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Abstract. It is known that under certain solar wind for the lack of Pc3s during intervals when the SW density
(SW)/interplanetary magnetic field (IMF) conditions (e.g. is extremely low, the resulting sets of optimal model inputs
high SW speed, low cone angle) the occurrence of groundsupport the generation of mid latitude Pc3 activity predomi-
level Pc3-4 pulsations is more likely. In this paper we nantly through upstream waves.

dle rr;onst_;at?)tgat ”t1' t_rtle_ever:t of alnolmalously dllow Sva ?ﬁrt"Keywords. Magnetospheric physics (MHD waves and in-
cle density, Fcs aclivity 1S extremely fow regardless of o er'stabilities; Solar wind-magnetosphere interactions)

wise favourable SW speed and cone angle. We re-investigate
the SW control of Pc3 pulsation activity through a statis-
tical analysis and two empirical models with emphasis on
the influence of SW density on Pc3 activity. We utilise SW 1 Introduction

and IMF measurements from the OMNI project and ground-

based magnetometer measurements from the MM100 arral@yside Pc3 (22-100 mHz) geomagnetic pulsations are con-
to relate SW and IMF measurements to the occurrence ofidered to be the ground counterpart of the so-called 30 s up-
Pc3 activity. Multiple linear regression and artificial neu- stream waves (UWs) regularly observed in the Earth’s fore-
ral network models are used in iterative processes in ordephock. These ultra low frequency (ULF) waves are believed

to identify sets of SW-based input parameters, which opti-to be driven via a wave-particle interaction by the solar wind
mally reproduce a set of Pc3 activity data. The inclusion of (SW) ions back-scattered at the bow shock. The resulting
SW density in the parameter set significantly improves thewaves propagate upstream in the plasma rest frame at the or-
models. Not only the density itself, but other density re- der of the Alfien speed, but since the SW is super-Affic,

lated parameters, such as the dynamic pressure of the SWWs are swept back to the magnetosphere by the convection.
or the standoff distance of the magnetopause work equallynder appropriate conditions the UWs are able to penetrate
well in the model. The disappearance of Pc3s during low-the magnetosheath, propagate across the magnetosphere as
density events can have at least four reasons according to tHf€mpressional mode waves to the turning point where they
existing upstream wave theory: 1. Pausing the ion-cyclotrorPecome evanescent. Consequently, their field penetrates the
resonance that generates the upstream ultra low frequendner magnetosphere down to the ionosphere, which screens
waves in the absence of protons, 2. Weakening of the bowhem from the ground and where they are observed as ge-
shock that implies less efficient reflection, 3. The SW be-0magnetic pulsationsYgmoto et al, 1984 Heilig et al,
comes sub-Alfénic and hence it is not able to sweep back 20070. During their passage through the magnetosphere
the waves propagating upstream with the Alivspeed, and these UW originated ULF waves may couple to the Affv

4. The increase of the standoff distance of the magnetopaué@Ode and drive field line resonances where their frequencies

(and of the bow shock). Although the models cannot accountmatch the local eigenfrequencies.
Since the first satellite measurements of the interplane-

tary medium became available, the connection between sur-

Correspondence tdB. Heilig face geomagnetic pulsations and SW parameters has been
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or occurrence rate of Pc3—Pc5 (Pc4: 7-22mHz, Pc5: 1.74Mpa). In light of these results we discuss the behaviour of
7mHz) pulsations were correlated with different SW and Pc3s during LDAs. Our results support UW activity as the
IMF parameters. It waSaito (1964 who showed first that dominant source of dayside mid-latitude Pc3s.

the ground pulsation activity is highly correlated with the SW

speed. Some years latBol'shakova and Troitskayfl 968

found that the occurrence rate of pulsations depends on th2 Data and analysis

direction of the interplanetary magnetic field (IMF), being

higher when the IMF is nearly aligned with the Sun-Earth 2.1 MM100 ground magnetometer array

line. Greenstadt and Olsqi97§ introduced the term cone

angle ¢5,) as a measure of the orientation of the IMF, de- MM100 is the acronym for a quasi-meridional magnetome-
fined as the angle between the Sun-Earth line and the direder array established in September of 2001 for pulsation stud-
tion of the IMF. They interpreted the enhanced occurrencees. The array consists of Finnish, Estonian, Polish, Slovak
rate of Pc3—4s as a consequence of the enhanced probab#nd Hungarian stations ranging from high to mid latitudes
ity of their excitation when quasi-parallel structure prevails (L = 6.1 to L = 1.8) distributed along the 100magnetic

at the bow shock nose. However, during certain periods theneridian (see Tablg). The instruments used are high resolu-
modulation of Pc3 amplitudes did not follow the expected tion (1-10 pT) fluxgate or torsion photoelectric magnetome-
behaviourMiyake et al.(e.g.,1987), who compared the Sui- ters with GPS synchronised timing, sampled at 1 Heilig

sei probe’s SW speed measurements with Pc3 amplitudes olgt al, 20073b).

served at Onagawd.(= 1.3) found a decreasing correlation  In this study a Pc3 index (Pc3ind) was used to characterise
during late 1985 (namelR = 0.79 in October, buR = 0.57 the pulsation activity at the ground stations. Pc3ind is de-
in December). Yedidia et al.(1991) carried out a similar fined as the root-mean-square (rms) value of the bandpass
correlation analysis between ground Pc3 power recorded a22—-100 mHz) filtered time series of the H-component ex-
L'Aquila and SW speed measured by the IMP-8 satellite, pressed in pT. Pc3 amplitude indices were calculated for
based on a full year (1985) data set and found a similar trendevery hour for the period 2001-2007 in the case of Tihany
although their correlation coefficients were higher (namely(THY, L =1.8) data. For the other MM100 stations only
R =0.89 in October, buk =0.75 in December). The total the 2003 data were used. Here we mostly present the results
disappearance of Pc3 activity during the famous low-densityextracted from the THY data set, but some results of the anal-
solar wind event (LDA — low-density anomaly) on 11 May yses of pulsations recorded at other MM100 stations are also
1999, which became known as “the day the solar wind al-shown.

most disappeared”, again attracted attention to this unsolved We used the solar zenith angle to account for the local time
problem. Although during this LDA the SW speed was close variation of pulsation activity. Solar zenith anglewhich is

to average conditions~350 km €) and the cone angle was the angle between the local zenith and the line of sight to the
favourable ¢40°) for the generation of ground Pc3s, Pc3 Sun, is a function of geographic position and local time. The
activity could not be observed in the magnetosphere or orsolar zenith angle was calculated for all MM100 stations for
ground (e et al, 2000ab). all hours.

Some authors (e.gWolfe, 198Q Wolfe and Melonj 1981,

Verd, 198Q Yedidia et al, 1991, Chi etal, 1998 Chugunova 2.2 Solar wind data

et al, 2007 tried to refine the relationship between SW con-

ditions and pulsation activity by adding other interplanetary The IMF and SW plasma data used, are from the OMNI2
parameters (e.g. plasma number density, IMF componentgjatabase where all data are corrected for convection delay.
clock angle, mass flux, dynamic pressure, kinetic energy fluXOMNI2 data are publicly available at GSFC's OMNIweb
density, Akasofu'ss parameter) to their analyses, but with server: omniweb.gsfc.nasa.gov/html/odata.html These
limited success. In most of the cases a simple linear regresdata are used in the geocentric solar magnetospheric (GSM)
sion analysis was executed, while Wolfe in a series of papersystem with a time resolution of 1 h in the analyses and with
(Wolfe, 198Q Wolfe and Melonj 1981) applied a more com- 1 min resolution for Figsl and2.

plex model consisting of a linear combination of the consid- The OMNI2 IMF and SW parameters used in this study
ered variables estimated by multiple linear regression analyare: IMF strength Bim¢), the x-component of the IMFA),

sis. SW speedisy) and its x-componentu(), SW plasma (pro-

In this work we re-investigate the SW control of geomag- ton) density {Vp), the ratio of the number of the alpha parti-
netic pulsation activity. Case studies and the results of a stagles and protons(ye), Alfvén Mach number¥a = vsw/va,
tistical analysis based on high resolution magnetometer datwhereva = Bimf/\/noN;mp is the Alfven speedpuy is the
recorded with the MM100 meridional array are presented.vacuum permeabilityV; = (1+4gne) Np assuming 4% He
We demonstrate for the first time the dependence of groundvhen gne is not available, and dynamic pressupgyf =
Pc3-Pc4 amplitudes on the standoff distance of the magnerJ,»mpvgW or 1.2Npmpv§W depending on the availability of
topause (bow shock) and on upstream AliMMach number  gue).
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Table 1. Stations of the MM100 pulsation recording array.

