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Abstract.

Geomagnetic fiel data with high time resolution (typically 1 s) have recently become more
commonly acquired by ground stations. Such high time resolution data enable identifying Pi2
pulsations which have periods of 40-150 s and irregular (damped) waveforms. It is well-known
that pulsations of this type are clearly observed at mid- and low-latitude ground stations on
the nightside at substorm onset. Therefore, with 1-s data from multiple stations distributed in
longitude around the Earth’s circumference, substorm onset can be regularly monitored. In the
present study we propose a new substorm index, the Wp index (Wave and planetary), which
reflect Pi2 wave power at low-latitude, using geomagnetic fiel data from 11 ground stations.
We compare the Wp index with the AE and ASY indices as well as the electron flu and mag-
netic fiel data at geosynchronous altitudes for 11 March 2010. We fin that significan en-
hancements of the Wp index mostly coincide with those of the other data. Thus the Wp in-
dex can be considered a good indicator of substorm onset. The Wp index, other geomagnetic
indices, and geosynchronous satellite data are plotted in a stack for quick and easy search of
substorm onset. The stack plots and digital data of the Wp index are available at the web site
(http://s-cubed.info) for public use. These products would be useful to investigate and under-
stand space weather events, because substorms cause injection of intense flu es of energetic
electrons into the inner magnetosphere and potentially have deleterious impacts on satellites

by inducing surface charging.

1. Introduction

Substorms are one of the most conspicuous phenomena in space
physics. A substorm releases a large amount of electromagnetic
energy stored in the magnetotail into the ionosphere and the in-
ner magnetosphere in a short time scale of minutes. Their occur-
rence gives rise to a number of different events, including auroral
breakup, energetic particle injection in the inner magnetosphere,
magnetic fiel dipolarization, bursty bulk plasma fl w in the plasma
sheet, magnetic reconnection in the magnetotail, and plasmoid de-
velopment in the distant tail. Substorms also cause disturbances in
the ground-based geomagnetic field that is, high-latitude negative
bays and mid-latitude positive bays. In order to measure substorm
activities, geomagnetic indices that reflec the occurrence of high-
latitude negative bays and mid-latitude positive bays have been in-
vented: the AE (Auroral Electrojet) index for the former [Davis
and Sugiura 1966] and the ASY (ASYmmetric disturbance) in-
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dex for the latter [lyemori and Rap1996]. These indices are de-
rived from data collected by multiple stations distributed around
the globe at different longitudes. Data from 12 stations and 6 sta-
tions contribute to the AE index and the ASY index, respectively.
Thus these indices are considered sensitive to high-latitude negative
bays or mid-latitude positive bays at any given UT time, although
magnetic bays are local phenomena that appear predominantly on
the nightside. Hence, the AE and ASY indices are widely used to
identify the occurrence of substorms.

“Pi2 pulsations” designate a type of geomagnetic fiel oscilla-
tions that have an irregular (damped) waveform and a period in
the range of 40-150 s [Jacobs et al.1964]. Early studies reported
that Pi2 pulsations can be clearly observed at low- and mid-latitude
ground stations on the nightside, when high-latitude negative bays
or mid-latitude positive bays are initiated [Saito et al, 1976a, b;
Sakurai and Saitol 976a]. They also appear almost simultaneously
with auroral breakups [e.g., Sakurai and Saitol 976a; Gelpi et al,
1987], energetic particle injection in the inner magnetosphere [e.g.,
Yeoman et al., 1994Saka et al.1996], and magnetic fiel dipolar-
ization [e.g., Sakurai and McPherron, 1983Yumoto et al.1989].
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Since low-latitude Pi2 pulsations exhibit greatest power near mi@NB, LRM, and TDC are located in the southern hemisphere, their

night, multiple ground stations distributed longitudinally aroundbcations are plotted as geomagnetically conjugate points in Fig-

the globe are needed for their detection at any given UT time. ure 1. The absolute values of the geomagnetic latitude of these
Recent advancements in computers and instrumentation for 34- stations range between“2and 49. The largest longitudinal

omagnetic field measurements enable a large number of geomggparation between the stations is abouit @tween WMQ and

netic stations to record geomagnetic field variations with a tinléN). Therefore, the longitudinal network of these stations is suf-

resolution of 1 s. These developments facilitate the derivation Bigiently dense such that at least one station is always positioned

a new index measuring Pi2 power. Such an index would be useflil the nightside where low-latitude Pi2 pulsations can be clearly

and convenient to identify the occurrence of substorms similar apserved.

the AE and ASY indices. In this study, using data from a longitu-

dinal network of 11 ground stations, we propose a new substogn Method of Derivation of Wp Index

index, the “Wp index” (Wave and planetary). This is an extension

of the work of No et al.[2009], in which only data from five 3.1. Wavelet Analysis

ground stations were used and preliminary results were presented

We improve the derivation procedure of the Wp index introducetﬂn - - : ’

