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Abstract. We present a global climatology of Pc1 pulsations 2008, and (3) traveling convection vorticeBrigebretson et

as observed by the CHAMP satellite from 2000 to 2010. Theal., 2013. The pulsations are observed under a wide variety

Pcl center frequency and bandwidth are about 1 and 0.5 Hnf geomagnetic field configurations. They frequently occur in

respectively. The ellipticity is mostly linear with the major the subauroral region (e.Braser et a).1996 Nomura et al.

axis almost aligned with the magnetic zonal direction. The2012 and in the auroral region (e.goldugin et al. 2013.

diurnal variation of Pc1 occurrences shows a primary max-However, Pc1 pulsations appear also in regions of open geo-

imum early in the morning and a secondary maximum dur-magnetic field lines, such as cusp/mantle (Eregebretson et

ing pre-midnight hours. The annual variations of the occur-al., 2009 2012 and in the polar cap (e.gafargaleev et al.

rence rates exhibit a clear preference for local summer. Th2004). They appear even on magnetosheath field lines that

solar cycle dependence of the occurrence rate reveals a maafe not connected to the Earth (eAnderson et a).1991;

imum at the declining phase (2004-2005). Neither magneticAnderson and Fuseliet993. In this paper we focus on Pcl

activity nor solar wind velocity controls the Pc1 occurrence pulsations occurring on closed geomagnetic fields.

rate significantly. Pcl occurrence rate peaks at subauroral lat- Observationally, Pcl pulsations on closed geomagnetic

itudes, but the steep cutoff towards higher latitudes is dudfield lines have been investigated using high-altitude satel-

to auroral field-aligned currents masking the Pcl pulsationslites (e.g.Anderson et a).19923b, 1996 Posch et a).201Q

The center frequency of Pcl pulsations does not show a cleavlin et al, 2012); mid-altitude satellites, e.g. Viking (e.g.

dependence on latitude. The global distribution of Pcl ex-Erlandson et al.1990; low-Earth-orbit (LEO) satellites,

hibits highest occurrence rates near the longitude sector of.g. the Magsat (e.dyemori and Hayashil989, the Dy-

the South Atlantic Anomaly. Pcl events at auroral latitudes,namic Explorer-2 (DE-2) (e.dyemori et al, 1994 Erland-

although they are rarely detected, show a clear occurrenceon and Andersqri996), Freja (e.gBraysy et al, 1998, or

peak around local noon. A majority of the auroral Pc1 eventsSpace Technology 5 (ST-5) (eBngebretson et al2008);

are observed during solar minimum years. and ground-based observations (&gwamura et a).1983

Mursula et al.200%, Kim et al, 2011). The electromagnetic

ion cyclotron (EMIC) instability at high altitudes is generally

considered as the source of Pcl pulsations. When propagat-

ing from the source regions to the ground the pulsations may

experience a series of changes in their properties. For exam-

1 Introduction ple, the polarization can change (1) due to a superposition of
waves of different origins, or (2) when the pulsations pass a

Pcl pulsations are geomagnetic fluctuations in the frequencyegion where the frequency is the same as the cross-over fre-

range between 0.2 to 5Hz. The geophysical importance ofyency of heavy ionsenton et al.1996. At high-altitude

Pcl pulsations consists in their close connection to (1) subaun near-equatorial regions the wave normal of Pc1 pulsations

roral proton aurora with proton precipitation (eSpkaguchi  can pe either parallel or oblique to the geomagnetic field lines

et al, 2008 Yahnin et al. 2009, (2) rapid dropout of rela-  (Min et al, 2012. In the ionosphere, on the other hand, the
tivistic electrons from the radiation belt (e iyoshi et al,
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Fig. 1. An example of a Pcl event detected automatically by our algori(ajriime series of 50 Hz zonal B-field variatioth) meridional
B-field variation,(c) dynamic spectrum of zonal B-fiel(}) Pc1 detection flag in zonal B-field (red are@) spectrum of meridional B-field,

(f) Pc1 detection flag of meridional B-field. The rectangles in pafegf) represent the frequency vs. time range of a detected Pc1 event.
The horizontal dashed line at 0.2 Hz in pan@lsand(f) represents the lower frequency limit of the Pc1 range.

