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Abstract. Based on magnetic field measurements from thel Introduction

satellite CHAMP, a detailed picture could be obtained of

the upstream wave (UW) distribution in the topside iono- The ultra low frequency (ULF) upstream waves (UWs) with
sphere. The low, near-polar orbit of CHAMP, covering all typical periods of 20-30's, are waves generated in the Earth’s
local times, allows the global distribution of this type of pul- foreshock region. These waves are driven by a wave-particle
sation to be revealed. The observations from space are coninteraction between the backscattered ions (mainly protons),
pared to recordings of the ground-based MM100 meridionalgyro-rotating around the interplanetary magnetic field (IMF)
array covering the latitude range6® 42’ in magnetic co-  and the fast magnetosonic waves propagating upstream along
ordinates. UWs show up very clearly in the compressionalthe IMF (Barnes, 1970; Gary, 1978, 1991; Yumoto et al.,
component of the satellite magnetic field data, whereas 0r1984; Le and Russell, 1994; Krauss-Varban, 1994). This pro-
the ground, their signature is found in the H component, butcess is called the ion-cyclotron or anomalous Doppler-shifted
it is mixed with oscillations from field line resonant pulsa- jon/ion resonant instability. As a result of this interaction the
tions. Here we first introduce a procedure for an automatedrequency of the generated UW is directly proportional to the
detection of UW signatures, both in ground and space dataiMF strength. The key parameter governing the efficiency of
Then a statistical analysis is presented of UW pulsationghe instability is the so-called cone angle, defined as the an-
recorded during a 132-day period, centred on the autummyle between the Sun-Earth line and the direction of the IMF.
2001 equinox. Observations in the top-side ionosphere reThe ion-cyclotron instability near the subsolar point of the
veal a clear latitudinal distribution of the amplitudes. Largestbow shock is more effective when the IMF is aligned with
signals are observed at the equator. Minima show up athe solar wind flow, i.e. when the cone angle is small. In
about 40 latitude. The coherence between ground and satelthis area the bow shock is close to perpendicular to the so-
lite wave signatures is high over wide latitude and longitudelar wind flow and so the backscattered ions have an initial
ranges. We make suggestions about the entry mechanism g&locity almost parallel to the Sun-Earth line. A zero cone
UWs from the foreshock region into the magnetosphere. Theangle (Russell et al., 1983; Yumoto et al., 1984; Greenstadt
clear UW signature in satellite recordings betweet°® and and Russell, 1994), or a small but not zero angl&®)