" . - e series is decomposed into orthonormal basis functions that
bty :\Irr?ﬁdetxa:ﬁ[zog?j]. T;) erxtveind thf 3valvt\1latloln of ”;:13 nrewtr?ub- re localized in time and limited to a specific frequency range
sto }deX beyond our prévious study, we also compare the avelets). Thus, wavelet analysis is suitable for investigating the
index with particle and magnetic field data from geosynchrono

li Th h d des thei K ve power of phenomena that are limited in both time and fre-
satellites. Thus, the present study supersedes their work. uency, such as Pi2 pulsations. The time series is mapped to the
From the viewpoint of space weather, substorms are importg

e-frequency domain; therefore, the wavelet transform has two

research topics because they can cause satellite anomalies. 3HBymeters that correspond to time and frequency. For a time series
storms produce energetic electrons with energies in the rangeng), the wavelet transform is expressed as

several to several hundreds of keV that are often responsible for

In deriving the Wp index we use wavelet analysis, in which a

surface charging of satellites, leading to electrostatic discharge and X(t) = z i Wik(t), 1)
possible damage to satellite electronics [eFgnnell et al, 2001]. ] Z LA

Surface charging is reported to occur mostly in the 2300 to 0600 LT o

region at geosynchronous altitudddPherson et a).1975;Koons ajk= ooX(t) gj()dt, 2

and Gorney 1992], which is consistent with the path of substorm-
injected energetic electrons drifting eastward from the near-Eagifiqreq.

magnetotail. A recent well-known satellite anomaly is the Galaxy¢ andJ"tkhe asterisk denotes the complex conjugate(t) is con-
15 geosynchronous telecommunication satellite which stopped &r;cted from an analyzing wavelg(t), which generates the or-
sponding to commands from the ground controller at 0948 UT onygonormal wavelet set by

April 2010. Galaxy 15 began to wander away from its orbital posi-
tion causing a risk of collision with other geosynchronous satellites. Wi () = (p(zjt —k) 3)
This satellite anomaly was attributed to significant electron injec- I '

tion associated with large substorms and the unfortunate positi%ere]— andk are integers. This equation indicates tht related

ing of Galaxy 15 around the hazardous midnight-to-dawn sectorgttnhe dilation or contraction ap(t) andk is related to the shift of

the time of the substorm#|[len, 2010;Connors et al.2011]. More Y(t) in the time domain. Thusj, andk can be considered param-

examples of satellite anomalies due to substorm-associated elecfdts of frequency (dilation) and time (translation), respectively. In

injection are compiled bedingfield et al[1996]. The substorm this study we use the Meyer waveldtgyer, 1989] as an analyzing

indices including AE, ASY, and Wp would help better characterizgavelet, because the Meyer wavelet is band-limited in frequency

space weather events and aid in the mitigation of harmful impagtsg., Sasaki et al. 1992; Sato and Yamadal994; Yamada and

on satellites. Ohkitani 1991;Yamanaka et al1994;Yomogida1994] as are Pi2
This paper is organized as follows. In section 2, we describe tpalsations (i.e., 6.67-25.0 mHz).

longitudinal network of ground stations used to derive the Wp in- For actual analysis, we use a discrete time series and take a finite

dex. Section 3 elucidates the method for calculating the Wp inddata segment. Assuming a time series that has a samplindtrate

by employing wavelet analysis. Section 4 presents an exampleasid number of data pointé (N = 2", nis an integer), we will ob-

Wop calculation for 11 March 2010. In section 5, the Wp index iain wavelet coefficientg; \ confinedto 0< j <n—1land 0< k<

compared with the AE and ASY indices and geosynchronous satel-— 1. The frequency band for eaghis 2/ /3T < f < 21+2/3T,

lite data to verify whether it is a good indicator of substorm activitywhereT is the data lengtd = Ndt. A more detailed description

Section 6 introduces a web-based product for quick and easy searttvavelet analysis can be foundio< et al.[1998].

of substorm onset based on the database of the Wp index and other

substorm indicators. Finally, section 7 gives a summary of this pd-2. Derivation Procedure

per. Using the 1-s geomagnetic field data from the 11 stations, we
qalculate the Wp index as fol!ows. A schematic figure of the deriva-
2. Longitudinal Network of Ground Stations for tion procedure is shown in Figure 2. . .
Wb Index 1. The magnetic field in the horizontal plane is converted into
p Hn-He coordinates, where thdy andHg components are parallel

. . . . and perpendicular to the local magnetic field, respectively. Hhe
Figure 1 shows the locations of 11 ground stations in geomagsmponent is positive eastward. The orientation of the local mag-

netic coordinates that were used to derive the Wp index. Dottegdsic field (i.e., declination) at each station is calculated by using
blue circles indicate geomagnetic latitudes (GMLAT) of 2Id  the 11th Generation IGRF. Table 1 lists the declination on 1 January
50°. The coordinates of the stations are listed in Table 1. The 113005, which is applied to the subsequent periods. In the derivation
Generation IGRF is used to calculate geomagnetic coordinatgthe Wp index, only thédy component is used (Figure 2a), be-
The station names (3-letter abbreviation code, sponsoring countggluse the low-latitude Pi2 amplitude in tHg component is much

are Tuscon (TUC, United States), Honolulu (HON, United Stategpss dependent on GMLAT than that in tHe component Yumoto
Canberra (CNB, Australia), Kakioka (KAK, Japan), Learmontlet al, 1994;Allan et al, 1996].