Station Operating IAGA  Geographic Coordinates AACGM Coordinates (2001) Mcllwain
Name Institute Code Latitude N Longitude E Latitude N Longitude E L shell
Kilpisjarvi IMAGE KIL 69.02° 20.79 66.10 104.00 6.09
Sodanky& IMAGE SOD 67.37 26.63 64.16 107.46 5.26
Oulujarvi IMAGE ouJ 64.52 27.23 61.23 106.3P 4.32
Hankasalmi IMAGE HAN 62.30 26.65 59.0F° 104.78 3.77
Nurmijarvi IMAGE NUR 60.52 24.6% 57.23 102.34 3.41
Tartu IMAGE TAR 58.26 26.46 54.48 103.02 3.01
Suwalki PAS SUwW 54.01 23.18 50.34 98.8% 2.45
Belsk PAS BEL 51.83 20.80 48.0T 96.1% 2.23
Hurbanovo SAS HRB 47.87 18.18 43.56 92.86 1.90
Nagycenk ELGI-USGS NCK 47.63 16.72 43.27 91.52 1.89
Farkasfa ELGI-USGS FKF 46.91 16.3F 42.43 91.00 1.84
Tihany ELGI-USGS THY 46.90 17.89 42.4% 92.39 1.84
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Fig. 1. LDA (15 February 14:00 UT-17 February 22:00 UT, 2004) Fig. 2. SAE (13 September 00:00 UT-08:00 UT, 2004) embedded
at the trailing edge of a fast flow. The upper panel shows the dy-in a slow wind period prior to a fast solar wind stream arriving at
namic power spectral density for THY, the next four panels the 21:00 UT. Same format as Fid.

OMNIZ2 1-min resolution SW parameters, namelyy, Np, ¢ g,and

Rmp for the interval between 14-19 February 2004.

3 Observations
Other parameters were calculated from OMNI2 data. IMF

cone angle is defined aks; =arccog|By|/Bimf). Magne- 37 | gy density anomalies and sub-Alfénic events
topause standoff distance was calculated assuming a con-
stant dipolar geomagnetic field using the formua, =
1102(Npv?)~1/8 (derived in a similar way as ikivelson
and Russell1995 page 172). In this formulavp, vy,
and Rmp are given in cm?3, kms!, and Re, respectively.
We calculated the magnetosonic Mach numbemgg =

Usmanov et al(2005 listed 23 low-density anomalies, i.e.
intervals when the SW densiti¥, < 0.3cm 3, and 11 sub-
Alfvénic (Ma < 1) periods inferred from the OMNI2 dataset
between 1963 and 2003. Here we updated and extended Us-
manov's list adding LDAs and sub-Alénic events (SAESs)
vsw// VA +v2, where vs = ,/vkg(Tp+Te)/(mp+me)) i observed from 2004 to 2008. These are shown in Tables
the sonic speedy is the polytropic index (here = 5/3kp and 3, respectively. Events with less than 24 h separation
is the Boltzmann constarify andT, are the proton and elec- were considered a single event. The first three columns give
tron temperaturesyp, andme are the proton and electron the start of the event (year, day of the year, and UT in hours).
masses. In this studyf, + Te) / (mp+me) was approximated  The duration of an event given in hours is the number of
by 2T,/ my. hourly intervals during the event for which the low-density

www.ann-geophys.net/28/1703/2010/ Ann. Geophys., 28, 1I7/&2-2010
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Table 2. Low-density (Vp < 0.3 cm~3) anomalies in OMNI2 data (2001-2008). Asterisks (*) indicate that a part of the hourly values is
missing.

year DOY UT dur. Bjys Np vsw Pdyn Ma Oy Pc3ind
h h  nT cm3 kms! nPa deg.  pT

2001 12 19 1 6.8 0.3 324 006 13 44  —/n.a.
2001 120 18 2 4.8 0.3 434 0.18 25 16 /7
2001 151 11 2 6.6 0.3 360 0.10 14 48 9/9
2001 251 19 5 6.3 0.2 391 0.05 13 34 412
2001 311 7 1 8.0 0.3 651 0.38 2.2 34 11/11
2002 79 11 3 133 0.3 400 0.08 0.8 63 5757
2002 143 22 42 10.3 0.2 589 0.12 11 39 8/7
2002 200 17 6 17.1 0.2 781 0.26 1.1 29 9/15
2003 187 22 2 7.1 0.3 577 0.20 23 46 —/18
2004 46 21 14 6.2 0.3 495 0.15 2.2 46 719
2004 205 2 5 138 0.2 633 0.16 1.0 76 /67
2004 257 10 1 110 0.3 318 0.06 0.8 62 9/9
2005 20 1 4 54 0.3 758 032 4.1 63 —/30
2006 322 20 3 9.2 0.3 392 0.08 1.1 70 -7
2006 324 14 2 7.3 0.3 323 0.07 1.2 50 717

Table 3. Sub-Alfvénic (Ma < 1) events in OMNI2 data (2001-2008). Asterisks (*) indicate that a part of the hourly values is missing.

year DOY UT dur. Bjns Np Usw Ppdyn Ma 9y Pc3ind
h h nT cm3 km/s nPa deg.  pT

2001 170 12 1 16.0 06 398 023 1.0 52 8/8
2001 251 21 1 6.2 01 39 003 10 36 —/na.
2002 79 3 11 145 05 377 016 09 64 21718
2002 144 11 24 101 01 492 0.07 0.9 48 77
2002 200 17 5 181 02 792 025 10 27 9/11
2003 275 5 2 181 14 302 024 10 48 8/8
2003 302 18 1 445 08 953 145 1.0 31 /152
2004 205 3 1 139 0.2 630 0.16 1.0 72 -/31
2004 256 6 13 10.6 04 280 0.07 0.9 56 8/7
2006 322 21 1 9.2 02 390 006 0.9 68 —I7

condition was satisfied. The next six columns provide thethe largest among the Halloween storms of 2003, [Rh
averageBims, Np, Usw, Pdyn, Ma andvp, of the events. In  andvsy had extreme valuesBims was close to the largest
the last column the average Pc3inds are given in pT. The valvalue (55.8 nT) recorded since the beginning of the space era
ues separated by “/" are calculated from daylight hours/all(Veselovsky et a).2010.

hours data, respectively.

Usmanov et al(2005 interpreted low-density anomalies 3.2 The lack of Pc3 pulsations during LDAs and SAEs
as rarefaction of SW plasma at the trailing edge of a high
speed stream from a coronal hole. We found an exampldelow we present two examples of the disappearance of Pc3
(September 2004), when the SAE is connected to the lead22—-100 mHz) pulsations during an LDA and a SAE.
ing edge of a fast stream. Tal8eclearly demonstrates that Figurel presents a long LDA that lasted from 15 February
sub-Alfvénic flows are not necessarily embedded in low- 2004 at 21:00 UT until 17 February 2004 at 22:00 UT. The
density events. Sometimes a relatively high value of theupper panel shows the dynamic power spectrum observed at
IMF strength & 10— 20 nT, the actual limit depends on both THY for the six day long interval (14-19 February 2004).
vsw and Np) can also lead to a lowa, especially on 6 The other four panels present the variation of the SW con-
June 1979 (doy 157Bim¢ = 36 nT, event not shown in Ta- ditions, namely the time series ofy, Np, 95, and Rmp.
ble 3) and on 29 October 2003 (doy 308y = 44.5nT, Before the LDAN, was moderately low > 2cm—3), Vsw
vsw=953kms?t, Ny=0.8cm3). During the latter event, was moderately high~{ 600 kms!) resulting in a close to

Ann. Geophys., 28, 1703+22 2010 www.ann-geophys.net/28/1703/2010/
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Fig. 3. THY Pc3 index (2001-2007) vs. proton number density Fig. 4. THY log Pc3 index vs. standoff distance of the magne-

(upper panel) with 95% confidence intervals, and the histogram oftopause (2001-2007). Same format as Bjdout upper panel also

Np (lower panel). includes the fitted curve, its equation, and the correlation coefficient
of the fitted curve and the interval means.

averageRmp, While 95, was highly fluctuating. Under these . -
conditions IOmoderate Pc3 activity was observed at THY Onplasma density of thg SW and the ULF wave activity both
the ground. On 15 February, at the trailing edge of the fast” the foreshock and in the magnetosphere, as well as on the
wind flow N, started to decrease, whilg,, remained high, ground.
resulting in a highRmp by the end of the day. In the mean-
while the Pc3 ULF activity decreased but it was still observ-
able. The LDA started on this day at 21:00 UT. On the fol-
lowing two days, during the LDA there was no significant