pulsations can be ducted across the magnetic field so thathile right-handed (RH) Pc1 pulsations are relatively rare
they are observed at locations, which are not conjugate t¢Anderson et a].1992h Fig. 1).

the high-altitude source regiohysak and Yoshikawz008. On the ground, the occurrence rate depends in a complex
The Pcl can also stimulate the ionospheric Atfwresonator manner on magnetic latitude (MLAT) and magnetic local
(IAR), and persist long if the pulsation frequency matchestime (MLT). In Parkfield, California L ~ 1.8), the occur-

the IAR specific frequencyLfsak et al, 2013. rence rate is much higher at night than during daytiBer(-

As a consequence of the features outlined in the prenik et al, 2007, Fig. 6). The occurrence rate peaks near dawn
vious paragraph, the climatology of Pcl pulsations is ex-with a secondary hoontime maximum at the station Uzur near
pected to show differences between observations in neatrkutsk (L ~ 1.8). At higher L shells the occurrence maxi-
equatorial/high-altitude regions, in the ionosphere, and ormum shifts to later MLT sectors. For example, the occurrence
the ground. In the outer magnetosphere near the geomagate at Eights Station in Antarctica (~ 3.9) peaks in a broad
netic equator, Pcl pulsations generally occur in the earlyMLT range in the morning sector, and that of the Sodaakyl
afternoon sectorAnderson et a).1992agb; Erlandson and observatory L ~ 5.1) exhibits a clear peak near noon (see
Ukhorskiy, 2001 Halford et al, 201Q Clausen et aJ.2011; Kangas et a).1998 and references therein).

Keika et al, 2013. They are dominantly transversa&r(der- The seasonal variation, according to a limited number
son et al. 19923. The polarization is mostly linear in the of studies on this subject, also exhibits a dependence on
dawn/morning sector and left-handed (LH) in the afternoon,latitude. Ground observations b§uwashima et al(1987)
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demonstrated that Pcl events prefer local winter (equinoxpults are discussed in Sect. 4, and conclusions are drawn in
for mid-latitude (high-latitude) regions. Latédpmura etal.  Sect. 5.

(2011 confirmed that mid-latitude Pc1 events are more ac-
tive in local winter than in summer. The solar cycle depen-
dence also seems to vary with latitudes. In SodanKkin-
land) the Pcl occurrence rate appears inversely correlate&i 1
with solar activity, and the phase delay between the two is™

less than 1 yeaMursula et al, 1993, which was explained e cHAMP satellite was launched in July 2000 into a polar
in terms of magnetospheric ion compositi@uglielmi and it with an inclination angle of about 87The initial alti-
Kangas2007 Fig. 3). On the other hand, Pc1 activity in Cal- ¢,qe was about 450 km, which decreased slowly to 250 km
ifornia (USA) is strongest during the declining phase of a 4t the time of atmospheric re-entry in September 2010. The
solar cycle Eraser-Smith197Q and references therein). orbit precessed slowly through LT. It took about 131 days
_The polarization of Pcl pulsations on the ground can bey, gptain a full LT coverage when considering both up- and
either linear, LH, or RH. At mid-latitudes the polarization down-leg parts. CHAMP carried a flux-gate magnetometer
obviously depends on frequendydmura et al.2011), and  EGM) measuring the geomagnetic field vectors at a rate of
the major axis of the polarization ellipse points to the sourcegy 1y, The root-mean-square (RMS) noise level of FGM data
location when the observation point is far from the sourceiq |ass than 0.05nT. In this study we use the 50 Hz FGM

(Nomura et al.2013). data as recorded in the sensor coordinate system. To identify

There have been only a few papers on Pcl observations ¢y pyisations we interpret magnetic field data in the mean-
LEO. lyemori and Hayash(1989 analyzed five Pcl events o \4_gligned (MFA) frame. MFA coordinates are defined as

observed by Magsat on the duskside. LH and RH polarizayg|ioys: the ; component (hereafter “parallel” component)

tions coexisted for the events, and the spatial scale size wag along the mean field, the component (hereafter “zonal”

about 40-80 kmlyemori et al.(1994 reported statistics of ;o mponent) is perpendicular to the mean field and parallel to
large-amplitude” Pc1 pulsations using the DE-2 satellite. A 1o ground (pointing eastward), and theomponent (here-