60 latitude allows for detailed investigations of the depen- petween the stream of backscattered ions and the IMF is
dence on solar wind conditions. We test the control of solarthought to be the most favourable condition for UW gener-
wind speed, interplanetary magnetic field strength and coneition (Kovner et al., 1976; Vérand Holb, 1978) and UW
angle on UWs. For the first time, it is possible to derive transfer through the magnetosheath (Russell et al., 1983).
details of the Doppler-shift effect by modifying the UW fre- The resulting waves propagate upstream, but since the solar
quency from direct observations. The results reconcile forewind is super Alfenic, i.e. the solar wind speed is usually
shock wave generation predictions with near-Earth observatarger than the phase speed of Afvwaves in the plasma
tions. frame, UWSs are swept back to the magnetosphere by the so-
lar wind. These Doppler-shifted waves become left-hand po-
larized in the spacecraft frame (Yumoto et al., 1984). The
efficiency of the wave transfer process (Popatov and Mazur,
1994) and the penetration of UWs through the magnetopause
(Kovner et al., 1976), i.e. the power of these waves in the
Correspondence td3. Heilig magnetosphere should also depend on the solar wind speed.
(heilig@elgi.hu) Under appropriate conditions, the UWs are able to move
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through the magnetosheath (Russell et al., 1983), enter the As another exogenous source mechanisms for dayside
magnetosphere near the subsolar point of the magnetopaufe3-4 pulsations, the Kelvin-Helmholtz instability (KHI)
(Engebretson et al., 1991b; Krauss-Varban, 1994), propagate@as introduced into pulsation research at the beginning
across the magnetosphere, enter the ionosphere and reach {{iBungey, 1954; Chen and Hasegawa, 1974; Southwood,
ground as geomagnetic pulsations (Yumoto et al., 1984).  1974; Hughes et al., 1978; Olson and Rostoker, 1978). Other
The connection between the solar wind parameters anduggested alternative or additional endogenous sources are
the properties of dayside geomagnetic pulsations was firsthe magnetospheric or plasmaspheric compressional cavity
realized in the 1960s. Saito (1964) showed that the ampliimode (Kivelson and Southwood, 1985, 1986; Takahashi and
tude of Pc3s (continuous type pulsations with 10-45s pe-Anderson, 1992; Kim and Takahashi, 1999; Waters et al.,
riod) strongly correlates with the solar wind speed. His work 2002), and later the waveguide mode was introduced (Sam-
was followed by others (Singer et al., 1977; Wolfe, 1980; son et al., 1992; Wright, 1994) (for reviews see Hughes,
Wolfe et al., 1985) with similar conclusions. Yedidia et al. 1994, and Samson and Rankin, 1994). In the case of en-
(1991), who compared a year-long record of ground-basedlogenous origin there is a further question rarely raised as to
daily and hourly mean pulsation activity with solar wind where is the origin of the wave energy?
speed, found that the correlation coefficient has a maximum So far, we did not mention the field line resonance (FLR),
value (0.86) at the 25-s period pulsations, close to the avwhich is the most frequent phenomenon of dayside Pc3 pul-
erage upstream period. The first indication of a possiblesations. Similar to the aforementioned cavity resonance, it
effect of the IMF direction on the occurrence rate of Pc3sforms an endogenous group of magnetospheric Pc3—4 pulsa-
was published by Bol'shakova and Troitskaya (1968). Ac-tions. The most striking property of this resonance is its lat-
cording to their results and subsequent studies (Plyasovatude dependence, while the frequency of pulsations associ-
Bakunina, 1972; Greenstadt and Olson, 1977; Wolfe, 1980ated with UWs, as well as the frequency of cavity resonances,
Russell et al., 1983; Yumoto et al., 1985), dayside Pc3s arare thought to be basically independent of latitude. The the-
generally observed on the ground when the cone angle igry of excitation of toroidal mode FLRs by a compressional
smaller than~50°. Some years later, Troitskaya et al. (1971) driver was developed independently by Chen and Hasegawa
indicated the existence of a strong correlation between th€1974), and Southwood (1974). Whenever the compressional
period of Pc3 and Pc4 (Pc4: continuous type pulsations withactivity is present in the magnetosphere, the field lines with
45-150s period) pulsations and the magnitude of IMF. Sethe eigenfrequencies that are covered by the source spectrum
ries of later studies (Gul'elmi et al., 1973; \¥eand Holb, are excited. This means that the source of dayside Pc3—4
1978; Ve, 1980; Green et al., 1983) confirmed these resultsactivity is at the same time the source of the FLR activity.
(for additional references see #erl986; Troitskaya, 1994; Correspondingly, first the KHI, later the UW and recently
Hughes, 1994). the cavity resonance were thought to be the prime driver of
The same relationships proved to be valid even for fore-the dayside FLRs.
shock (Russell and Hoppe, 1981; Le and Russell, 1994) and There are only a few studies published on the compres-
magnetospheric observations (Yumoto and Saito, 1983; Yusional wave activity in the inner magnetosphere, in spite of
moto et al., 1984). By the mid 1980s it became clear that thethe fact that many satellites carried out magnetic field mea-
dayside pulsation activity had at least partially its origin in surements below the 1000-km altitude. The reason is that
the upstream solar wind. satellites in the strong geomagnetic field yielded usually poor
Although there is a general agreement on the generatiomesolution due to the limitation in digitization depth (AMPTE
mechanism of ULF upstream waves in the foreshock regionCCE had a 8 nT digitization step at perigee, while the reso-
and their presence in the magnetosphere and on the grountlition of UARS magnetometer was 2 nT-a680 km altitude
it is still an open question as to what is the dominant channel(Takahashi et al., 1999)). So far, it was impossible to extract
through which these waves reach the ground. Direct propaevents having a fraction of nT amplitudes from the magnetic
gation of compressional waves through the magnetosheatmeasurements.
and the magnetosphere (e.g. Russell et al., 1983; Yumoto Kim et al. (1998) were the first to investigate a com-
et al., 1984) or coupling of these propagating compressionapressional event at 6. They demonstrated high coher-
waves to an evanescent mode at the plasmapause (Kim arahce between the compressional component observed on the
Takahashi, 1999) were also proposed. Furthermore, direanorningside (at L=3.5-5.3) by AMPTE CCE and an H-
penetration at the cusp (Troitskaya and Bol'shakova, 1984romponent Pc3 event observed at a low-latitude (L=1.25)
and transfer to the dayside inner magnetosphere via the iona@round station. The event was interpreted as a global plas-
spheric transistor effect has also been suggested (Engebratiaspheric cavity mode. This investigation was later widened
son et al., 1991a) see Olson and Fraser, 1994, for a revievinto a statistical analysis of compressional Pc3—4 pulsations
Recently, Tanaka et al. (2004) applied the ionospheric curat L=2-3 in the dayside magnetosphere (Kim and Takahashi,
rent model developed for geomagnetic storm theory (Araki,1999). It was found that the amplitude and phase relation-
1994), to explain the longitudinal phase and amplitude strucship between the poloidal components, the cross-phase be-
ture of Pc3 pulsations near the magnetic equator. tween the compressional component and the H-component at
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Kakioka (L=1.25) are consistent with the standing (cavity) or possible to analyse the dependence of the properties of UW
evanescent mode coupled to inward propagating UWs. Theyelated pulsations on solar wind conditions in much more de-
also stated that a further study is required to distinguish be#tail than before.
tween the cavity and evanescent modes.
So far, little attention was paid to the role of UWs in the
generation of compressional Pc3—4 pulsations in the inneR Instrumentation and data
magnetosphere. Kim and Takahashi (1999) identified only
one event in a two-year data set that may be related to an ug2.1  Satellite data
stream source. Unfortunately, due to the lack of interplane-
tary data for the overwhelming part of their events, they couldThe CHAMP satellite was launched on 15 July 2000 into an
not clarify the role of UWs. However, the rather narrow fre- almost circular, near polar (inclination 87)3rbit, with an
quency distribution (10-30 mHz) of the 63 events with a me-initial altitude of 454 km which has changed+@50 km af-
dian frequency of 20 mHz actually makes us believe that theter 5 years. An advantage of this orbit is the local time (LT)
direct source of these pulsations was more likely cavity res-variation of the satellite’s ground track which makes it possi-
onances rather than UWs. ble to investigate the LT dependence of various phenomena.
In this paper we study compressional pulsations observedor full local time coverage in statistical studies data with
at a low Earth orbit (LEO) by the CHAMP satellite which 132 days have to be used. In the present study we chose the
at 350-450km altitude, visits almost all latitudes and lo- period from 1 August to 11 December 2001, which is cen-
cal times during a four-month period, owing to its near- tered around the autumn equinox, to minimize the possible
polar orbit. With the help of CHAMP's high resolution, low effects of seasonal hemispheric asymmetry on our results.
noise fluxgate magnetometer measurements, we first map the The satellite data used in this study are the preprocessed
global distribution of dayside compressional ULF wave ac- (level 2) fluxgate vector magnetometer data from CHAMP
tivity. (product identifier CH-ME-2-FGM-FGM). These are pub-
The UWs can be found in the compressional componenticly available through the CHAMP Information System and
of the magnetospheric magnetic field (Yumoto et al., 1984;Data Center (http://isdc.gfz-potsdam.de/champ/). This in-
Takahashi et al., 1994). In the magnetosphere, where thetrument samples the magnetic field at a rate of 50 Hz with a
compressional (field-aligned) component dominates over theesolution of 0.1 nT. In the standard processing the data are
transverse components, the wave signature can well be deéwveraged to 1-Hz samples. The fluxgate measurements are
rived from the total field variations (Jadhav et al., 2001). regularly calibrated against an absolute scalar (Overhauser)
Magnetospheric FLRs are mostly toroidal resonances whichnagnetometer to ensure continuous accuracy over the multi-
can be observed in the transverse components. One of thgears mission. With CHAMP it is possible, for the first time,
advantages of using LEO satellites for UW study is that FLRto study the small amplitude UW-related events (Sutcliffe
and UW activity manifest themselves in different compo- and Lilthr, 2003; Vellante et al., 2004). For the statistical
nents above the ionosphere (Yumoto et al., 1984; Takahastinalysis of compressional waves observed by CHAMP we
et al., 1994), so they can easily be separated. In contrastjsed the total field values calculated from the low noise flux-
on the ground, due to the ionospheric screening and the 90gate vector measurements. In general, it is desirable to also
rotation, both activities show up in the H (magnetic north) use the field vector components in pulsation studies, as was
component (Nishida, 1978; Takahashi et al., 1994). Thatdone in the two above-mentioned papers. Unfortunately, the
is why a more sophisticated procedure is needed to identifystandard transformation of the satellite measurements into an
UW events from ground-based measurements. To our knowlEarth-oriented frame adds undesirable attitude noise to the
edge, no automated algorithm has been developed up to nodata. Generating clean vector data requires a lot of manual