(LRM, Australia), Urumgi (WMQ, China), Iznik (IZN, Turkey), 2. Wavelet analysis is applied to geomagnetic field data for a
Furstenfeldbruck (FUR, Germany), Ebro (EBR, Spain), Tristan dg&gment of 512-s length. The data segment is then shifted forward
Cunha (TDC, Denmark), and San Juan (SJG, United States). Sibye60 s and wavelet analysis is repeated (Figure 2b). The frequency

is the wavelet coefficienty; k(t) is the discrete wavelet
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bands of the wavelet functions witl=4 and 5 are 5.2-20.8 mHz and Matsushital968;Smith 1973;Sakurai and McPherrori983;
and 10.4-41.7 mHz, respectively, which cover the frequency rangeger et al. 1983].

of Pi2 pulsations (6.67-25.0 mHz). The wavelet coefficientgdf

and 5 @4 and.a5,k) are cgmputed so that their magnitudes repd.2. Wppp Index

resent the maximum amplitude of the corresponding wavelet func- llowi . . .
tions in nT. (Careful readers may notice that the frequency bandsFollowing procedures 2 and 3 described in section 3.2, we ap-
of the wavelet function are derived for the caseNsf1024. This PIY wavelet analysis to the geomagnetic field data for 11 March
is because 256 artificial data points are added at both ends of §f-0 and compute the Mg indices. Results are displayed with
512-s data segment before wavelet analysis. The artificial poif lines in the top 11 panels of Figure 4. A horizontal black bar in
added to the beginning of the data segment have the same valug3d! Panel indicates local nighttime (1800-0400 MLT) at the sta-
the first data point and those added to the end of the data segnf_@ﬂ- The four time intervals of Figure 3 are shown with horizontal
have the same value as the last data point.) |ght-b|ue_bars. Itis wo_rth mentioning briefly here theAw, in-

3. Using the obtained wavelet coefficients, we calculate wave%‘t‘e_s during local daytime. Base values of thagly indices at
power with a time resolution of 1 min (Figure 2c). Wavelet powef@ytime (i.e., the periods without horizontal black bars) are gen-
is defined as an average of the wavelet coefficientg=df and 5 erally Iarger_ than those at local nighttime, in _partlcular, at higher
(a4 andasy) in a given 1-min bin. This process results in a timd@titude stations (CNB, FUR, and EBR). This is probably because
series of 1-min wavelet power (i.e., 1440 data points/day) for eall}e daytime is rich in activities of geomagnetic Pc3-4 pulsations,
station, which is named the Mdg index, where “W” stands for which have wave periods similar to Pi2 but are caused by upstream
“Wave” and “ABB” is the 3-letter abbreviation code of the stationWaves in the solar windvumoto 1986;0dera 1986;Vero, 1986].

4. The Wp index is derived from the M¥g indices at 11 sta- Thus, th_e Wgg indices at daytime have_ contributions from Pc3-
tions. Since Pi2 pulsations have dominant power on the nightsidepulsations to some extent. The amplitudes of Pc 3-4 pulsations
we use only the Wgg indices from the stations located at 1800become larger at higher latitudes [eMatsuoka et al.1997], re-

0400 MLT. The Wp index is simply defined as an average of thilting in the larger base values at CNB, FUR, and EBR.
Wagg indices of the stations in this MLT range (Figure 2d). In the first time interval of 0500-0600 UT, clear enhancements

of Wyyc and Ws;3g can be seen; this is consistent with Figure 3a.
. Other stations also show increases of thgg@/ indices, although

4. Example of Calculation of Wp Index for 11 they are smaller than those of A and Wsjg except for CNB.
March 2010 (It seems that CNB, located at higher latitude, observed Pc-type
pulsations before 0530UT and this Pc-type wave activity may be
further stimulated by the substorm onset at 0535 UT.) In the sec-

Following the procedure described in the previous section, v@d time interval of 0820-0920 UT, there are sudden incr(_eases in
calculate the Wp index for 11 March 2010, using data from the Mcng, WHon, and Wryc, which reflect the appearance of Pi2 pul-
ground stations. Figure 3 displays the 1-s geomagnetic field date&S@tions as seen in Figure 3b. We can even observe enhancements
the Hy component from the 11 stations for time intervals of 05000f the Wagg indices in the afternoon sector (KAK, LRM, WMQ,
0600 UT, 0820-0920 UT, 1110-1210 UT, and 1740-1840 UT oiN, and FUR), but they are less significant than the nighttime en-
11 March 2010. MLT of each station at the beginning of the timBancements. In the third time interval of 1110-1210 UT, we notice
interval is indicated at the bottom-left corner of each panel. In Figlear enhancements of M, Wkak , Wens, and Wion, which
ure 3a, Pi2 pulsations accompanied by positive bays are identifi@ consistent with our findings in Figure 3c. There are sharp in-
at TUC and SJG around 0535 UT, when both stations are loca®f@ases in Wyr and Wegr in the local daytime; but, as we dis-
close to midnight (MLF21-01 hr). Simultaneously, there are alsgussed in section 4.1, they are not related to Pi2 activities. In the
Pi2 pulsations at other stations, although their amplitudes are géeudrth time interval of 1740-1840 UT, we find enhancements of
erally smaller and they are accompanied by no clear positive baifie Wagg indices at all stations, although larger enhancements are
Note that the Pi2 pulsations are preceded by another Pi2 activityf@tind on the nightside (FUR, IZN, WMQ, and LRM), being consis-
SJG and TUC around 0525 UT, although it has a smaller amplitutint with the visual inspection of the geomagnetic field data shown
and no positive bay. Such an intermittent appearance of Pi2 pul#aFigure 3d.
tions is a typical feature known as “a pulsation train (Pt)” or “a Pi2
train” [e.g., Saito et al, 1976b;Sakurai and Saito1976b;Sergeev 4.3. Wp Index
et al, 1986;Sutcliffe and Lyons2002]. In Figure 3b, CNB, HON, - .
and TUC observed Pi2 pulsations at 0852-0900 UT. These thrgeFrom the Wags indices, we calculate the Wp index by proce-
Sations are loatedrear mdngh (o ~22 v and-01_IE L, T e e caclaion s howr e b es
hr). Other stations located on the dayside or in the early morni X :
sector observed no clear appearance of Pi2 pulsations. In Fig g_Wp index ar(_)und_ 0535 UT, 08.50 UT, 1140 UT, a_nd 1805 uT
3¢, LRM, KAK, CNB, and HON observed Pi2 pulsations at 113 uring the four time |nter\_/als designated by the horizontal light-
UT and 1144 UT near midnight (MLF¥19-01 hr). The latter pulsa- | lue bars. Close inspection reveals that the increases of the Wp
tions are accompanied by clear positive bays. Therefore this e@ex around 0535 UT, 1140 UT, and 1805 UT are composed of