majority qf the events ocqurred in the afternoon, and Pcl pul,¢iar “meridional” component) completes the triad, pointing
sations did not necessarily accompany electron temperaturg,,wyard.
enhancementd=rlandson and Andersaf1994 also exam- For the transformation into the MFA frame we do not use

ined the DE-2 data, and found no altitude dependence of the, e traditional and rigorous approach, which starts from 1 Hz

pcl occurrence rate. Most of the Pcl events occurred Neyfeomagnetic field data in north—east—center (NEC) coordi-
dawn (04:00-06:00 MLT) or noon (10:00-15:00 MLBn- nates and uses geomagnetic field models to define the “mean

gebretson et a(2008 investigated the Pcl climatology us- fia|q” (see, for examplePark et al, 2009 for more details).

ing the ST-5 satellite. The Pcl occurrence rate in that pape{ye actually employ magnetic field readings in their sensor
was higher for storm recovery phase than during other phaseg, e This avoids attitude noise that is introduced by the

of storms. For further details on Pcl pulsations readers argycertainty of the star tracker readings when transforming
referred to the reviews bguglielmi and Pokhotelol1996, e fields into the NEC frame. In our case the mean field
Kangas et aI(199a'or M'urs'ula(ZOO-f)- o _is deduced from the in situ field measurements that are low-
The ionosphere is quite important for Pcl studies in that it o o fijtered with a cut-off period of 60 s. From this smoothed
hosts conversion and coupling of different Pc1 modes, bridg,mpient field we deduce the local declination and inclina-
ing the gap between magnetospheric and ground-based o,y \yhich are needed for the transformation from the sensor
servations of Pc1 pulsations. Although previous studies USgrame into the MFA frame. In this frame the two transverse
ing LEO satellites have given us general ideas on 'OnOSphe”Eomponents are usually small outside the auroral oval (see

Pcl, there are still open issues. First, the local time (LT) OfFigs. 1la-b). The component comprises practically the total
Magsat or ST-5 was fixed (dawn/dusk), and in the case ofjgq strength.

DE-2 th_e LT cannot be decoupled from seaso.nal variations  pq 4 next step we apply a discrete Fourier transform (DFT)
(e.g.Saito et al. 1999. Second, none of the previous Pc1 0b- 1, the 70nal and meridional components with a moving win-

gervations by LEO ;atellites spanned afullsqlar F:ygle. Third,dow_ The window size is 1024 data points (approximately
little has been published apout the geo_graph_lc distribution o_f20 s long), returning a spectrum over 25 Hz with a frequency
Pcl occurrence rates. In this study we investigate the Pc1 clizagq|ution of about 0.05 Hz. The DFT window is moved for-

matology in the ionospheric F region using a globally homo-\yarq in 10's steps, providing a signal overlap. As a result we
geneous survey by the CHAllenging Minisatellite Payload 4ot pET gynamic spectra over all the years for the zonal and

(CHAMP) satellite, which covered 10 years from July 2000 ,«ridional components. An example is shown in Fig. 1, pan-
to September 2010. Section 2 is dedicated to describing satels)q (c) and (e).

lite instruments and the automatic event detection method. In
Sect. 3 we present the climatology of Pc1 pulsations. The re-

2 Instruments and event detection methods

Instrument and data

www.ann-geophys.net/31/1507/2013/ Ann. Geophys., 31, 150520 2013
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2.2 Event detection method (GLON)), geomagnetic (MLAT/MLT) positions, and maxi-
mum spectral amplitude are recorded.

Further, we deduce the elliptical polarization parameters
In order to detect Pcl pulsations automatically the follow- of each Pcl event, i.e. degree of polarization, ellipticity,
ing procedure is applied to the dynamic spectra of the zonahzimuth angle of the major axis (0zonal direction, 9
(Fig. 1c) and meridional (Fig. 1e) components. First, themeridional direction). Here we apply the methodology de-
spectra are smoothed by a two-dimensional (3-by-3) mediarscribed inFowler et al.(1967 andBortnik et al.(2007) to
low-pass filter in order to eliminate stand-alone peaks. Thisthe original dynamic spectra, which are not modified by the
filtering is used only for event detection but is not applied 3-by-3 median filter.
in the wave property analysis that is described in subsequent
paragraphs. Note that Figs. 1c and 1e show filtered dynamic
spectra. 3 Climatology of Pc1 events