ULF activity in the Pc3 band. Usual ULF activity returned

?hnelv\?hgfeb:/z%‘ The solar wind was super-Alfic during The SW speed control of Pc amplitudes is the most widely
) ' ] known relation between ground pulsation activity and the
Figure2 shows an example of a SAE. This event started onpoperties of the interplanetary medium, first realised by
12 September, 2004 at 06:00 UT _and finished on 13 Septemg it (1964. The dependence of Pc3 amplitudes §p
ber at 08:00 UT. Before and during the SA5N3W5‘S low  peside other SW parameters was also investigated by sev-
(~300kms™), Np dropped from low (5 cm™) to ex-  gra) authors\Wolfe and Melonj 1981 Yedidia et al, 1991
tremely low (< 1 Cmfg_)’ U varied between low and moder- - chygunova et al2007, but the negative correlation found
ately high valuesRmp increased up to 28 during the SAE, 55 always less significant than the correlation wigh,
and of course, the SW flow was sub-Afvic. The ULF ac- ¢ g g — _0.16 compared t® = 0.56 observed at Pittsburgh
tivity was low throughout the whole slow wind interval, and (L = 3.5) by Wolfe and Meloni(198)) in the summer of
was the lowest during and immediately after the SAE. The1975, orR = —0.62 compared t® = 0.86 found byYedidia
situation changed on the night of 13 September when a fast; g1 (199 based on a year-long data set of hourly aver-
wind stream with a shock front arrived, producing_a pressuréyge integrated (Pc3 band) log power observed at L'Aquila
pulse. Rmp decreased down to 7Re. On the following day ;' _ 1 5) in 1985. This result was usually attributed to
intense activity in the Pc4 band and an increased activity inpe fact that theV,, and vsy are not independent variables,
the Pc3 band were observed. but they themselves have a negative correlation (¢und-
In these cases the Pc3 activity is practically missing fromhausen et a.197Q Kulcar, 1988 McComas et a).200Q
the dayside and from the nightside, too. Similatlg, et al. Veselovsky et a).2010.
(20003 found the magnetosphere much quieter than usual wpolfe and Meloni(1981) applied multiple linear regres-
during an event in May 1999 (“the day the solar wind almost gjgn (MLR) analyses on dayside integrated (17-33 mHz
disappeared”). band) log power of the ground H-signal to find the SW quan-
These experiences, in accordance with previous ones, sugities which principally control the level of Pc3 activity. They
gest that there should be a strong connection between theoncluded that, besidgy, (R =0.56) andd g, (R = —0.35),

4 Statistical analysis

4.1 The role of solar wind plasma density

www.ann-geophys.net/28/1703/2010/ Ann. Geophys., 28, 1Ir2-2010
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Fig. 5. THY Pc3 index vs. Alfien Mach number (2001-2007).
Same format as Fi@.

Np is the third in importance of the eight SW parameters in-
vestigated, in spite of the fact that in itself it had practically
no correlation g = —0.16) with Pc3 activity. As an alter-
native to Np the kinetic energy flux density (JZNpmpvgw)
yielded a relatively high correlation gt = 0.36. However,

it is not clear from that work whether the inclusion & in

the MLR analyses improved the correlation or not, since it
was the first quantity chosen in the analysis, and the others
subsequently added one by one. The maximum correlation

ms

Fig. 6. THY Pc3 index vs. magnetosonic Mach number (2001-
2007). Same format as Fi8.

400

Pc3ind [pT]

THY-OMNI2 2001-2007

4000

10

achieved wasR = 0.70 when all eight SW parameterd/y, @ 3000

1/2NpmpU§’W, Bimf, Bxgsm Bygsm Bzgsm ¥Bx, Usw) Were in- § 2000

cluded in the MLR. 5
Here, we demonstrate first how the THY Pc3 ampli- & 1000

tudes (2001-2007 hourly means) are linked to OMN2
(Fig. 3) and otherNp dependent SW parameters, such as
Rmp (Fig. 4), Mp (Fig. 5), Mms (Fig. 6) and pgyn (Fig. 7).

Figures3 to 7 present these relations in the same format. In_
each figure the upper panel shows the dependence of Pc3irﬁ1\

intervals as error bars, while in the lower panel the histogram

0

o HH ZHHHHHHHTWWW

6 10

Payn [P

g. 7. THY Pc3 index vs. dynamic pressure (2001-2007). Same

on the chosen parameter together with the 95% confidencé’ rmat as Figs.

of the occurrence frequency of the parameter considered is \yie note here. that except for the, dependence itself
displayed. It can be clearly seen that all the enumerated SW,ich was previously noted byerd (1980 andChugunova

parameters have some connections to ground Pc3 activity; 4 (2007, all relationships between the Pc3 activity and
The level %f Pc3 activity dramatically drops if thé, is less o Np dependent parameters are presented here for the first
thgn 2cm? (Fig. 3) or the dynamic pressure is under 2 nPa time. The presented dependences of Pc3ind@rRmp, Ma,

(Fig. 7), but these parameters have no or much less influy,  show that any or all of them could be responsible for the
ence above these thresholds. Pc3 activity maximises arou”&‘isappearance of Pc3s during LDAs and SAEs.

the average Alfen and average magnetosonic Mach number,

and rapidly vanishes toward low Mach numbers (Bi@nd 4.2 Separation of the influences of solar wind

6). The only Ny dependent parameter that has a significant parameters

monotonic influence on Pc3ind in the whole value-range is

the standoff distance of the magnetopause (Bigthe fur-  The SW parameters are not independent of each other. The
ther the magnetopause stands from the Earth, the lower thanti-correlation between the SW plasma density and bulk
ground Pc3 activity. speed is the most widely known relationship of this type. To
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avoid the interference of the considered parameters in our
analysis, we investigated the contribution of the parameters 15
to Pc3ind successively. The relation between Pc3ind and the —
parameter considered was estimated by the best-fitting poly- & 100
nomial. Then based on this relation Pc3ind was normalised 2
to a typical value of the parameter.

In the first step the average hourly Pc3inds versus the co-
sine of the solar zenith anglg Y were binned to account for °g 9 10 11 12
the daily variation of the Pc3 activity. The solar zenith an-
gle was chosen as the first parameter, because of its obviou
independence of all SW parameters. The relation betweer ¢
Pc3ind andy shown in Fig.8 can be well § =0.97) approx- & 20007 1
imated by a linear equation. Figugdhas the same format as ug
Fig. 4. The linear equation was then used to normalise all = | HH
Pc3ind values tg = 30° (Pc3ind1). o ﬁﬁﬁﬂﬂﬂ

In the second step the normalised activity indices were 8 ° R
plotted against the SW speed (F8). The resulting relation mp
was approximatedR = 0.998) by a quadratic formula. This
is very similar to what is observed without normalisation Fig. 10. Normalised (c2) THY Pc3 index vs. standqff distance of
(Pc3ind= 0-00070)52\,\,_0-2480sw+39~9PTa R =0.999); the the magnetopause (2001-2007). Same format asgiFig.
only significant difference is that the normalisation increased
Pc3ind values by 27-30% because of our choicg ef30° Figure 11 shows that even after all these normalisations
as reference level in the previous step. For the second notthe activity is strongly dependent on the cone angle. The
malisation 400 km's! was taken as reference level. maximum is at © and a linear dependenc® & 0.99) on

The dependence of the twice normalised indicescog9z, was found. It proves that the cone angle control is
(Pc3ind2) on the standoff distance of the magnetopausenot just a consequence of the interrelation of the SW param-
(Rmp) was considered next. From the result presented ireters. However, this result is different from what is found
Fig. 10t is seen thatRnyp is closely related to ground Pc3 without normalisation. For comparison, the dependence
activity and that this relation is not a simple consequence ofof the observed Pc3ind on cag, can not be described
vsw dependence, but is an independent factor. The deperby a linear equation, but by a quadratic formula (Pc3ind
dence of the normalised Pc3 amplitudesiys, can be mod- = —147.20c0$ 95, +18556c080 5, +42.0 pT, R = 0.97)
elled by a linear equation’(=0.98) in the 8-14 R range.  with a maximum at 37. This is in agreement with the the-

It is different from the exponential decay found without nor- oretical prediction oKovner et al.(1976, who found that
malisations (Fig4). For the third normalisation a reference the ion-cyclotron instability near the nose of the bow shock
level at Rmp = 10.5 Rg was chosen (Pc3ing). is the most efficient when the cone angle is arourfd 30

THY-OMNI2 2001-2007

Pc3ind _=-16.1R__ +239
c2 mp
R =0.98

50

Pc3

3000

Hﬂﬂﬂﬁmmﬁ
12 13

10 11 14

[Re]
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THY-OMNI2 2001-2007 Np as a control parameter, the partial correlation is nearly the
same,R =0.62. The correlation between Pc3ind a¥iglwas
rather low R = —0.06), which explains why former authors
usually did not takeVy into account in their correlation anal-
yses. The partial correlation witl,, as the control variable

is somewhat higherR = 0.24, but still does not suggest a
strong connection. But if we sele®p as control variable,
we get a more significant anti-correlatioR,= —0.38, sug-
gesting thakmp has a more important role, thag itself. In-
deed, the anti-correlation strength between Pc3ind Ryl

140
= 120

Pc3ind . =77.49__ +45.3
c3 Bx
R =0.99

[
o
o

Pc3ind [pT
3

(o2}
- O

IN

3000

§ 2000 | is R = —0.35, which increases t8 = —0.50 when removing
§ the effect ofNVy. If we use bothv, andws,, as control param-
© 1000 H 1 eters, the partial correlation coefficient dropske= —0.22
= . o X .
0 HHHHHHHHHHHHHHHHHHHHﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂmﬂm meaning that the joint use dtmp and Np in a multiple re-
0 o1 02 03 04 05 06 07 08 09 gression implicitly bears a part, but not all of the information
cos? 0, thatvgy, contains.