4.1. One-second Geomagnetic Field Data

is considered a Pi2 train. On the dayside, magnetic field fluctu{©® peaks corresponding to the Pi2 trains identified in Figures 3a,

tions with larger amplitude appear at FUR and EBR around 1146 @nd 3d. The Wp index, therefore, can be thought as *a global

UT. However, their waveforms seem to be different from those ¢fdex” that reflects the nighttime low-latitude wave power in the

the nightside Pi2 pulsations. Moreover, they started from 1141 UTi2 frequency range at any given UT time.

which does not coincide with the onset time of the nightside Pi2

pulse}tions. The.res.ults indicatg no direct .connecti.on betwegn the Wp Index as a Good Indicator of Substorm

dayside magnetic field fluctuations and Pi2 pulsations. In F'guﬁctivit

3d, Pi2 pulsations (or a Pi2 train) can be found at almost all 11 sta- y

tions at 1805-1810 UT and 1814-1820 UT. The amplitude of these1.  Comparison with Other Substorm Signatures: Case

pulsations is the largest at stations near local midnight, that is, F%dy for 11 March 2010

(MLT ~19.5 hr), I1ZN (MLT~20.5 hr), WMQ (MLT~0.0 hr), and

LRM (MLT ~1.5 hr). Positive bays are clearly evident at WMQ Now we compare substorm signatures found in the Wp index

and LRM for the second Pi2 pulsation. and those found in the AE index, the ASY index, and geosyn-
The above results regarding the MLT dependence of Pi2 occahronous satellite data. First, we examine whether the AE and

rence are consistent with previous results; that is, Pi2 pulsations A®Y indices showed substorm signatures in the aforementioned

frequently observed near midnight (2100-0100 MLT) [e$gito four time intervals. For comparison among geomagnetic indices,
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we display plots of the AE, -AL, ASY-H, ASY-D, and Wp indicesdifferent ways. In the first way, we make an event list of Wp en-
for 11 March 2010 in the top five panels of Figure 5. The Wp indelancement, and then check whether the listed Wp enhancement is
in the fifth panel is identical to that in the bottom panel of Figurgccompanied by other substorm signatures. The second way uses
4. Enhancement of the Wp index is considered as being dueif AE index to identify substorm onset. Then we examine whether

the occurrence of a Pi2 pulsation at low-latitude, while increas ; ; ; ;
of the AE, -AL, ASY-H, and ASY-D indices are interpreted as ths‘gzlehztrj]tézt;ren;tonset selected by the AE index is associated with Wp

occurrence of high-latitude negative bays and mid-latitude positi
bays. For the Wp increase at 0535 UT, all other indices (AE, -Al2-2.1. Events Selected by Wp Index

ASY-H, and ASY-D) also increase. Around 0850 UT, the AE and Onset time of enhancement in the Wp ind&y {s selected by
-AL indices are clearly enhanced. Around 1140 UT when the Wigsing the following criteria: (1) the standard deviation of the Wp
!ndex shows an enhancement, the AE and -AL indic_es show mingdex in a 30-min interval beforg is <0.05 nT; and (2) the Wp
increases. The Wp enhancement around 1805 UT is accompaniffbx is enhanced t&0.4 nT within 10 min aftety. Criterion 1

by enhancements of the AE, -AL, and ASY-H indices. The coms anplied to require quiescence of geomagnetic activity before the

parison reveals good correspondence between the Wp index @pdot These criteria sometimes yield a consecutive series of onset

ggéirrr%iggwagnetlc indices in terms of the detection of SUbStOthes, liketg=T, T+1 min,---, T+k min. In this case, we take the