To identify Pcl events we check each DFT spectrum for
the following conditions. According t&rlandson and An-  For this study we considered CHAMP/FGM magnetic field
derson(1996 fluctuations below 0.2 Hz (below the horizon- observations of the time from 19 July 2000 to 17 Septem-
tal dashed lines in Figs. 1d and f) are caused by small-scalger 2010. The yearly averaged solar flux index, F10.7, de-
field-aligned currents (FACs) or by other types of pulsations.creased from 180 to 80 solar flux units (sfu). From the avail-
In case the spectral amplitudes (the absolute magnitude adble observations our method of automatic Pc1 detection has
the DFT results, in nT) below 0.2 Hz are larger than 1 nT, wefound 3904 events in total. We exclude events with unrea-
consider the corresponding spectrum as dominated by FACsonable properties by imposing the following criteria: (1) up-
and neglect it. This method also helps to prevent contaminaper frequency should not exceed 5 Hz, (2) maximum spectral
tions by magnetic fluctuations originating from broad-band amplitude should not exceed 3nT, and (3) Kp index should
pulsations, equatorial plasma bubble (EPB) (&tplle et not exceed 6.3. In total 3616 events (1638/1978 events in the
al,, 2006 or from medium-scale traveling ionospheric dis- Northern/Southern Hemisphere) survived the exclusion con-
turbance (MSTID) (e.gPark et al,2009. Conversely, anin-  ditions, and are investigated in the following subsections.
herent drawback of this method is the systematic exclusion
of Pc1 events within the auroral oval due to their collocation3.1 Properties of Pc1 pulsation
with small-scale FAC structures (elgother et al.2007).

As a second step of the EMIC detection procedure weln this subsection we investigate general wave properties of
search in all spectra for wave activities above 0.2 Hz. All thethe detected Pcl events. Figure 2 presents histograms of the
spectral bins in which the amplitude in this upper band iscenter frequency, bandwidth, and maximum spectral ampli-
larger than 0.05nT are flagged “ON”". These flagged spectude. The center frequency peaks around 1 Hz (0.5-1.5Hz).
tral bins are considered as candidates for Pc1 events. Finallyhe bandwidth is narrow so that a majority of events have a
the third step requires that the wave activity above 0.2 Hzbandwidth less than 1 Hz. The maximum spectral amplitude
should be independent of the activity below 0.2 Hz. Hence,is generally below 0.5nT. Note that the maximum spectral
we search for the minimum spectral amplitude in the fre-amplitude in Fig. 2 is not the peak-to-peak amplitude of a Pcl
quency range from 0.2 Hz down to the maximum amplitudeevent, but the maximum spectral (DFT) amplitude among all
frequency, and this minimum should be lower than a half ofthe spectral bins belonging to a Pc1 event.
the maximum spectral amplitude above 0.2 Hz. Figure 3 visualizes the polarization properties. Each black

This procedure is repeated for all the spectra of a day sepelot in the scatter plots corresponds to one Pcl event, and
arately for the two transverse components. We further apthe red lines represent annual median values (thick solid line
ply our 3-by-3 low-pass median filter to all the ON-flagged with squares) and quartiles (thin dashed lines) of the respec-
spectral bins in order to remove solitary peaks. An identi-tive polarization properties. Panel (a) shows the degree of po-
fied Pcl event is shown, as one example, in Figs. 1d and f akrization, which signifies the ratio of polarized power to the
red patches. Then we combine the zonal and meridional ONtotal power in the Pcl frequency band. The polarization de-
flagged spectral bins. The smallest rectangle in frequency vgree is quite high with the annual median ranging around
time space that encompasses all the adjacent ON-flagged bifls85 during almost all the years investigated. The elliptic-
in the zonal and meridional components is combined to onety (O: linear, 1: circular) is very small in magnitude (annual
Pcl event (see the rectangles in Figs. 1c—f). When the timenedian< 0.02), which means that the detected Pcl events
gap between two ON areas is longer than 30s, the subseare linearly polarized. The azimuth angle in Fig. 3c is de-
quent ON region is considered as a separate Pcl event. Whdimed as the angle between the major axis of the polariza-
the duration of an ON region is shorter than 30s (200 kmtion ellipse and the magnetic zonal) (direction. For O the
along-track), we disregard the event. For each Pcl evenmajor axis is parallel to the magnetic east-west direction,
the start/stop time, the highest/lowest frequency, geographigvhile for £9C it is pointing outward—inward, normal to the
positions (geographic latitude (GLAT)/geographic longitude L shell. The derived mean azimuth angle of the major axis