Wolfe (1980 found that hourly means,, and ¢, had
Fig. 11. Normalised (c3) THY Pc3 index vs. cosine of the IMF cone significant correlationg = 0.34) between 17-21 July 1975,
angle (2001-2007). Same format as Hig. while this behaviour ceased & —0.08) two weeks later (28
July-2 August), and concluded that these parameters can be
considered as independent. Comparing these two time in-
The order of normalisation and the reference levels chosefervals they also found that the correlation of the log power
are all arbitrary. Since three of the four parameters consid{band integrated, 17-33 mHz, i.e. lower Pc3 range) of day-
ered here are not independent of each other, the results @fme ground pulsations observed at Pittsburgh=3.5) with
the 2nd to 4th steps are determined by the particular order of,,, increased (fronk = 0.28 to R = 0.68) between the two
steps chosen. In this section we had only one goal, to demorintervals, while the log power #3, relation remained un-
strate that all the considered interdependent parameters ha‘(ﬁhanged R =—0.40 andR = —0.38). They concluded that
their own influence on ground Pc3 activity. the highen g, values at highers,, in the first interval eroded
The analysis of partial correlations yields another ap-the log power -vsy relation.
proach to verify the interdependence of SW parameters and
to separate their influences on Pc3ind. Partial correlation, i.e4.3 Multiple regression analysis
correlation between two random variables, with the effect of
a set of controlling random variables removed, was computedh MLR analysis was carried out with a carefully chosen set
for selected parameter pairs. of variables. We started with the parameter found to have the
The coefficient of the anti-correlation betwe®p andvsy, ~ most significant influence on the Pc3 indices, the SW speed,
was calculated aR = —0.38 for the whole period. This and added the others step by step. It was decided not to model
is consistent with the findings dfulcar (1988, who cor-  Pc3ind by a simple linear combination of the parameters, but
relatedvs, and N averaged in 50 kntsh wide SW speed by the product of the parameters; ) raised to an unknown
bins, and found that the correlation varied fratn=—0.36  power ¢;):
to —0.68 during solar cycles 20 and 21, with stronger corre-
lation at sunspot minima. The partial correlationf and ~ Pc3ind=C- p7*- p3?-...- pi" + D, (1)
vsw after removing the effect of the IMF strength is somewhat
stronger, i.eR = —0.46, while the variation obp, had no  whereC and D are unknown constants. A similar formu-
influence on this correlation. The anti-correlation betweenlation was used byer6 (1980 to determine the exponent
vsw and Rmp Was weaker R = —0.18); however, after re-  of vsy in the expressiom = C - vg,, by a simple regression
moving the effect ofvp, itincreased t&R = —0.59. Thiswas  analysis. We chose this formulation for two reasons: 1. The
expected, becaus®y, is a function ofvsy andNp. The cor-  approach based on the exponents enables one to draw con-
relation betweemv, and R was even strongeR = —0.64, clusions on the possible role of parameters that can be ex-
and after removing the effect ak,, it further increased to pressed as the product of the investigated ones but which are
R =-0.77. There was no significant correlation found, how- not investigated directly, such as kinetic energy flux density
ever, betweent g, and other SW parameters. (1/2Ngmpv3,). 2. Supposing that there is more than one pa-
For the derivation of partial correlation coefficients be- rameter that affects the dayside activity of ULF waves com-
tween Pc3ind and different parameters only dayside valueing from the same source, the joint effect (e.g. efficiency of
(x <90°) were considered. The correlation coefficient be- generation, transparency of different plasma regions, atten-
tween Pc3ind andsy, was the highestR = 0.60. Choosing uation, the role of the ionosphere) of these parameters will
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Table 4. Results of the simple regressions (Pc3ind'p® + D), and the correlation coefficienk. Parameterssw, Np, B, Rmp, pdyn and
D areinkms® cm3, nT, Rg, nPa and pT, respectivly.

Usw 2.51

Np —0.07

B 0.52

cos¥py +2 2.63

CoSy 0.18

Rmp —-3.74

Pdyn 0.60

Mp 0.01

logyoC —4.87 207 143 0.77 2.00 573 167 173
D 6 -29 9 9 -7 10 10 23

R 0.60 0.06 022 0.23 0.16 0.35 0.35 0.00

be better described by the product of the controlling param-ple, the first column shows that Pc3iadl0~+87v2°14-6 pT,
eters rather than by their sum. The sum would better fitand R =0.60. This is in accordance with previous results
cases where multiple independent sources are acting simushowing that the most important factor controlling ground
taneously. Pc3 activity is the SW speed. The exponenbgf is close

Equation () can be realised through linear regressionto 5/2. This is in agreement with the findings\@rd (1980,
analysis by the linear combination of the logarithms of the who found that the exponent is greater than 2 for periods less
parameters considered: than 30s, about 2 for periods around 30 s, and less for longer
periods.

Again in accordance with previous studies (eV@ro,
wherec is an unknown constant. Sin€zand D in Eq. (1) 1980 Chugunova et al.2007) there is no correlation be-

are constants they do not modify the correlation between théWeen, and Pc3 activity (Tabld, second column). This
LHS and RHS of Eq.%), henceD can be taken as zero in 1S shown both by the low correlation coefficient and the close
Eq. (2): however, bothC and D have to be determined later to zero exponent. Although it was demonstrated that in the
@) : 3
for the models of Pc3ind. This can be done by a simple lineal®est range of values\y, <2.cm™) Np does have a strong
regression between Pc3ind and the MLR model (based offfeCt on Pc3ind (Fig3), there is no dependence above this
Eq.2) result. threshold. The situation is similar fafs (Fig. 5), where we
Since the logarithm is not defined for non-positive values©a" find correlation in some intervals, but when the whole
we added 2 to the cosine of the cone angle to avoid zero al2N9€ Of possible values are taken into account, the corre-
an argument wher, — 90°. By choosing a value 2 we lation coefficient is close to zero. On the other hahgl,
=90,

also avoided the close to zero arguments that would produc@mf: Rmp and payn all seems to have some influence on
outstanding negative values distorting the result of the regresl?C?,’InOl (Tabile4). The correlation in thg case @imp is an
sion analysis. Of course, 2 is an arbitrary choice, and the ac@nti-correlation as shown by the negative exponent.
tual value of this constant influences the resulting exponent. Tables5 to 7 present the results of MLRs in a similar
However, we found that the correlation coefficient does notway to Tabled. The columns of Tablé& contain the expo-
change significantly if we increase this constant. All other nents of the best fitting vgip; + D models, wherg; = Np,
parameters have positive values, including the cosine of thé® etc., and the correlations between models and observa-
solar zenith angle on the dayside. tions. For example, the first column presents a model in
All available pulsation data recorded at Tihany betweenWhich l0g,o,C = —7.30, D =14pT, a3 = 3.28, a2 = 0.48,
2001-2007 and the corresponding available OMNI2 SW dateaNd R =0.65. Each column is an independent MLR model.
together provided 28562 samples (hourly means), which Table5 includes MLRs usingsw, Which was previously
were used in these analyses to derive the presented Pc3ifgund to be the most important parameter (Tat)leand an-
models. other parameter. The inclusion of,, or any of the other
The results of the simple regression analyses are sumdensity related paramete®y,p and payn, pushes up the cor-
marised in Tablel. A column of the table contains the ex- relation coefficient equally t®R = 0.65, while ¥, and x
ponenta in the row of the parametgr considered, the con- have somewhat lower influence. The inclusion of other pa-
stantsC andD from the equation Pc3ing Cp® + D, andthe ~ rameters hardly modifies the result.
correlation coefficienR. The different columns correspond  We choseVp as the second parameter. Hence in the MLRs,
to linear regressions for the different parameters. For examthe results of which are shown in Taligvsy, Np and a third

logPc3ind=c+a1logpi+azlogps... +a,logp,, (2)
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Table 5. Results of the 2-D MLRs (Pc3ind Cvgvl\,pgz + D), and the correlation coefficieng.

Vsw 3.28 2.39 2.44 2.51 2.31 2.33 2.55
Np 0.49

B 0.27

cosipy +2 2.32

COSsy 0.18

Rmp -2.92

Pdyn 0.48

Mp 0.17
log10C —-730 —-477 -563 -479 -134 -460 -514

D 14 8 6 5 14 15 6
R 0.65 0.61 0.64 0.63 0.65 0.65 0.61

Table 6. Results of the 3-D MLRs (Pc3ingl CvsyNp?p3° + D), Table 7. Results of the 4-D MLRs (Pc3ing Cvsgp,2(Cos? gy +
and the correlation coefficienk. 2)*3cos* x + D, wherepp = Np Or Rmp Or pgyn), and the correla-
tion coefficient,R.