Second, in order to further confirm the value of the Wp inde{@St Onset time, that ido=T-+k min, and discard the others. The
as a substorm index, we examine the high-energy (590-1180 kedove selection procedure identifies 64 events of Wp enhancement
electron flux measured by the standard dose monitor (SDOM) dA-March 2010, which are listed in Table 2. Note that all 4 distinct
board the Data Relay Test Satellite (DRTS®)dtsumoto et a). events of 11 March 2010 discussed in section 5.1 are successfully
2001] and the magnetic field measured by the magnetomeseiected at=0527 UT, 0853 UT, 1137 UT, and 1804 UT.
(MAM) onboard the Engineering Test Satellite (ETS)-VIKdga ~ Then we examine whether other substorm indices/geosynchronous
and Obara 2008], both of which are geosynchronous satellitegatellite data show substorm signatures afferRegarding other
launched by Japan Aerospace Exploration Agency (JAXA). Thinsiorm indices, we calculate relative variations afterby
DRTS electron flux data are shown in the sixth panel of Figure S(t)=S(t) — ;25 S(to — i min), whereS is AE, -AL, ASY-H
In the bottom three panels of Figure 5, the ETS-VIII magnetic fiel 5 2i=120 ) ! ' y

; : ; ; r ASY-D, andt>tp. If the maximum value oAAE(t) or -AAL (t)

data are shown iRPEN coordinates, wherglp is perpendicularto " " ) 0 .
the satellite orbital plane and directed northwatd,is parallel to within a period oft=ty ~ to + 60 min is larger than 75 nT, we con-
the satellite-Earth line and points earthward, &ids perpendicu- Sider that a substorm signature (i.e., a high-latitude negative bay)
lar to bothHp, andHe and points eastward. Open and closed circlg§ evident. FOAASY-H(t) or AASY-D(t), we identify a substorm
in these panels indicate local noon and local midnight at the sateignature (i.e., a mid-latitude positive bay) if the maximum value
lite longitude. The DRTS data show that electron flux enhances larger than 10 nT. These thresholds are chosen as the judgement
ments (i.e., particle injection in the magnetosphere) occur aroubdsed on them is consistent with the visual inspection for the 4
the time of the four Wp index enhancement€0630 UT,~0900 events of 11 March 2010 done in section 5.1. For the geosyn-
UT, ~1200 UT, and~1815 UT). The ETS-VIII satellite observes .hronqys satellite data, it is found difficult to determine a fixed
temporary drops iHp andHe followed by increases around theﬂq[eeshold to identify substorm signatures, because increases of the

same time. (Variations around 1800 UT are not clear, because ergetic electron flux and the magnetic field depend on local time

satellite moves to the early morning sector where it is probagy' . L -
far from the substorm onset meridian.) Since the ETS-VIII satef! satellites, as can be seen in Figure 5. Therefore we visually

lite is located below the geomagnetic equator at>G8ILAT, the ~€xamine the DRTS and ETS-VIII data to identify substorm signa-
observecH, andHe variations are interpreted to be magnetic fieldures (i.e., particle injection and magnetic field dipolarization in
stretching followed by magnetic field dipolarization. Therefore, thhe magnetosphere). Results of the examination are compiled in
Wp enhancements in the four time intervals also correspond to theble 2. “Y” and “N” denote the presence and absence of substorm
substorm signatures in the magnetosphere. ~ signatures aftetp, respectively. An asterisk (*) indicates that the
Enhanced activities of the Wp index can also be seen in oth@osynchronous satellite is located on the dayside, where it is in-

time intervals. At 0000-0100 UT, there are three intermittent ing,hropriate to observe substorm signatures (i.e., 0000-1200 UT for
creases of the Wp index, which can be considered a Pi2 tralnd[fh-rs and 2000-0800 UT for ETS-VIII)

seems that one of the three Wp increases (possibly the secondn: Table 2 t th b f ts includi t least
crease around 0020 UT) is accompanied by clear enhancements olln a e* , We count the number of events Including at leas
the AE, -AL, ASY-H, and ASY-D indices, being similar to the pi2one Y or Y*, and find 50 su_ch events (checkmarks in the 2nd right
trains around 0535 UT, 1140 UT, and 1805 UT. We can see nfiolumn in Table 2). That is, 78% (=50/64) of the Wp enhance-
nor enhancements of the Wp index at 1450 UT, 1600 UT, 1700 Uments are followed by a substorm signature. If we take N* events
1720 UT, and 1950 UT, none of which are associated with enhandato consideration; that is, if we consider the possibility of missing
ments of the AE and ASY indices, energetic electron injection, @ubstorm signatures because of unsuitable location of satellites to
magnetic field dipolarization. This may be caused by insensitiviyetect them, we find 59 events including Y or Y* or N* (check-

of the AE and ASY indices and geosynchronous satellite data §@arks in the rightmost column in Table 2). Then the percentage
small substorm onsets or pseudo-substorm onsets, which are ffssihly becomes higher up to 92% (=59/64). This statistical result

lowed by no global development of activities [e.gkasofu 1964; also confirms that the enhancements of the Wp index are usually

Ohtani et al, 1993]. On the other hand, the Wp index, which re; . .
flects low-latitude Pi2 pulsations, is sensitive to such substorm oy{8-92%) accompanied by other substorm signatures.