for this purpose. intervention. We demonstrate in this study that a lot of UW
In the present paper we concentrate on the compression&¢atures can be derived from the total field signature.
ULF wave activity occurring on the dayside within th&0° To avoid a false interpretation of spatial structures as

magnetic latitude range. We introduce a simple algorithm depulsation signals, resulting from the fast moving satellite
veloped for selecting Pc3 events, assumed to be UW relatethrough the ambient field, the field model POMME 2.5
pulsation, from space, as well as from ground magnetometefPotsdam Magnetic Model of the Earth) (Maus et al., 2005)
signals. With the help of the large data sets built up by the auwas subtracted from the measurements. This model in-
tomated algorithm, we try to revisit some of the key issues ofcludes the main field, the field of the ring current, large-
UW related pulsation theory. Our initial step is mapping the scale magnetospheric fields, and the crustal anomalies up
global distribution of compressional power in the Pc3 band atto spherical harmonic degree/order 90 (Maus et al., 2006).
LEO altitudes. Then we determine the ground-space coherin particular, the removal of the last term was shown
ence of Pc pulsations and outline the low- and mid-latitudeto be important for pulsation studies (Sutcliffe andhi,
channels through which these waves reach the topside iond2003; Vellante et al.,, 2004). POMME can be down-
sphere. The amount and quality of the data makes it alsdoaded from the GFZ website (http://www.gfz-potsdam.de/
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Table 1. Stations of the MM100 Pulsation Recording Array.

Station Operating IAGA Geographic coordinates AACGM coordinates (2001) Mclllwain
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
Hankasalmi IMAGE HAN  62.30 26.65 59.0T 104.78 3.77
Nurmijarvi IMAGE NUR  60.52 24.65 57.23 102.32 341

Tartu IMAGE TAR 58.26 26.46 54.48 103.04 3.01

Belsk PAS BEL 51.83 20.80° 48.0° 96.15 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 16.3r 42.43 91.00 1.84
Tihany ELGI-USGS THY  46.99 17.89 42.4% 92.39 1.84

pb2/pb23/SatMag/model.html). However, one has to betual solar wind speed to travel the distance between L1 and
aware that there are other magnetic signature associated, ftlhe magnetosphere. Before comparing solar wind conditions
example, with plasma density fluctuations called equatorialwith our pulsation observation events, we delayed the ACE
spread-F (e.g. Stolle et al., 2006) or F region current systime series by the travel time calculated from the solar wind

tems, which are not taken into accouniifir et al., 2002). parameters. Data were smoothed by filtering, shorter data
They can disturb the estimation of pulsation activity. gaps were filled by linear interpolation.