Vew 326 335 330 209 337 3.8
Np 0.48 0.58 0.49 -011 0.53 0.49 Vsw 3.36 2.19 222
B 0.02 Np 0.59

gg%x +2 2.92 o1 cosdp,+2 291 291 293
Rmss R cosy 019 019 019
Ma —0.02 Ddyn 0.58
10gy0C 728 -870 -725 -001 -757 —7.30 log10C 865 —146 —5.39
D 15 12 12 14 14 15 D 9 9 10
R 065 071 068 065 065 0.65 R 075 075 075

parameter were used to model Pc3ind. Hereihe as a  and the exponents are similar. The exponentssaf Np,

third parameter produced the highest increase in correlationgogy s, + 2, cosy are about 3, &, 3, 1/5, respectively. In

then cog follows with an exponent-1/5, while neithe®Rp, the four parameter MLRs the exponents R, and payn

nor pgyn is able to further increase the strength of the corre-yere found to be around3 and %2 (not shown).

lation. The correlation coefficient, however, can be increased During the period investigated the maximum to minimum

further (up toR = 0.75) by adding both the cone angle and ratio of the observed values ofw, Np, Rmp and payn were

the solar zenith angle to the parameter set (Taple 4.6, 790, 3.5 and 1702, respectively. However, when deter-
Similar results to Tablé can be achieved if we replad® ~ mined from the above exponents these ratios change to 97,

by either Rmp or payn (not shown). In each MLR both the 55 43 and 41, characterising the importance of the param-

exponent of the third parameter and the correlation strengtlpters in the explanation of the variability of the Pc3 index.

are very close (within 0.03 and 0.01) to their correspondingThis result underlines again the priority ofy, and shows

values in Tablés. In terms of the MLR model the three den- that Np, Rmp and payn are about equally important.

sity related parameters are interchangeable. For comparison, |n Table 9 the results of four parameters MLRs for other

Table7 presents the MLR models in whialw, 5., one of  stations are presented (only 2003 data were used). Based on

the three density related parameters, and a fourth parametgfese findings it can be stated that most of the above con-

resulting in the highest correlation were considered. The exgjysions are valid also at higher latitudes. There are some

ponent ofvsy is different in the different columns, because differences, however. The role gfand eveny, decreases

of its close relation taVp, Rmp and payn. The choice of the it increasing latitude (decreasing exponent) and, more im-

density related parameter, however, did not influence the eXportantly, the correlation coefficient clearly decreases.
ponents ofdp, significantly. In each casg was found as

the fourth most important parameter with the same exponent4 4  Artificial Neural Networks
Furthermore, the strength of the correlations are the same.

MLRs were also executed separately for each year (TaA second method is employed to find the solar wind sources
ble 8). The results for both the correlation coefficients bearing most influence on Pc3ind. We use artificial neural
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Table 8. The results of the 4-D MLRs for different years (Pcsiﬂ(d?vg\,l\,Ngz (cos¥ gy +2)*3cos% x + D).

THY 2001 2002 2003 2004 2005 2006 2007
Vsw 2.88 3.20 3.26 3.23 2.48 3.53 3.50
Np 0.57 0.62 0.63 0.60 0.47 0.56 0.56
coSip, +2 2.99 2.93 3.07 3.21 231 2.98 2.66
cosy 0.23 0.23 0.21 0.17 0.16 0.15 0.14
log10C -734 -817 -837 -841 -585 -912 -892

D 1 5 4 6 7 1 -2

R 0.71 0.74 0.76 0.75 0.69 0.76 0.80

Table 9. The results of the 4-D MLRs, 2003, MM100 stations (Pc3in@vggNp > (COSY g +2)%3C0os™ x + D).

2003 THY BEL TAR NUR  HAN SOD KIL
Usw 3.26 2.08 2.66 2.85 2.86 2.49 2.70
Np 0.63 0.27 0.48 0.54 0.54 0.46 0.50
cosip, +2 3.07 2.29 2.27 2.35 2.32 1.66 1.56
cosy 0.21 0.22 0.18 0.14 0.11 0.06 0.04
log10C —-838 —-422 -6.16 -6.68 —-673 -—-534 -594
D 4 -31 —6 1 2 59 93
R 0.76 0.75 0.65 0.65 0.65 0.46 0.45

networks (ANN’s) with various sets of input parameters, Input noded; are the independent variables and their values
similar to those used in the development of the MLR model,are simply the respective sets of input parameter measure-
to find a set of inputs that optimally model the output param-ments. Hidden node#; apply an activation functioryfy,
eter, Pc3ind. usually sigmoidal, and tanh in our case, to the sum of the in-
Since the use of ANN's is not common in Pc3 studies, weput parameter values, weighted b)%l?. The number of hid-
offer a short description of neural networks. For an extensiveden nodes and layers determine tﬁe network’s ability to re-
exploration of the subject, the reader is referred to dedicatedolve highly non-linear behaviour, and are determined by the
texts (e.gHaykin, 1999 Fausett1994 Bishop 1995. modeller Haykin, 1999. The output node computes the ap-
Artificial neural networks are parallel computational struc- Proximation to the modelled system by applying a linear acti-
tures, represented by a weighted network of computationayation fo to the sum of the hidden node outputs, weighted by
nodes, capable of performing complex (non-linear) regreswf,z. The output approximating Pc3ind is thus determined
sion and classification taskbel@ykin, 1999. In this case we by the network as a function of the input parameters and the
use the ANN as a regression model to approximate the outpuwveights.
parameter Pc3ind, using a set of input parameters. Multilayer The connection weights are determined by the training al-
feedforward neural networksiaykin, 1999, the type we are  gorithm, while all other network configuration parameters
using, consists of three types of computational nodes: in-are fixed by the user. During ANN training the strength of
put nodes (comprising the input layer), hidden nodes (whichconnection weights are iteratively adapted under an optimi-
can be collected in multiple hidden layers) and output nodessation algorithm tasked with minimising the error between
forming the output layer. modelled and target output values. Network training utilises
Such an ANN withN input nodesM hidden nodes in a three distinct sets of input and output parameter measurement
single hidden layer, and one output node, may be representedfita. A training set of input and output data is used to adapt
by Egs. ) and @) (Bishop 1995 for example): weight strengths during the training process. The validation
data set is used to make test predictions of output targets.

N Upon completion of the training process, the testing data set
Hi = fy (Z [wl.(,lj)li]), jell, ..., M} (3) is used to evaluate the performance of the trained network
i=1 against unseen input and output data (i.e. data not included
M in the training or validation sets).
0= fo (Z [wf? Hj]) @
j=1
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Table 10. Evolution of the wrapper process. Inputs are iteratively added (denoted by x’s) according to the performance of the associated
network. The set of inputs yielding the highest correlation between measured and modelledRudpetkept, and the rest of the candidate
inputs are varied in the next round of training. Also see ER).

Bimt X

Np X

Usw X

Pdyn X

Mp X

VB X

Rmp X
[Ars,hrc] X

R —-003 001 051 0.09 015 035 0.22 0.46

Bimi X

Np X

Vsw X X X X X X X
Pdyn X

Mp X

Vpy X

Rmp X
[hrs,hrc] X

R 050 055 054 050 055 056 0.76

Bimt X

Np X

Usw X X X X X X
Pdyn X

Mp X

VB X

Rmp X
[Ars,hrc] X X X X X X

R 0.77 082 083 076 0.79 0.82

Bimt X

Np X
VUsw X
Ddyn X X
Mp X

VB X

Rmp X
[Ars,hrc] X X X X X

R 082 083 082 087 0.83

x
xX X
xX X
xX X

Bimt X

Np X
Usw X
Pdyn X X
Mp

YBx X X
Rmp X
[Ars,hrc] X X X X

R 0.87 0.87 0.86 0.87

x

X X X X
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We set up many ANN'’s with various sets of input pa-
rameters, and evaluate each network, to find a set of in- oo}
put parameters that optimally reproduce the target data se
(Sect.4.4.9). Seven solar wind- and IMF-based parameters g
are identified, along with two time-based parameters. The

sine and cosine of UT hour of the day;s = sin(% . hour)

T
‘ sz’ [hrs, hrc], den, eBx

0.8
0.7
0.6

0.5
andhrc =co %-hour), are included in the set of candi-
dates to model the diurnal variation in Pc3 activity. Employ-
ing this pair as input parameters to an ANN is equivalent to
using the linear combinatiomirs + Bhrc as a single input,
where the coefficienta and 8 are just the weights deter- 01l
mined by the network training algorithm (see Bj}. During
training the weights are adapted to optimally reproduce the Lmput | 2ipus | Sinpuis  4Inpus inpus,
periodic component of the output parameter. Note that we %! s 16 2 27 30
usehrs andhrc together as a pair of input parameters, since Network #

the sine-cosine palr. is needed to resolve the periodic Compolfig. 12. Correlation between measured and modelled Pc3ind as in-
nent of the C?Utp“t (i-e. so that hour 1 TOHOW,S after hour 24). puts are added according to the wrapper process. Vertical dashed
The solar wind- and IMF-based candidate input parameter§ines indicate the start of a new round of training. Red squares de-
considered are: solar wind speeg,, cone angle? s, IMF note the winner of each round of training, with the corresponding
magnitudeBim¢, solar wind plasma densityp, the dynamic  input parameters displayed. See Tablsor a detailed illustration
pressurepgyn, the magnetopause standoff distaieg, and of the process.

the Alfvénic Mach numbeMa .