sets [e.g.Sakurai and Saito1976a]. There are 14 events where 'the Wp index is enhanced_ while no
The above arguments confirm that the significant enhanceme@tger substorm signatures are identified (no checkmarks in the 2nd
of the Wp index are usually accompanied by other substorm sigriéght column in Table 2). We visually inspect the 1-s geomag-
tures. It seems that the subsidiary enhancements of the Wp indetic field data from the 11 stations for the 14 events, and confirm
indicate small substorm or pseudo-substorm onsets. Therefore,twat Pi2 pulsations obviously appear on the nightside for all of the
conclude that the Wp index is a useful index to detect substoients. (Plots are available as an online supplemental figure.) The
onset. 14 events are probably small substorm onsets or pseudo-substorm
5.2. Comparison with Other Substorm Signatures: Statistical ggrstzt('js’bsr;gevﬁa?iiltlii\;?;gﬁyfhe arguments in section 5.1 are sup

Study Table 3 summarizes the number of events in classification cate-
We statistically compare substorm signatures between the \@pries of Y/Y*/N/N*. We find that the Wp enhancement is associ-

index and other substorm indices/geosynchronous satellite datadtg#d with enhancements of the AE or -AL index'0% (=45/64

a 1 month interval of March 2010. The comparison is made in twar 44/64) of the events, and with enhancements of the ASY-H
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or ASY-D index ~30% (=22/64 or 16/64) of the events. Com+similar to Figure 5). Such daily stack plots are useful for users to
parison with geosynchronous satellite data reveals that Wp esearch for substorm onsets swiftly from five different viewpoints,
hancement is accompanied by electron flux enhancements on 24t is, high-latitude negative bay, mid-latitude positive bay, low-
(=(12+5)/64) of occasions and by magnetic field dipolarization datitude Pi2 pulsation, energetic electron injection, and magnetic
30% (=(17+2)/64) of occasions. If we include N* events in théield dipolarization. The stack plots are available at a web site
satellite statistics, the percentages possibly increase up to 50-6é&fled “Substorm Swift Search$SS-cubed)” (http://s-cubed.info).
(=(12+5+15)/64 or (17+2+22)/64). The differences in the percerigital data of the Wp index and the M¥g indices can also be
ages among the AE and ASY indices and geosynchronous sateliitgvnloaded from the web site for public use.
data may be due to their different sensibility to substorms.
5.2.2. Events Selected by AE Index

Using the AE index, we select substorm onset that satisfies thée
following criteria: (1) the standard deviation of the AE index in a
30-min interval before onset timé&) is < 10 nT; and (2) within

Summary

We propose a new substorm index, the Wp index (Wave and

: I . P .. planetary), using geomagnetic field data with a time resolution of
20 min aftertg, the AE index is increased by150 nT from quiet 1 s from 11 low-latitude stations (i.e., Tucson, Honolulu, Canberra,

Wﬁfﬁ \tl\rlwkgcgblgvteh%rri?gﬁg ]fi)rf]éhg é(')znlsnedcij(tisgnsl%igg (r;}lgr?set?rt?m Kakioka, Learmonth, Urumaqi, Iznik,i¥stenfeldbruck, Ebro, Tris-
! : L da Cunha, and San Juan). The Wp index is related to the wave
we take only the last one and ignore the others in the similar Wgwer of low-latitude Pi2 pul)sations. pIn deriving the Wp index,
2 secton 2.1, From s selecton procedre e ey 24 g or iy vaueetanalyds wich s sutabl forimestgaing e
For the 24 events. we e’xamine whether the W iﬁdex is eﬁgwer of short-lived waves, such as Pi2 pulsations. The above
hanced in a time interval betweg- 10 min and! +20Fr)nin Start 1 stations are distributed around the globe at different longitudes
L C o 0. . 0 ) with the maximum separation between two neighboring stations of
of the tlm(efIRtEe(vaI (i-ety— }2 T'n) %d%u?ed 30’ because thel ON3hout 52 (between Urumgi and Iznik). Thus, at least one station
settime of AE increase is likely to be delayed against actual sy “always located on the nightside where Pi2 pulsations have dom-
storm onset time when substorm initiates in the longitudinal sec nt power. Since we use only geomagnetic stations on the night-

o ound it 16 etents of AC ncreace s (1800-0400 WL o allaing he Wp ndex s mdex ar
values of>0.4 nT, which are labeled A in Table 4. There are g\%l/or?izlﬁt?irrﬁg aﬁ\gl};bg&;\l/g:\dﬁ)_} tirﬁ]ﬂeectlng Pi2 wave power during

events of AE increase that are associated with sudden Wp enhal & . .
‘e compare substorm occurrence estimated from the Wp index

ments with peak values of 0.2-0.4 nT (label B in Table 4). Thend those from the AE and ASY indices as well as geosynchronous

rest of them, that is, an event §£1437 UT on 8 March 2010 la- and tr 7
beled C in Table 4, also coincides with an abrupt Wp enhanceme\?@te”'te data for 11 March 2010. Significant enhancements of the

though its peak value is0.13 nT. Therefore we conclude that the/'P_index (low-latitude Pi2 pulsations) mostly coincide with in-