2.2 MM100 ground magnetometer array 2.4 Data processing

MMZ100 is the synonym for a quasi-meridional magnetome-The expected frequencies of the UW events being investi-
ter array established in September, 2001 for pulsation stud@ated are some tens of mHz. For the estimation of these fre-
(Table 1). The array consists of Finnish, Estonish, Polish,duencies a few mHz resolution is needed. Using the Fourier
Slovak and Hungarian stations from high to mid latitudes transform this would require 15-20 min intervals of data.
(L=6.09 to 1.84). The Finnish and Estonish sites belong toHowever, since the CHAMP is moving with a speed 6f 4
the IMAGE (Liihr et al., 1998) array. The Polish and Slo- lat./min, these long intervals corresponding to & lati-

vak Observatories are maintained by the national Academie§!de range would make itimpossible to investigate the spatial
of Sciences. The Hungarian stations were installed in 199gtructure of these waves. The Morlet wavelet analysis proved
as a result of a common effort of the USGS and tiidves 10 be a suitable tool to overcome this problem, as it has the
Lorand Geophysical Institute (ELGI) in Hungary. The equip- Property to measure all the frequencies on their appropriate
ments used are high resolution fluxgate or torsion photoelecscales. The application of wavelet analysis is more adequate
tric magnetometers, both with GPS synchronized timing andeven for the rather dynamic signal. The wavelet power spec-
sampled at 1 Hz. All ground magnetometer data were transtral density (PSD ;) of a signal and the cross-spectral
formed into the magnetic field oriented HDZ system beforedensity (CSD -P") of  signals are defined as:

analysis. R 2
Po=|% s,

2.3 ACE solar wind (SWEPAM) and interplanetary mag-

netic field (MFI) data no 2

pt=r X (t, S) y

The interplanetary magnetic field (IMF) and solar wind
plasma data used in this study are from the Magnetic Field
Experiment (MFI) and Solar Wind Electron Proton Alpha whereX (7, s) andX; (z, s) are the wavelet transform af7)
Monitor (SWEPAM) on board the ACE (Advanced Compo- andx;(¢) time seriest is the time, and is the wavelet scale.
sition Explorer) spacecraft. The data are used in the geocen- The processing of UW pulsation, as observed by CHAMP,
tric solar magnetospheric (GSM) system with a time resolu-consists of the following steps: 1) removing the background
tion of 64s. The calibrated level-2 data are available at thefield using the POMME model; 2) differentiating and band-
ACE Science Center public domain. During the period of pass filtering the data (16—100 mHz) using a Butterworth fil-
interest, ACE was orbiting around the Lagrange point, L1,ter; 3) calculating PSD estimates of the compressional (total
some 23R in front of the Earth. The solar wind needs field) component using a continuous Morlet wavelet trans-

approximately an hour, depending, first of all, on the ac-form. This transform yields an estimation of PSD for every

i=1
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second; 4) determining the peak power and the mean powe 1F

of the mean PSD for every minute; 5) deriving the frequency ‘. 0ff\J'‘’\’\/\/\/\/\/\"/\/\/‘/\/\/\

corresponding to the power peak (called peak frequency).

HAN-H | ]
The UW frequency estimation for the ground array follows .z j\/\/\/\/\/\/\/\/\/\/\/w\/v\/\

a similar scenario. The only difference is that we do not con- i
sider the variation of the field magnitude but the horizontal “on " 0/\/\/\/\/
component, H. In this case the UW cannot be estimated fron Tk
data recorded at a single station, but measurements from HRE-H

. . . . . . n
meridional chain have to be considered since the signals ot=1° |

the investigated pulsations are strongly masked by local res _,,, 1F, 3
onance features, i.e. FLRs. Supposing that the UW is coher 7, i'\/\/W\/\/\/\/\,/\/\N\/\/\/
ent over large areas extending up to thousands of kilometre 1306 1300 1312

on the ground (Tanaka et al., 1998), this activity should be-<ix® OEW\A/\/\/\/\/\W\/\/\/\/\

come visible by calculating the CSD of the signals recorded -0sk
at MM100 stations on different geomagnetic latitudes while UT ()

weakening latitude dependent resonances. The four steps for

UW estimations from the ground meridional array are the

same as mentioned above, except for 1) converting all data téig. 1. H-component measured at some stations of the MM100
HDZ orientation system and 3) calculating CSD estimates ofmeridional array (Kilpisprvi, Hankasalmi, Nurmgrvi, Hurbanovo,

the H component using a continuous Morlet wavelet trans-Tihany) and the compressional component observed by CHAMP
form. (bottom panel) when passing alord® longitude, from 70 to 3¢°

latitude on 2 September 2001 (13:03-13:13 UT).
In addition to separate spectral analysis of ground and _ _ _
satellite data, we also computed the ground-space coherenée Observations and interpretation

for all the ground stations. The wavelet coherence can be ] )
defined as: 3.1 Ground-satellite comparison