The training set consists of data collected for 2003 (from
day 1 to day 365), while the testing data set covers the interinput parameter stabilises, such that an unambiguous choice
val from hour number 1800 to hour number 2500 of 2002, is not possible.
corresponding to about 29 days. The wrapper process is summarised in Tableand il-

The testing and training sets are reduced by excluding inlustrated in Fig.12. Each network is trained using the in-
stances where the planetakyindex is above 4. This mea- Put parameters marked by x’s. The resulting correlation be-
sure is taken to ensure that geomagnetic storm activity is notveen measured and predicted output is listed in the last row.
included in this model. The result is a training data set of Figure12 plots the model performance (correlation between
6551 values per parameter (out of a possible 8760 h in theéneasured and predicted output), versus network trained, as

year), while the length of the testing set is 639 (out of 700). input parameters are varied and added according to the wrap-
per process. The performance due to each new addition to

4.4.1 Wrapper process the optimal set is indicated, and the updated set of inputs
listed accordingly. After each round of training a new in-
We employ an ANN wrapper to find the subset of candidateput is added to the set of influential inputs. After the first
input parameters bearing most influence on the output paround of training, the SW speed emerges as the most influen-
rameter. A “wrapper” refers to a model dependent featuretial input for single-input networks. Note that in the wrapper
selection process whereby many models are evaluated arrocess we treat the time-based pairs| irc] as a single
the best performing one selected (Kgn et al, 2005. parameter. The correlation between measured and predicted
Our wrapper is implemented by training and evaluating validation data iR = 0.51 for vsy. Time [hrs, hrc] andd gy
many ANN’s, each with similar configuration, but a different also yields significant correlation between measured and pre-
set of input parameters for each network. Every network isdicted Pc3ind ak = 0.46 andR = 0.35, respectively.
trained and evaluated on the data sets described in the pre- In the second round of training, pairs of input®sy and
vious section. The simulation procedure commences withanother input from the set of candidates — are used for each
the training and testing of: ANN’s each with a single in-  network. All pairs of inputs yields prediction accuracy of
put parameters = 8 in this case). The: input parameters at leastR =0.5. The optimal pair of inputs are thés,
are ranked according to each corresponding network’s perkrc] pair and andsy, yielding R =0.76 correlation between
formance. The input parameter corresponding to the bestmeasured and predicted output. Other parameters add less to
performing ANN is kept, while the remaining — 1 param-  the accuracy of the prediction achieved in the first round —
eters are varied to forrm — 1 pairs of input parameters to thewsy, ¥, pair with R = 0.55 andvsy, Rmp With R = 0.56,
be used in the next round of training. The process con-yielding significant improvement on the first-round results.
cludes when all parameters are included as inputs or when The third round of training reveals three sets of inputs
the change in network performance due to adding anotheyielding near-equal performanc@) vsw, [Ars, hrcl, pgyn at

04}

031

0.2

Correlation (measured vs. model
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T T T T
Measured Ry g =0.86
MLR Input:v_ , %, Pgyn’ v,

ANN sw’ yn’ “Bx
500+ H

RANN =0.87

Input: Vo [hrs,hrc], pdyn, ﬁBx

600 ] 4.4.2 Comparison of MLR and ANN wrapper results

The ANN modelling procedure yields four parameters,

Usw, [hrs7 hrc]7 den, ﬂBX

400

as the most influential subset of inputs from the candidates.
We recall here, thapgyn is interchangeable witlVp or Rmp;
the ANN does not prefer one above the others. After four
rounds of training, the increase in network performance due
to the addition of input parameters is negligible and no fur-
ther inputs are added.
This result is in agreement with previous studies not-
ing the correlation betweensy, ¥, and Pc3 amplitude
0329 0330 0331 0401 040z 04003  04/04  04/05 (e.9.Saitq 1964 Bol'shakova and Troitskayd 968 Wolfe, .
Time [mm/dd] (2002) 1980. Furthermore, we know that Pc3 are a largely dayside
phenomenon, hence the strong dependence of Pc3ind on the
Fig. 13. Measured (solid curve) and modelled (red for ANN and hour of the day. This result is also in accordance with our
green for MLR model) Pc3ind for a week included in the testing results based on MLR analysis. Both methods resulted in a
data set, using the optimal set of input parameters as indicated. Thgy parameter model, in which the density related parameter
correlation between measured and modelled outputs are 0.87 for the; , pe any opyn, Rmp, OF Np.
ANN and 0.86 for the MLR model. However, the ANN and MLR results cannot be compared
directly. In the MLR analysis we used only dayside data,
R =0.83 correlation(ii) vew, [rs, hrcl, Rmp at R =0.82; Wh?le in the ANN approach both day and night data were
and(iii) vsw, [hrs, hrcl, Ny at R = 0.82 correlation between utilised. For the sake of a closer comparison we recalculated
measured and predicted Pc3ind. The two best-performinghe 2003 MLR results for THY including night data. We
candidatespgyn and Rmp, are both directly related to the size took firstvsw as a model parameter, thep a(_jded)@opdyn
of the magnetosphere and the densiy, (along with vsy), and co%p, step by step. The correlation mcreased_grad-
defines the dynamic pressure. Although the choice is somedally, and wask = 0.42, 0.69, 0.72 and 0.81, respectively.
what ambiguous on account of the close separation in correlNOte, that we added 2 to cgsand co# 5, to avoid zero and
lation coefficients, we selegtyyn and continue with the pro- Negative values whep >= 90" (nightside) o 5, = 90°, so
cess. The similarity of these three parameters is further illusthat log of cos can be taken.
trated by the correlation between them: calculating the cor- APPlying the MLR models inferred from 2003 observa-
relation coefficient between the pajsg,n, Np andpayn, Rmp ~ UONS for the test period of ANN (17 March-15 April 2002),
over the testing data set yields= 0.88 andR = —0.78, re- the correlation was even higheR = 0.49, 0.76, 0.81 and
spectively. The ANN models are sensitive to this fact, givenO-SGv for the different.parameter sets, respectively, very close
that subsequent rounds of training do not yidig, or N, to the ANN correlation valuesR = 0.5;, 0.76, Q.83 and
as important — as they do not add any new information to a0-87)- Although ANN, as expected, yields a slightly more
model with payn already included in the set of inputs. As is accurate result, MLR has the advantage that it yleld_s an an-
the case with the MLR models, any oneRip, Np OF payn alytical model. For example, Eg5)is the afore_mennoned
could be included at this stage. four parameter MLR mo.del (based on Ex).obtained from
We conclude the wrapper process after four rounds of2003 data as described in Sect. 4.3:
training - with Usw, [Ars, hrc], pdyn a'nd ¥py as the final (J303in(1p'|’J — 4064 1075])51\}950.(005)( 42)1.946
set of influential inputs. The correlation between measure 0,540 2675
and predicted Pc3ind at this stageRis= 0.87. The other sets Payn (€O, +2)7°°—-16pT, ®)
of inputs all yield accuracy of approximateR=0.82 and . 1 ) )
do not improve on the previous round’s result. A fifth round WNe€révsw is in kms==, and payn in nPa. A comparison of
of training is performed, but no new input is added to the e MLR and ANN models are shown in Fig3, for a 7

set as no improvement upon the previous round of trainingd@ Period from 29 March to 5 April of 2002. The ANN

is made (see Tabl&0 and Fig.12, networks 27 to 30). We (R =0.87) narrowly outperforms the MLR modek (= 0.86)

conclude that the remaining candidate inputs do not add an{/epresented by Eq5), employing similar input parameters;

new information to the model. he figure illustrates the similarity in performance.

300

Pc3Ind [pT]

200
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sure continues at very low levels (below 0.5 particles/cm
and 0.5 nPa, respectively). In this case the models react well
to the combination of unfavourable speed, IMF direction, and
pressure conditions, predicting very low (Pc3iad0 pT)
activity.

On 26 May some activity is observed (Fi4, top panel,
blue curve). Solar wind speed remains average, around
400 km s1 and the cone angle above®4T he density (pres-
sure) increases step-like from around 6m~23 (0.1 nPa) to
approximately 3cm?® (2 nPa) after 18:00 UT on 25 May, re-
maining near this level for the entire day. In this case both
the ANN (red curve) and MLR (green curve) models accu-
rately predict the observed activity — apparently reacting to

. . ) ] the increase in pressure, in addition to modevafeand? g,
Fig. 14. Measured (solid) and modelled (dotted) Pc3ind during an conditions.

LDA over 24—26 May 2002 (top panel), along with SW speed (2nd Both the ANN and MLR models are sensitivegy and

anel), cone angle (3rd panel), and SW dynamic pressure (solid L L

(F:)urve? left axis) e?nd E)Iasn?a dezlsity (dotted Zurve, right axis) ir(1 theﬁB" conditions (24-26 May) and to the combinationugy,
bottom panel. ¥px and pgyn (25-26 May); however on 24 May, the com-
bination of high SW speed and small cone angle dominates
the low pressure and the models incorrectly predict moder-
ate pulsation activity. The insensitivity of the models to ex-
tremely low pressure is due to the relative rarity of LDA's
with respect to more normal pressure and density conditions
in the solar wind. In order for an ANN to correctly model a
certain aspect of the modelled system, it must be adequately
represented in the training set of data. The fraction of train-
ing data set measurements wjihyn < 1.0 nPais 9.8% and

/0
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4.4.3 Testing the ANN model prediction during low-
density events

An LDA on 24-25 May 2002 yielded very low pressure
(pdyn < 0.4 nPa) and particle couniVg < 0.3cm2) in the
SW plasma for most of the 48h period. Starting from

11:00UT on 24 May, the solar wind became sub-Atfic. 0 i
In this section we test the MLR (E§) and ANN (developed only 2% 9f the data hapgyn <0.5 nF_’a. The m.odellmg of
low-density events could hence be improved increasing the

in Sect.4.4.7) models during this LDA event. Input parame- fraction of low-density data in the training set
ter measurements from 24 to 26 May 2002 are used to predic{ y g set.