; P ; ases of the AE and -AL indices (high-latitude negative bays),
22232?;225 \ﬁpgstﬁgevr\l/tglgghlg;aeméﬁt?dex are almost complet increases of the ASY-H and ASY-D indices (mid-latitude positive

bays), electron flux enhancements at the DRTS satellite (particle
5.3. Different Behavior of Geomagnetic Indices at Substorm injection in the magnetosphere), and magnetic field increases in
Onset the northward and earthward components at the ETS-VIII satellite
(magnetic field dipolarization in the magnetosphere). This is also
Since the Wp/AE/ASY indices reflect different substorm signasonfirmed by a statistical study for a 1 month interval of March
tures, it is natural that their behaviors or time scales of variations2010. We demonstrate that the Wp index is a good indicator of
substorm onset are different from each others. For instance, the ¥{storm onset.
index increases in a short time {0 min) at substorm onsetand re- The Wp index is made available at a web page (http:/s-
turns to its initial values within a few tens of minutes, whereas theubed.info) in the form of both plots and digital data. The plots
AE and ASY indices continue to increase for a few tens of minutese provided in a stack along with the AE and ASY indices as well
to an hour after substorm onset and decay in the order of 1 hoais. the high-energy electron flux and magnetic field data acquired
These different behaviors can be clearly seen in the 0535 UT apgl geosynchronous satellites. These stack plots make it easier for
1805 UT substorm events in Figure 5. As discussed in section %uders to quickly identify substorm occurrence.
and 5.2, there is also the difference in sensitivity to substorm onsetin terms of space weather, energetic electrons generated at sub-

among these indices. storm onset can charge the surfaces of satellites in the magneto-
] sphere. It occasionally happens that surface charging results in
5.4. Magnitude of Wp Index electrostatic discharge that couples into satellite electronics and

causes satellite operational anomalies. The stack plots including

According to the derivation procedure of the Wp index, its ma ; ; :
nitude can be regarded as the average amplitude of Iow-IatitSL(iFi]ref Wp index, therefore, would also be useful to investigate and

Pi2 pulsations on the nightside. Recent studie3isahashi et al. derstand the satellite anomalies associated with substorms.
[2002] andTakahashi and Lioy2004] reported a generally pos-
itive correlation between the auroral power and low-latitude Pidcknowledgments
amplitude at Kakioka. The Pi2 amplitude is typically 0.05 nT for
an auroral power of 1 GW and 0.5 nT for an auroral power of 50 We are thankful to K. Takahashi and T. Sakanoi for their helpful
GW, when both Pi2 and peak auroral power occur in the 22-Gbmments. Thanks are also due to J. J. Love, J. E. Caldwell, and
MLT sector.Rae et al[2011] reported that the magnetic field fluc-other staff of the USGS Geomagnetism Program for their assis-
tuations in the Pi2 period band have more pronounced power f@hce in processing geomagnetic field data from USGS. This work
substorms than for pseudo-substorms. (They however used growpgs supported by the Ministry of Education, Science, Sports, and
station data not from low-latitude but from auroral latitude.) Thugyiture, Grant-in-Aid for Young Scientists (B) (grant 19740303
it may be possible that the magnitude of the Wp index is related #d 22740322) and Grant-in-Aid for Scientific Research (B) (grant
the substorm size; future studies will include investigation of the#2340146). Part of this work was conducted while MasahitoeNos
relation. was a visiting scientist at the Johns Hopkins University Applied
Physics Laboratory under the support of NSF grant ATM-0646055.

6. “Substorm Swift Search” Web Site: Daily Stack
Plots and Digital Data of Wp
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Table 1. Coordinates and Declination of 11 Ground Stations Used in Derivation of the Wplindex

(degree)
Station Code GGLAF GGLON? GMLAT3 GMLONS® Declination
Tucson TUC 3217 249.27 39.71 316.16  11.1
Honolulu HON  21.32 202.00 21.51 269.79  10.0
Canberra CNB  -35.32 149.36 -42.53 226.92 126
Kakioka KAK  36.23 140.19 27.19 208.79 7.1
Learmonth LRM  -22.22 114.10 -32.28 186.47 0.5
Urumai WMQ  43.80 87.70 33.92 162.21 2.9
Iznik IZN 40.50 29.73 37.55 109.54 4.2
Furstenfeldboruck FUR  48.17 11.28 48.19 9455 15
Ebro EBR  40.82 0.50 42.99 81.26 -1.2
Tristanda Cunha TDC  -37.25  347.50 -31.37 53.48 -24.1
San Juan SJG 18.11 293.85 28.20 6.10 -125

1 values are calculated for 1 January 2005 by using the 11th Generation IGRF.
2GGLAT and GGLON denote geographic latitude and longitude.
S3GMLAT and GMLON denote geomagnetic latitude and longitude.
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Table 2. Comparison Between Wp Enhancements and
Substorm Signatures Identified by Other Substorm In-
dices/Geosynchronous Satellite Data for March 2010

Time of Wp Enhancementy) Substorm Signatures?
Date Time, UT AE AL ASY-H ASY-D DRTS ETS-VII Y/Y*  Y/Y*/N*

2010/03/01 2251 N N N N N N* v
2010/03/02 1105 Y Y Y Y N* N v v
2010/03/02 2137 Y Y Y N N N* v v
2010/03/03 0928 Y Y Y Y N* N v v
2010/03/03 1004 Y Y N Y N* Y v v
2010/03/03 1117 Y Y N Y N* Y v v
2010/03/03 1702 Y Y Y Y Y Y v v
2010/03/04 2014 N N N N N N* v
2010/03/04 2135 N N N N N N* v
2010/03/06 0008 Y Y Y N N* N* v v
2010/03/06 1228 Y Y N N N N v v
2010/03/06 1739 N N N N N N