Figure 1 shows, as an example, pulsations recorded simul-
taneously on the ground (H component) and by the satel-
lite (total field) for a CHAMP pass over Europe. During

Roy (t.5) = KX &, Y, S)>‘ this pass, on 2 September 2001, CHAMP travelled approxi-
ry Al A YT o mately along the 7west meridian from north to south (70

\/OX (t, s)‘ ><‘Y (t, s)‘ > to 30 latitude). The first five panels show a 10-min (13:03—

13:13 UT) long interval of the H-component signals for some

MM100 stations (L from 6.09 to 1.84). In the bottom panel

the CHAMP compressional component is presented. The
where< > means smoothing, both in time and scale. TheMost striking similarities can be observed between the mid-
smoothing function is designed so that it has a similar foot-l2titude stations (HRB and THY) and the CHAMP compres-

print as the wavelet used. For the Morlet wavelet applied inSional component. We found this observation to be valid
our analysis following Grinsted et al. (2004), a running aver-fOf Most of the events. The observed phase delay of about
aging with Gaussian weights in time and a boxcar averaging-80" between CHAMP and THY recordings is primarily a

in scale was used. Because of smoothing the wavelets, thgonsequence of their longitudinal separation°j2%ut the
coherence is less well defined, both in time and frequencySPace-ground phase difference seems to also depend on lo-

The time averaging extends over 6 periods (6T) at ever)FaI time. A proper interpretation of phase relations should
scale, i.e. the length of the running window is 6T, but the take into account all the possible wave modes reflected in the

sum of the weights is as high as 0.98 even in theT, 2T) H-signal on the ground and in the compressional activity in
interval and 0.77 in£1T, 1T). For a 16-100-mHz signal the SPace, as_wel_l as the role of the ionos_phere. The pletailed
window length is between 1—6 min, which means, in SIOitelnterpretatlon is beyond the scope of this study. During the

of the fast movement of CHAMP, the wavelet coherence carlnvestigated period, the general activity level varies in the
still be a useful quantity in a ground-space comparison analS&Me manner and also the dominant frequencies estimated
ysis for yielding local information. by autocorrelation for the same interval are close to each
other (KIL: 24 mHz, HAN: 29 mHz, NUR: 30 mHz, HRB:
Similarly, the one-minute mean space-ground coherence26 mHz, THY: 25 mHz, CHAMP: 28 mHz). On the ground,
at CHAMP's peak frequency were computed for all MM100 according to cross-correlation analysis, the signal is delayed
stations. poleward.

www.ann-geophys.net/25/737/2007/ Ann. Geophys., 25, 737—754, 2007



742 B. Heilig et al.: Upstream waves observed in the topside ionosphere by CHAMP
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Fig. 4. Morlet-wavelet power spectral density (PSD) estimation
of the time differentiated signals presented in Fig. 1. The first
five panels represent the PSDs of the differentiated H compo-
nent at Kilpisgrvi, Hankasalmi, Nurmdrvi, Hurbanovo and Ti-
hany, respectively; (6th panel) cross-spectral density (CSD) of the
five ground signals; (7th panel) PSD of the total field variation at
CHAMP. The solid lines in the 6th and 7th panel show the UW fre-
quency estimated from the IMF strength. Rectangles outline the
cells from which the mean power is calculated: the black stars
mark the frequencies at power peaks; (bottom panel) CHANP-B
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In Fig. 4 the continuous Morlet wavelet transforms (PSD)
Fig. 3. Ground-to-space signal coherence for the sample periodof the same signals are presented. In the first five panels
(same as for Fig. 1) the H-components of five MM100 stations are shown, and
in the seventh panel the CHAMP compressional component
is depicted. The sixth panel contains the cross-spectral power
We estimated the coherences between the MM100 stationdensity (CSD) computed from the MM100 stations. Morlet
and THY, used here as the reference station (Fig. 2), and alsscales were transformed to frequencies for all PSD and CSD
computed the ground-space coherences (Fig. 3). Both for thdynamical spectra for simplicity. In the 6th and 7th panel the
ground-ground and the space-ground correlation the coherexpected UW frequency is also shown (brown curve), as cal-
ence decreases the higher the latitude of the considered staulated from the often cited equatiolfiyw (mHz)=6BmF
tion, except for KIL, where the coherence is high again. The(nT) (e.g. Yumoto et al., 1984). The bottom panel of Fig. 4
latitudinal length scale corresponding to a coherence coeffipresents the coherence spectrum between the CHAMP and
cient of >0.6 is at least 1500 km for the investigated event. THY signals. In the presented case the IMF cone angle was
The pulsations observed on the ground seem to be closelless than 39, which is considered to be favourable for UW
related to the compressional wave activity at about 450-kmgeneration. In the MM100 CSD and CHAMP panels one-
altitude. minute band-limited (20—70 mHz) cells, black rectangles, are
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Fig. 5. Mean power spectral density of the time differentiated sig- Fig. 6. Mean latitudinal distribution of dayside; «90°) compres-

nals, i.e. time averages of the spectra presented in Fig. 4. Thaional signal power observed by CHAMP between 1 August-11 De-

low frequency peak of the CHAMP spectrum is caused by resid-cember 2001. In the top panel the stars represent the mean power

ual crustal anomalies not removed by the POMME model. distribution, the solid line is a 6th order polynomial fitted to the
observations, while the triangles show the observed standard devia-
tions. In the bottom panel the latitudinal distribution of considered

also shown. The mean power density values are calculated ifiPectra is presented.
such cells. The peak frequency (black stars) is estimated in

similar cells, but over a wider (15-100 mHz) band. ) !
guency between the compressional wave and the local field