Pc3ind, using both models. Measured Pc3ind is close to zero
on 24 and 25 May, with weak activity on the third day.
Figureldillustrates the essence of what is described in this

section: The top panel of Fig4 shows the measured (blue pyring most of the LDAs and SAEs listed in Tabl2sand
curve) and modelled (MLR — green, ANN — red) Pc3ind for 3 the level of Pc3 activity was extremely low (Pc3ind
24-26 May 2002, measured at THY. In the second and thirtho—20 pT, given in the last columns of the tables), and close
panelsvsy and g, from OMNI2 are plotted for the same g the noise level of the instrument (6—7 pT rms in the Pc3
period, respectively. The bottom panel of Flgkdepicts the  pand) which does not coincide with unusually low SW speed
SW dynamic pressure (solid blue line, left-hand axis) andgy high cone angle. In 6 of 8 LDA events for which day-
plasma density (dotted red line, right-hand axis) during thesige Pc3ind values observed at THY were availailg,
interval, also from the OMNI2 set. was not more than 30 and in all cases less than®5The

On 24 May both models predict moderate pulsation ac-same ratios for SAEs were 3 of 6 and 6 of 6. Similarly,

5 Discussion

tivity — peaking near 90 pT (MLR; Figl4, top panel, green

curve) and

190 pT (ANN; Figl4, top panel, red curve), re-

vsw Was higher than 300 kntsluring all LDAs and during
5 of 6 SAEs for which dayside Pc3 data were available, and

spectively. Both models appear to react to favourable SWhigher than 450 kms' for half of the LDAs and 13 of the

conditions,

withvgy > 600 km s and@ ., < 50°. However,

the measured activity (Fid4, top panel, blue curve) is very
weak at a constant near-zero rate for the entire day along with \We also investigated some events in more detail. There
a very low pressure (bottom panel, blue curve) and densityyere no observable Pc3s during an LDA on 16 February
(bottom panel, red curve).
On 25 May SW speed (FidL4, second panel) and cone ber 2004 (Fig2), and the previous long-lasting LDA as pre-
angle (third panel) conditions are less favourable, with thesented in SecB.2 In another case on 24 May 2002 (Figf)
speed decreasing to around 400 km/s and the cone angle ianalysed in Sect.4.3 the Pc3 activity ceased for two days,
creasing to above 30The plasma density and dynamic pres- in spite of the highvsy and moderate cone angle. Similarly,

www.ann-geophys.net/28/1703/2010/

SAEs. These solar wind conditions are not unfavourable, and
in some cases decidedly favourable for UW generation.

2004 (see Figl), during the course of a SAE on 13 Septem-
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Le et al. (20003 found that during the LDA+SAE of May parameters in MLR and ANN empirical models. In the fol-
1999 Pc3s were absent, although the IMF cone angle wakwing we give a physical interpretation of the found rela-

favourable 40°) for UW generation, anasy, was moder-
ately low (350 kms?).

tions.
There are several possibilities of havy may affect sur-

During LDAs the magnetosphere calms and the upstreanface Pc3 activity:

interplanetary region may become quiet. E.g. during the May 1

1999 LDA eventSmith et al.(2001) andLe et al. (20003
reported one order of magnitude decrease of the ULF wave
activity in the ion-foreshock. During the rarefaction inter-
val, the rms ofBins underwent a factor of 5-10 reduction
(0.1-0.2nT) compared to the fluctuations in the neighbour-
ing plasma (1nT).Smith et al.(2001) explained this be-
haviour by the refraction of fast-mode ULF waves away from
the regions where the Alén speed is high. We prefer an al-
ternative explanation, that is, since there were practically no
protons present in the foreshock the generation of upstream
ULF waves through wave-particle interaction would be much
weaker.Le et al.(20003 raised the idea that extremely low
Mach number #s) could be responsible for the pause in
ULF activity in May 1999. They supposed that the low Mach
number shock reflected very few particles. They also empha-
sised that a potential effect of the Mach number should be
separated from the dependence of the activityHn

We demonstrated by statistical analysis that besige
and®p,, Np or another solar wind density related parame-

ter also has a key role in the control of dayside Pc3 activ- 2.

ity. Both MLR and ANN analyses rankedl, more impor-

tant thand g,.. Earlier works have already raised the possibil-
ity that N, may play some role, however, its influence from
other SW parameters had not yet been separated. A similar
strong dependence in the low-density range was also found
by Verd (1980 at L = 1.9 in the 50—200 mHz band whenever
Np was lower than 5 crme (the lowest bin used in that study
was 0— 5 cm3) and byChugunova et a2007) in the Pc3
band at auroral and near-pole latitudes (My < 2 cn3).

At higher N, values the Pc3 amplitudes slowly decreased
with increasing SW density. This tendency can be clearly ob-
served in our results (Fi@), as well.Ver6 (1980 also found

that the Np dependence was strong in the same frequency
bands where the implicits,y, dependence suggests that this
relation is just a consequence of the interdependence of these
parametersWolfe and Meloni(1981) realised that aftevsy

and? g, Np is the third parameter that has a significant effect

on ground (17-33 mHz) pulsations At=3.5. All of these 4,

results imply thatV, has a similar role at low, medium and
high latitudes, thus suggesting a common source of dayside
Pc3s over large regions. However, none of the cited authors
interpreted their results in depth.

To our knowledge the dependence of Pc3 activity on other
density related parameters, except for flux density and dy-
namic pressure has not been investigated. Here we demon-
strated a relationship with the Alnic and magnetosonic
Mach number, with the SW dynamic pressure, and with the
standoff distance of the magnetopause. We also showed that
Np, payn and Rmp are equally important and interchangeable

Ann. Geophys., 28, 1703722 2010

In the absence of upstream protons, ULF waves cannot
be generated. Upstream ULF waves gain their energy
from back scattered SW particles via the ion-cyclotron
mechanism (e.gGary, 1978 Yumoto et al, 1984 Le

and Russe]l1994 Heilig et al, 2007h. Fewer particles
mean less energy to be transferred during wave-particle
interactions. This may be one of the reasons why there
are no Pc3s whew, is extremely low & 2cmid). It
would appear that the SW proton density acts as an “on-
off” switch for mid-latitude dayside Pc3s, in the sense
that under moderat&, the Pc3 amplitude is governed
mostly by the SW speed, IMF directioi£,) and lo-

cal time as on 26 May (Fidl4). However, under very
low proton counts (24, 25 May), Pc3 activity disappears
regardless of otherwise favourable SW plasma condi-
tions. This agrees with data in Fig.where Pc3 activity
ceases for number densities below 2¢ywhile above

this threshold, the density only weakly influences Pc3
amplitude.

When N is low the bow shock may become weak (i.e.
Mp is low), hence the protons are reflected back less ef-
ficiently (Thomsen et a].1993 Kucharek et al.2004),
which can lead to the decrease of upstream ULF wave
activity (Le et al, 20003. Onsager et al(1990 and
Thomsen et al(1993 found that there is a definite ten-
dency for the beams of near-specular reflected ions to
be absent at the lowek(5) Mach numbers. Without
reflected ions, upstream waves will not be generated.

3. As the SW flow becomes sub-ABwic (Ma < 1), up-

stream ULF waves that are propagating upstream at the
Alfv én speed in the plasma framdimoto et al, 1984
Narita et al, 2004 Heilig et al, 20070 are not effi-
ciently convected back downstream toward the shock,
and cannot enter the magnetosphere. Thus UWs are not
able to act as a source of ground Pc3 activity under sub-
Alfv énic conditions.

Low plasma density results in larger standoff distance of
the bow shock and the magnetopause nose, i.e. the ULF
waves have to propagate over a longer path to reach the
ionosphere and the ground. If there is some kind of
damping present in the magnetosphere it could explain
the observed amplitude reduction. During the famous
1999 event the Earth’s bow shock was crossed by the
Wind spacecraft as far as & in radial distance from

the Earth, as reported ye et al.(2000). ULF wave
propagation in the magnetosphere is usually interpreted
in the frame of the magnetohydrodynamic (MHD) the-
ory. Since MHD is lossless, MHD waves propagate