2010/03/07 0519 Y Y N N N* N* v v
2010/03/08 1921 Y Y N N N N v v
2010/03/09 1331 Y Y N N N N v v
2010/03/09 1734 Y Y N N Y Y v v
2010/03/10 1322 Y Y Y Y Y Y v v
2010/03/10 2101 Y Y Y N N N* v v
2010/03/11 0527 Y Y Y Y Y* Y* v v
2010/03/11 0853 Y Y N N Y* Y v v
2010/03/11 1137 Y Y N N Y* Y v v
2010/03/11 1804 Y Y Y N Y Y v v
2010/03/12 0011 Y Y Y Y N* N* v v
2010/03/12 1820 Y Y Y Y N N v v
2010/03/13 1505 Y Y Y N N N v v
2010/03/13 2002 Y Y N N Y N* v v
2010/03/14 0047 Y Y Y N N* N* v v
2010/03/14 1321 Y Y Y Y Y Y v v
2010/03/15 1411 N N N N N N

2010/03/15 1906 Y Y N N Y Y v v
2010/03/16 1251 Y Y N Y N Y v v
2010/03/17 0457 Y Y Y Y N* N* v v
2010/03/17 2024 Y Y N N N N* v v
2010/03/17 2227 Y Y Y Y N N* v v
2010/03/18 1253 N N N N N N

2010/03/18 1900 Y Y N N N N v v
2010/03/18 2211 N N N N N N* v
2010/03/19 1958 Y Y Y N N N v v
2010/03/19 2119 Y Y N N N N* v v
2010/03/20 0356 Y Y Y N N* N* v v
2010/03/20 1454 N N Y N N N v v
2010/03/20 1547 Y Y N N Y Y v v
2010/03/20 1825 N N N N Y Y v v
2010/03/20 1858 Y Y N N N N v v
2010/03/21 0624 N N N N N* N* v
2010/03/21 0827 Y Y N N N* N v v
2010/03/21 1016 N N N N N* N v
2010/03/21 1416 Y N N N N N v v
2010/03/21 1501 N N N N N N

2010/03/21 1732 N N N N N N

2010/03/21 2055 N N N N N N* v
2010/03/21 2128 N N N N N N* v
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Table 3. Number of Events in Each Classification Category
Category AE AL ASY-H ASY-D DRTS ETS-VIiI

Y 45 44 22 16 12 17
Y* - - - - 5 2

N 19 20 42 48 32 23
N* - - - - 15 22

Table 4. Comparison Between AE and Wp Enhancements for March 2010

Time of AE Enhancementy)
Date Time, UT
2010/03/01 1227
2010/03/02 1109
2010/03/03 0928
2010/03/05 1750
2010/03/05 2358
2010/03/08 1437
2010/03/08 1921
2010/03/12 0020
2010/03/12 0834
2010/03/14 0741
2010/03/14 1323
2010/03/16 1306
2010/03/17 0451
2010/03/20 0702
2010/03/20 0709
2010/03/20 1351
2010/03/24 1413
2010/03/25 1437
2010/03/26 1143
2010/03/28 0344
2010/03/28 1138
2010/03/28 1146
2010/03/29 1547
2010/03/29 2316
Peak Value of Wp: A>0.4 nT; B,>0.2 nT and<0.4 nT; C,<0.2 nT
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Figure 1. Location of 11 ground stations used to derive the Wp
index in geomagnetic coordinates. Dotted blue circles indicate
geomagnetic latitudes of 2@&nd 50.

Figure 2. Schematic figure of the derivation procedure for the Wp index. Details are described in the text.

Figure 3. The 1-s geomagnetic field data in tHg component
from the 11 stations for time intervals of (a) 0500-0600 UT, (b)
0820-0920 UT, (c) 1110-1210 UT, and (d) 1740-1840 UT on 11
March 2010. MLT of each station at the beginning of the time
interval is indicated at the bottom-left corner of each panel.

Figure 4. (1st to 11th panels) The Y{g indices of 11 sta-
tions for 11 March 2010. A horizontal black bar in each panel
indicates local nighttime (1800-0400 MLT) of the station. Hor-
izontal light-blue bars indicate the four time intervals shown in
Figure 3. (12th panel) The Wp index for 11 March 2010 calcu-
lated from Wagg shown in the 1st to 11th panels. Horizontal
light-blue bars represent the same time intervals as above.

Figure 5. Stack plots for 11 March 2010 showing the AE, -AL,
ASY-H, ASY-D, and Wp indices, the high-energy (590-1180
keV) electron flux measured by the DRTS geosynchronous
satellite, and the magnetic field in tlREN coordinates mea-
sured by the ETS-VIII geosynchronous satellite.

Supplemental Figure 1.0ne-second geomagnetic field data from the 11 Wp stations for Event 1-4.
Supplemental Figure 2.0ne-second geomagnetic field data from the 11 Wp stations for Event 5-8.
Supplemental Figure 3.0ne-second geomagnetic field data from the 11 Wp stations for Event 9-12.
Supplemental Figure 4.0ne-second geomagnetic field data from the 11 Wp stations for Event 13-14.
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