Ann. Geophys., 31, 1507£52Q 2013 www.ann-geophys.net/31/1507/2013/
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CHAMP/FGM MFA: Pc1 statistics
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Fig. 2. Histograms of(a) center frequency(b) bandwidth, and i 3 sojar cycle variation of the Pcl polarization properties:

(c) maximum spectral amplitude of the Pcl events detected by(a) degree of polarizatior{b) ellipticity, (c) azimuth angle between

CHAMP/FGM. the major axis and the zonal direction. The black dots show all the
Pcl events, and the red squares represent annual median values,
with their range of quartiles shown as dashed lines.

is generally very small in magnitude, in particular during
the early years. Around solar minimum it increases up to
some—10°, which means that the major axis points west- nificant difference in polarization properties between the two
ward/poleward and eastward/equatorward. There is no sighemispheres (figures not shown). All these results imply that

www.ann-geophys.net/31/1507/2013/ Ann. Geophys., 31, 150520 2013
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Fig. 4. Diurnal variation of(a) number of detected Pcl events and

(b) Pcl center frequency. The black dots(b) show all the Pc1  Fig. 5. Annual variation of Pcl occurrence rates separately for
events, and the red squares represent median values with their ran§@) Northern andb) Southern Hemisphere.

of quartiles shown as dashed lines.

12:00 MLT. The dependence of the center frequency on MLT
the detected Pc1 events are dominated by linearly polarize@Fig. 4b) exhibits no clear trend: it stays close to 1 Hz all day.
zonal magnetic fluctuations. The azimuth of oscillation ro- Apparent diurnal frequency variations are considered to be
tates a little bit away from the zonal direction during solar smaller than the inter-quartile range.

minimum. Figure 5 shows the annual variation of the number of Pcl
events detected per day, separately for the two hemispheres
3.2 Temporal variation of event rates (panel a for Northern and panel b for Southern Hemisphere).

In both hemispheres the Pc1 occurrence is slightly enhanced
In this subsection we first address the MLT dependencearound local summer compared to other times of the year
of Pcl occurrences and of the center frequency. Figure 4éseasonal variation). Superimposed on that there seems to
presents a histogram of the number of detected Pcl eventse a global annual cycle with the July minimum, which is
versus MLT hour. The Pcl events occur preferentially atwell known for the ionospheric F2 layer (e Bishbeth and
nighttime with the main peak around 04:00 MLT and a sec-Miller-Wodarg 2006. In the Southern Hemisphere the two
ondary maximum around 21:00 MLT. Dayside Pcl occur-cycles (i.e. the seasonal and annual variations) seem to be ap-
rence is quite low, while there appears a small peak arounghroximately in phase, causing the large difference between

Ann. Geophys., 31, 1507£52Q 2013 www.ann-geophys.net/31/1507/2013/
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June and December solstices. The anti-phase of the twc —_
cycles in the Northern Hemisphere seems to largely reduce %
the difference between the solstices. «©
Figure 6 shows the solar cycle variation of the number of
Pc1 events detected per day. The Pcl occurrence rate is higt
est during 2005, when the solar activity was on the transition
from maximum to minimum. The occurrence during solar

minimum years (2007-2010) by far exceeds that of the solar
maximum years (2000-2002). The center frequency of Pcl
events does not exhibit a clear dependence on solar activity IMLAT] (deg)
(figure not shown).

Fig. 7. Latitude dependence ¢&) number of detected Pcl events,
and(b) Pc1 center frequency. The black dotgl show all the Pc1
events, and the red squares represent median values with their range
of quartiles shown as dashed lines.