In the presented case an enhanced activity can be o ine eigenfrequency. Itis highest in volumes where the driver

served in the 20—4_10mHz band at all stations and even onfrequency matches the local field line eigenfrequency and the
bo‘?‘rd .CHAMP (.F'g' 5). The CS[.) of MMlOO stations, wave vector is parallel to ambient field.

which is amp!n‘ymg the common drlvgr s!gnal (here UW) Since the field lines mapping to high latitudes are longer
and suppressing the local signal contributions (e.qg. resonar”mln those mapping to mid-latitudes and the Afivspeed
response), yields a particularly clear view of this continuous.

narrowband pulsation activity. In Eia. 5 the average spec-S slower than the incoming fast mode, it takes more time
P . Y- 9. 9€ SPECY, the guided waves to reach higher latitudes. The travel

tral peaks are all close to the expected UW frequency, 30:t;|me of a guided wave between the field line apex and the

32 mHz, estimated from IMF strength. The signal power is ionospheric footprint is one-quarter of the local eigenperiod.

highest at NUR, decaying both poleward and equatorwardUSIng _the phase gradient method we obtalne_d the _e|genfre-
and is weakest in the topside ionosphere (CHAMP). The rel-Juencies 6-7 mHz and 40-45 mHz for the station pairs HAN-
P b ’ NUR and HRB-THY, respectively. Thus, the difference be-

ative half-peak value bandwidth is 0.62 and 0.57, the S/N ra-

tiois 3.8 dB and 19.6dB for the CHAMP and MM100 CSD (/7" 11 avel Im=s long 116 fwo paingidiuan ur -
spectra, respectively. 4/HRB-THY E/VA) ST1-ST2 g

. period of the field line resonance at the ST1-ST2 station pair,
we note that at HR_B,_and_espemaIIy atTHY a secor?daryAL*RE is the distance between the field line apexes,and
spectral line can be distinguished near 40-50 mHz. Itis thqS the average Alfen speed in the corresponding region. This
weak resonanF response of the chal magnetic shell at th'fgives all together a time difference of 19-28s. According to
eigenfrequencies of the local field lines. the result of the cross-correlation analysis, the delay at NUR
From the three properties of this event, namely (1) apparyyith respect to THY is 20s, a value in good agreement with
ent poleward propagation, (2) highest coherence at lowesfhe apove estimate. This scenario can also provide an expla-

latitudes, and (3) highest power near NUR, we conclude thahation for the observation that the ground-space coherence is
ground signals are caused by waves guided along local fielghigher for lower latitude ground stations.

lines driven by an inward propagating UW-related compres-
sional wave as a common source. The compressional wavg.2 Latitude dependence of CHAMP compressional power
couples to toroidal mode during its passage through the inho-
mogeneous magnetosphere. The efficiency of mode couplingor a statistical study of compressional wave power observed
depends on the topology of field lines and the ratio of the fre-by CHAMP, four consecutive months of data were selected
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Fig. 8. Magnetic latitude versus magnetic local time distribution
of the normalized mean compressional signal power. The power is
normalized to a 400 km/s solar wind speed. Dotted curves repre-

Fig. 7. Local time dependence of normalized compressional sig-gan the average position of the®9B0° and 30 solar zenith angle
nal power observed by CHAMP in different zones. The power is isolines.

normalized to a 400 km/s solar wind speed. In the upper panel tri-
angles/rectangles/circles represent the mean compressional signal

Fower Lr\]/ tTe 6?; 90|°/\:j/0°r—60°n/ Olc’—iwwno:;hern ::ti"]fdri”ti' zgne?] finds a spectral peak at wavelengths of 100-300 km. This fits
ESpectively. € lower panel shows the same for the SOUtell ol the thickness of major FAC sheets. The signal we ob-
Hemisphere. . I

serve here probably reflects just the small contribution of the
FAC-related magnetic fieldBrac, to the total field reading,
AB:BIZ:AC/ZB, whereB is the total field. Magnetic signa-
res from E region currents, such as the electrojets, are less
ely to play arole, since they have larger wavelengths at the

HAMP altitude.

to obtain a full coverage of all local times (1 August 2001-11
December 2001). The average dayside compressional pow
in the 20-70 mHz band has a peak near the geomagneti§
equator and also peaks at high latitudes in a region mappin
to the magnetopause (Fig. 6). The latitudinal characteristic i
rather symmetrical about the dip-equator for the investigate
period around autumn equinox. The peak values at high lati-
tudes and at the equator have similar magnltudes. Mm'm.uml'he local time distribution at different latitude zones is
values are observed at abouf 40 both hemispheres. Possi- - .

shown in Fig. 7, where the compressional power was nor-

ble reasons for the minima are discussed in the next section;_ . : ) .
.Mmalized to 400 km/s solar wind speed, as explained later in

Takahashi and Anderson (1992), who analysed events "Sect. 3.5. Most pronounced is the variation at low latitudes.

the zone limited b.y i _and L:2.5—6.5,_reported Immediately after sunrise (06:00 LT) there is a steep rise in
the greatest dayside compressional Pc3 amplitudes at t}:f

}.3 Local time dependence and global distribution of com-
pressional power

X ower. It peaks around 11:00 LT. In the afternoon there is a
magnetic equator. Jadhav et al. (2001) also observed e W peaks arou 'S

; . . econdary peak at 13:30 LT. By the time of sunset (18:00 LT
hanced amplitudes during daytime at LEO (@rsted) near th"Jthe powe?/ Eas reached the niéht—time level again(. Interesz-
equator.