www.ann-geophys.net/28/1703/2010/
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without damping. Therefore, in the MHD frame one also mean that there are other dayside Pc3 sources at higher
can only count on geometric effects, e.g. the exponentialatitudes not controlled or controlled but in a different way
decay of the evanescent modakahashi et al1994). by the considered parameters.
Compressional mode waves can propagate in any direc- The upstream wave source mechanism is only one of the
tion. Supposing a point-like source (e.g. the subsolarways the solar wind can drive dayside magnetospheric ULF
point of the magnetopause) and spherical wave frontsvaves. The decelerated solar wind plasma flowing in the
compressional waves will suffer attenuation with a fac- magnetosheath may generate surface waves on the flanks
tor of 1/r, wherer is the distance from the source, as of the magnetopause via the Kelvin-Helmholtz instability.
a consequence of spatial spreading of the wave frontKelvin-Helmholtz waves which have a typical time scale of
This type of attenuation is called geometric attenuation.a few minutes (i.e. in the Pc4-Pc5 band) in turn may couple
We found, however, a much stronger exponential de-to internal resonances inside the magnetopause as realized
cay as shown in Figd. The attenuation can be given firstin the 1970s bysouthwood1974); Chen and Hasegawa
in the form Pc3ind= Pc3inde*", where Pc3ing is (19749. As a consequence of the generation mechanism,
the the amplitude index ap =1 Re. In the case of Kelvin-Helmholtz waves are more intense at high SW speeds
THY the apparent attenuation factaris 0.32, mean-  (similar to UW generated Pc3’s), but also have a dawn and a
ing that 50% (¢~23%)2 2 0.53) of the wave energy is dusk peak in the local time distribution of their power, unlike
lost atdr = 1 Rg distance. The real attenuation can be the power of UW generated Pc3's, that peaks around local
smaller, since as we showed in Fig), after we had nor-  noon.
malised Pc3ind witlvs,, the attenuation became closeto  The SW dynamic pressure fluctuations (and frozen-in
linear, decreasing Pc3ind with 16 pT &t =1 Rg dis- magnetic field) can also be a source of dayside compressional
tance. Further studies and multipoint observations in theULF waves.Kepko et al (2002 have shown that ULF waves
magnetosphere are needed to find the real attenuatioat discrete frequencies (0.4-3 mHz) are sometimes directly
factor, its location, and the physical processes responsidriven by density oscillations present in the undisturbed am-
ble. bient solar wind.
Pressure pulses in the solar wind may cause impul-
Although all four of the scenarios described above are possive compressions of the magnetosphere, capable of excit-
sible and can be responsible for the disappearance of Pc3gg broad band compressional waves in the magnetosphere
during LDAs, none of them has been discussed in detail okyhich can couple to cavityjvelson and Southwoqd 985
verified using empirical data prior to this study. Lee and Lysak1989 or waveguide $amson and Rankin
We also derived empirical models that can be used to pre4994 modes. We should note, however, that observational
dict Pc3 amplitudes at any local time. The model parametergvidence for global fast mode cavity resonance or waveguide
for THY and other MM100 stations are given in Tables3 mode is still very limited $amson and Rankii994 Waters
and9. In spite of the obvious SW density dependence in-et al, 2002.
corporated in the models it cannot account for the disappear- Beside these external sources, internal disturbances can
ance of Pc3s at LDAs and SAEs as was shown in Se¢t3 also lead to wave generation. E.g. irregularly shaped 7-
The reason for this may be that there is more than one mech25 mHz waves referred to as Pi2s are clearly linked to sub-
anism at work, simultaneously. Mechanism 2 is supportedstorm activity (e.gSaito et al, 1976).
by direct foreshock observation of the decrease of wave en- Pc3—-Pc5 pulsations can be observed everywhere in the
ergy during a SAEl(e et al, 2000g9. However, we think magnetosphere, generally as a superposition of externally or
that mechanism 1 can also be responsible. More foreshoclnternally driven waves and the resonant response of the mag-
observations are needed to discriminate between these pogsetosphere. Previous works (eMgro, 198Q Wolfe and Mel-
sibilities. Mechanism 3 should also act as a switch for UW oni, 1981, Wolfe et al, 1985 Chugunova et al2007 have
related Pc3 activity according to UW theory. Mechanism 4, demonstrated that although under strong SW control, Pc3,
the attenuation of ULF wave energy with distance, should acPc4 and Pc5 pulsations react differently to changes in SW
continuously and we think that this phenomenon is the sourceonditions, possibly due to their different origins. Pc2s (100—
of the sensitivity of our models on the variation®f. This 200 mHz) are very rarely observed at mid latitud8si{q
is the only mechanism of the four that has a strong effect over1969 Anderson et aJ.1992. Thus, although the band of
the range of measurements observed. Mechanisms 1, 2 andBNs covers also the higher part of the Pc4 range, we re-
seem to be important under conditions of extremely My stricted our study to Pc3s, to avoid unnecessary mixing of
We found that the roles gf and® g, in controlling Pc3ind  physical phenomena which could have “contaminated” our
to decrease with increasing latitude as can be concludedesult.
from the decreasing correlations seen in Tabldt implies Pc3 amplitudes at low and mid latitudes are modified by
that mid latitude { = 1.8 — 3.8) Pc3 activity is more tightly  local resonances. In the highly inhomogeneous magneto-
linked to the UWSs than that at higher latitudes. This fact cansphere the incoming compressional waves couple to shear
be a result of a low latitude (e.g. subsolar) source, but it camAlfvén mode, and drive field line resonances where their
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frequencies match the local eigenfrequencies. The ground We note here that our Pc3 index cannot discriminate be-
Pc3 activity is a mixture of the remnant of the incoming UW tween Pc3s and Pi activity in the same frequency band. Al-
related source and the neighbouring field line resonanceghough daytime Pi2s are regularly observed at low latitudes,
The resonant amplification takes place at varying frequencythey are brief, impulsive events and would not influence the
because the eigenfrequency of the field line at a given lo-1-h averaged data used in the development of the models.
cation varies with the magnetospheric density (&chulz Our models suppose a single source, namely the UW activ-
1996 Waters et al. 1996, which in turn is controlled by ity, although there are more than one source in the Pc3 band.
geomagnetic activity. The IMF strength also changes withOur results show that UWs are the dominant source of day-
time. Moreover, both the field line resonance frequency andside Pc3 activity.
the frequency of the driving UWs (which depends onthe IMF  The disappearance of Pc3s during low-density solar wind
strength) has a significant solar cycle variativer®, 1996, events can have at least four causes according to the exist-
that makes the situation more complicated. The amplificaing UW theory: 1. Pausing the ion-cyclotron resonance that
tion caused by the resonance has a smaller effect on the avegenerates the upstream ULF waves in the absence of pro-
age amplitudes compared to the SW parameters investigatetbns, 2. Weakening of the bow shock that implies less ef-
The role of the field line resonance in redistributing the in- ficient reflection, 3. The solar wind becomes sub-Affic
coming ULF energy was not considered in our models. and hence it is not able to sweep back the waves propagat-
The Pc3 amplitude is further modified by the ionosphericing upstream with the Alfén-speed, and 4. The increase of
screening described e.g. byshida(1978 or Pilipenko etal.  the standoff distance of the magnetopause (and of the bow
(2008. The controlling factor in screening is the Hall to Ped- shock). Our analysis supports UW activity as the dominant
ersen conductance ratio. This ratio is considered to be relasource of mid-latitude Pc3s. The UWSs at higher latitudes, be-
tively stable (e.gJuusola et al.2007, so it is not expected yond the plasmapause, seem to have a relatively small contri-
to cause large Pc3 amplitude modulation. Nevertheless, neiution. Future models should include other sources, as well.
ther this effect nor the winter anomaly of Pc3 pulsations de- The correlation between the considered parameters can
scribed byverd et al.(1995 were considered in our Pc3 ac- be different at different time scales. We will investigate
tivity models. this scale dependence based on higher time (1 min) resolu-
We demonstrated through the two models developed hergon data. We expect that the cone angle dependence will
that the upstream solar wind controls dayside Pc3 activitybe stronger at shorter time scales, since it can change very
Since Pc3s may be measured by ground-based magnetomeapidly. Future models should also take into account the pos-
ters, the Pc3 activity level may be used as a proxy for somesible time lags between the controlling parameters and the
solar wind conditions, especially in the event of satellite or Pc3 activity response.
satellite-communications malfunction. The idea put forward Instead of mixing bands (Pc2—4), we could develop indi-
by Ver6 (1975 to calculatevs,, from pulsation indices might  vidual models for a variety of frequency bands, not neces-
be explored further. sarily determined by pulsation classes, and compare the vari-
ous driving mechanisms responsible for activity within those
bands. This is beyond the scope of this particular investiga-
6 Conclusions tion, however, but may be pursued in the future.
The models presented here may augment other pulsation
It was clearly demonstrated that Pc3s cannot be observethdex applications, such as the Pc3 pulsation index predic-
on the ground during sub-Alénic periods or during LDAs. tions made by the Australian Space Weather Ageintip(
These findings strongly support the upstream origin of day-//iwww.ips.gov.a). Specifically, an investigation into the
side Pc3s at mid latitudes. This result also meansMdas  residual error made in the prediction of Pc3ind values may
one of the key parameters controlling ground Pc3 activity. yield insight into the role of other pulsation generation mech-
We showed that the empirical models of ground Pc3 pul-anisms. Since only solar wind parameters are used as input
sation activity can be significantly improved by the inclusion parameters to these models, some components of the error
of Np or some other density dependent parameter, especiallynay be interpreted as the influence of other physical mecha-
the standoff distance of the magnetopause or the dynaminisms not considered by our models, such as field line reso-
pressure. The dependence of Pc3 amplitudedfg and  nances and other internal magnetospheric parameters. In this
My, as well as on the standoff distance of the nose of thesense, we may view the models developed here as prototypes
magnetopause were all presented here for the first time.  and this investigation as a “proof-of-concept” to motivate the
The dependence of ground Pc3 on local time is demonfurther development of the models introduced here.
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