequency magnetic vari-

ations, our results show that the EWC could be used as an

alternative tool to the Kp-based method.

In response to the variation of SW velocity, the wavelet-

based geomagnetically local 5 quietest days appear mostly

during the passage of low-speed SW. This quietest mag-

netic activity tends to occur just before the arrival of high-

speed SW as other researchers have found (Tsurutani et al.,

1995; Borovsky and Steinberg, 2006). The EWC analysis has

shown great potential to detect the interval 2 calm days prior

to the high-speed-stream-driven storm events.

Another important aspect of the EWC analysis is that the

days determined by the wavelet-based method could be also

used in other applications including the calculation of the

Sq baseline. As observed for KAK, even though the 5 qui-

etest days are not the same for the two cases, the average

Sq-wavelet-based and Kp-based baselines are almost identi-

cal.

To conclude, our methodology could be used in a semi-

automatic way to characterize the quiet and disturbed mag-

netic periods using a scale-time-dependent decomposition

provided by the amplitude of the EWCs and filtering tech-

niques. An alternative method for the detection and classifi-

cation of geomagnetic signal variations may also be useful

to understand the local physical processes involved in these

events, and, in the near future, it could be implemented in

real-time analysis. Moreover, this exploratory study encour-

ages the use of alternative algorithms for Sq isolation during

solar minimum activity.

Data availability

All the ground magnetic data presented in this paper can be

freely downloaded using a standard internet browser from

the INTERMAGNET site (www.intermagnet.org); all the in-

terplanetary parameters can be obtained from the OMNIWeb

(http://omniweb.gsfc.nasa.gov/form/dx1.html), and the mag-

netic indexes are available from WDC Kyoto (http://wdc.

kugi.kyoto-u.ac.jp).
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