, . ingly, there is another increase in power after 19:00 LT, last-
We relate the pgaks at auroral Ia'qtudes (Mag. I"_"t'_) to ing until midnight. This night-time enhancement is present
a different generat!on process. Their appearance is 'ndep,erb'nly at low latitudes. The mid-latitude variations are very
dent of the solar wind parameters that control the UWS. ItiSqjijar 16 that previously described, but on a somewhat lower
more the merging electric field,,, that correlates well with 6,61 and without the peak at night. At auroral latitudes the
the activity (E,,=vsu,/ B2+B2sir? (0/2), whereuy,, is the  diurnal variation is quite different. First, the signal level is
solar wind speedB,, and B, are the IMF components), is rather high throughout the day and secondly, maxima occur
the clock angle all in GSM coordinates). The merging elec-in the pre-noon and pre-midnight sectors. We regard these
tric field has a close control of FACs on the dayside, as wagnaxima as being caused by FACs in the polar cusp/cleft and
shown recently, for example, by Wang et al. (2005), based orin the substorm region, respectively.
CHAMP measurements. When interpreting the field varia- A synoptic perspective of the latitude and local time distri-
tions observed in the auroral regions as spatial structures, ongution is given in Fig. 8. From this global view it is evident
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Fig. 9. The global distribution of the coherence at peak power be-Fig. 10. The same as Fig. 9, but for the coherence between NUR
tween THY-H and CHAMP compressional waves averaged over theand CHAMP.
dayside § <90°). The circle and the dotted lines mark the position
of THY.
activity in the topside ionosphere betwee®(0> and +60

mag. lat. and 06:00-18:00 MLT.
that there are three isolated groups of compressional wave Conversely, in the case of NUR the coherence is enhanced
activity in the CHAMP data. We have classified them in the along the local meridian with a much shorter longitudinal
following way: group 1 is confined to the dayside (06:00— coherence length. The maximum coherence occurs at about
18:00 LT) within the latitude banet60° mag. lat.; group 2 40°—45° mag. lat. This is the latitude range where the cou-
reflects the night time activity. This can clearly be related pling between the inward propagating compressional wave
to the plasma instabilities as part of the equatorial spread fand the shear Alfén mode is supposed to be the strongest.
phenomenon. A detailed description of the magnetic signaThe coupled Alfién mode travels further along the geomag-
ture associated with the irregularity, as observed by CHAMP netic field lines, as discussed below in Sect. 4. It is possi-
was given by Stolle et al. (2006). Group 3 is confined to highble that the dayside Pc3 activity at NUR reaches the ground
latitudes poleward of 60mag. lat. The signal is thus dom- via field guided Alf\en waves. The north-south asymmetry
inated by auroral activity. As a result, we consider only thein the coherence map may indicate that field guided waves
wave activity within Group 1 as related to UWs and will con- reflected from the conjugate ionosphere are damped during
centrate, therefore, in subsequent sections on data from thigieir propagation, or part of their energy is dissipated in the
latitude/local time window. ionosphere. The strong coupling near local noon, on the

other hand, can explain the moderate THY-CHAMP coher-
3.4 Latitude and longitude dependence of space-ground Cance along the meridian of THY, and the local minimum

herence around THY, which lies at 42.4 mag. lat., in a latitude range,

o ) where the average local FLR frequency (40-50 mHz) is close
The global distribution of the average dayside space-groung, e average UW frequency; hence, the coupling is rather

coherence at the peak frequency for the stations Tihany andgactive between the two modes. When the driving UW fre-

Nurmijarvi are shown in Figs. 9 and 10. For these figures thequenCy and the local eigenfrequency differ somewhat, as in

samples were binned according to the longitude, to place the, . majority of cases, the coherence between them drops sig-
emphasis on the high-coherent space-ground coincidenceﬁiﬁcanuy'

The investigated period is somewhat shorter (1 September—

10 December 2001), but the mean date of the selected san®5 Relation of UWs to SW conditions

ples (28 September) is still close to equinox. In case of THY

the latitudinal and longitudinal coherence scale lengths are aln a second step the events of the Group 1 ranked as can-
least 100 and 180 (i.e. 11000 km and 20 000 km), respec- didate UW events were tested against the well-known prop-
tively. The coherence is highest when the satellite is closeerties of UWs. The dependence of activity (mean power)
to the geomagnetic equator, and abouft dfi the magnetic ~ on solar wind speed (Fig. 11) and IMF cone angle (Fig. 12)
meridian of THY. Along the magnetic meridian of THY the shows up rather clearly, as expected for UWs (Wolfe et al.,
coherence is somewhat lower. This distribution is also in1985; Yedidia et al., 1991; VBrand Zieger, 1994). The
accordance with the UW origin of both the compressionalhigher speed solar wind provides a higher power input. From
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Fig. 11. Solar wind speed control of UW mean compressional
power (x <90°). Stars represent the mean values; the solid line is
the linear fit (C=0.99), while triangles mark the range of standard
deviations. In the lower panel the solar wind speed distribution is
shown.

Fig. 13. Relationship between UW peak frequency and IMF
strength. The solid line and the equation in the left upper corner
represent the result of the linear regression; the dashed lines limit
the range containing 90% of all cases.

%0 mum was found sometimes at°3Qver6 and Holb, 1978),

sla A AL 1 but more frequently at®O(Wolfe et al., 1985; Yumoto et al.,

a4, AA A 1985). So far the reason for this uncertainty has not been clar-
_40/"4_\_. ified. This behaviour is a specific behaviour of UWs. During
sty vV V VYV ~ 1 the period investigated here the maximum activity occurred

- ‘ ‘ ‘ ‘V VVvvyeo viv ¥ at a cone angle of 22:5but the location of the peak slightly
0 0 2 3 40 50 60 70 8 90 depends on the applied solar zenith angle limit.

I cone angle We had already demonstrated that the local time depen-
dence of the Group 1 activity is the same, as what is con-
sidered to be valid for UW related Pc3 pulsations in the
magnetosphere and on ground. The most convincing ar-
gument for the upstream source is the dependence of the
peak frequency (the frequency corresponding to the spec-
tral peak) on the IMF strength (Fig. 13). The event selec-

o w02 IMAFocone aiole 0 7o 80 %0 tion criteria applied here were: 10logPSB34,0 3, < 45°,
o —60°< mag. lat<60°, x<60°, 9Rg<R,,,<25RE, where
R, is the subsolar distance of the magnetopause estimated
Fig. 12. Same as Fig. 11, but for IMF cone angle control of Uw DY the formulary,, (R)=110(nsy-v5,) = (e.g. Kivelson
mean compressional powey £60°). and Russell, 1995, 172), anq,, is the number density in
cm~2 anduy,, the velocity of the solar wind plasma in km/s.
This correlation clearly demonstrates the ion-cyclotron ori-
the measurements taken at solar zenith angig@sstnaller  gin of this wave type. The proportionality factor of the direct
than 60 the linear regression between power and wind speedorrelation (7.06) is not far from the frequently cited value,
gives 10log1o(PSD)=0.0348/,,,—63.8. When taking only 6 mHz/nT (e.g. Yumoto et al., 1984).
events into account withy <30° the regression line has a  On the basis of all these results it may be concluded
larger slope: 100g;0(PSD)=0.0418/,—65.4. This latter that the Group 1 activity is generated by UWSs, i.e. the
expression was used in Figs. 11, 12 and 16 to normalize theverwhelming majority of compressional dayside events ob-
compressional power for solar wind speed variations. Theserved in the 60N to 60° S geomagnetic latitude range are
reference solar wind speed level was chosen to be 400 km/dULF waves with upstream origin.
The wave power is also controlled by the value of the cone We cannot exclude that some UW-related activity is
angle (Yumoto et al., 1985). In earlier studies the maxi-also present in the high-latitude regions during daytime.
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However, Group 3 activity does not follow either the cone an-ling waves in redistributing the ULF energy in the magne-
gle dependence, or the relation between the peak frequendpsphere. As they argue, away from the resonance location
and the IMF strength. It means that the dominant source ofvhere standing waves are set up, the mode conversion still
the observed compressional waves in these regions cannot leecurs, but the resultant shear Adiv waves propagate to
the upstream wave activity. low altitudes as field-guided travelling waves. Our case study
presented in Sect. 3.1 also fits well in this picture.
Another issue is the global distribution of UWs. Some
4 Discussion authors made an attempt to explain the low-latitude pro-
file of magnetospheric compressional Pc3 pulsation. Kim
In this section we want to revisit the important results ob- and Takahashi (1999) suggested that the general amplitude
tained in our extended survey and discuss possible physicaind phase relationship between the compressional and ra-
mechanisms to explain them. This will be done in light of dial component, also the ground-satellite cross-phase, could
previously published results. be explained consistently by standing waves in the meridian
In Sect. 3 we have outlined the observed features of complane, which represent the plasmaspheric cavity mode. How-
pressional Pc3—4 magnetic signals in the topside ionosphergver, they could not rule out the role of incoming UWs, which
CHAMP, due to its high-resolution magnetometers and thein their model are coupled to evanescent mode at the plasma-
good local time and latitude coverage, is particularly well pause. The evanescent mode may exist inward of the turning
suited to perform global surveys of these signatures. We havgoint for fast mode compressional waves coming from the
identified the compressional wave activity during daytime outer magnetosphere. The authors could not check the re-
hours at middle latitudes as being generated by upstrearration of their events with UWs because of the lack of IMF
waves. Many of the features which have been attributed indata. Kim and Takahashi (1999) advocated further studies to
the past to these types of pulsations could be confirmed. Theistinguish between the cavity and evanescent modes.
most important one is the linear relation between the peak During the season we investigated, the September
frequency and the IMF magnitude, but also the de