Here we are interested in how the characteristics of Pcl

events depend on latitude and longitude. Figure 7a shows the

number of detected Pcl events as a function of MLAT. In  Figure 8 shows the geographic distribution of Pcl events.
both hemispheres the occurrence rate peaks between 55 af@dnel (a) presents a scatter plot of all the Pc1 events. The blue
60° MLAT. In the Southern Hemisphere a significant number dashed curves represent MLAT contours & iB@ervals. The

of events are found at latitudes higher thari BB.AT. Fig- clear cutoff of events beyond BMLAT could be a conse-

ure 7b presents the center frequency as a function of magquence of the auroral oval with its intense FAC that masks
netic latitude; black dots mark each Pcl event, and the redhe tiny signal of Pcl events. However, as pointed out in the
squares represent median values°aMBAT intervals with preceding paragraph, a significant number of Pc1 events exist
their range of quartiles shown as dashed lines. Althoughin the southern hemispheric auroral oval: in particular in the
the median in Fig. 7b exhibits a certain variation with lat- sector around 60/ GLON, where MLAT lines reach high-
itude, we question its significance because of the considerest GLAT. This group of events will be discussed further in
able range of quartiles. Somewhat interesting are the eventSect. 4.3.

beyond 70 MLAT, of which the center frequencies are lower  Figure 8b presents the geographic distribution of Pc1 oc-
than at lower latitudes. currence rates. The number of Pc1 detections within a bin of

3.3 Spatial distribution of occurrence rate

www.ann-geophys.net/31/1507/2013/ Ann. Geophys., 31, 150520 2013
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CHAMP/FGM MFA: Pc1 statistics CHAMP/FGM MFA: Pc1 statistics

—_
T

S
o

<
o

geographic latitude (deg)

o
N

g .
-180 -120 -60 0 60 120 180

o
i

number of detections per day

CHAMP/FGM MFA: Pc1 occurrence rate (%)

0 1 2 3 4 5 6 7
daily Kp

CHAMP/FGM MFA: Pc1 statistics

—
T

geographic latitude (deg.)
o

<
oo

80 -120 -60 0 60 120 180
geographic longitude (deg.)

o
o

number of detections per day

Fig. 8. Global distribution of the Pc1 eveni&) scatter plot of indi- 0.4

vidual events, an¢b) occurrence rate normalized by the number of

CHAMP passes over that bin. The blue dashed curvéa)irepre-

sent MLAT contours at 30intervals. 0.2

CHAMP passes over that bin. During the mission CHAMP v, (km/s)

circled the Earth more than 58 000 times, which corresponds SW

approximately to 6450 passes over each bin. Normalizationrig. 9. Dependence of Pcl occurrence rate on activity as a function

with this constant value (6450) is applied uniformly to all (a) of Kp index or(b) of solar wind velocity.

the bins. High occurrence rates are observed equatorward of

60° MLAT, consistent with Fig. 7a. Of interest is the GLON

dependence. In the Northern Hemisphere the Pcl occurrenc&4  Dependence on magnetic activity and solar wind

rates are high over North America, reaching up to 1.4% velocity

over Newfoundland. In the Southern Hemisphere the occur-

rence rates maximize in the same GLON sector. The colFigure 9 presents the number of detected Pc1 events per day

location of the active Pcl region with the South Atlantic as a function of magnetic activity (Kp index) and of solar

Anomaly (SAA) suggests that Pcl event generation is fa-wind velocity. As can be seen from Fig. 9a, the Pcl event

vored by the low magnetic field in this region. When com- gccurrence does not depend much on Kp, but we note a

bining the GLON distribution with the Pc1 occurrence peak weak preference for less disturbed days (i.e. lower Kp). From

at 04:00 MLT, the highest event rates on a global scale arerig. 9b we can deduce that the Pc1 occurrence also exhibits

expected around 09:00 UT. little dependence on solar wind velocitys(y). The event
rates decrease weakly as solar wind velocity increases. Days
with solar wind velocities above 900 kmswill not be con-
sidered here because of poor statistics. From these graphs we
may conclude that neither high magnetic activity nor strong
solar wind input are in favor of Pcl events.

Ann. Geophys., 31, 1507£52Q 2013 www.ann-geophys.net/31/1507/2013/
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4 Discussion decrease of occurrence numbers for longer-lasting events.
The e-folding period is about 20s, which shows that Pcl

With this study we present the first global-scale survey of Pclevents are rather localized events. Due to the orbit geometry

pulsations in the topside ionosphere which covers a full solaiof CHAMP we cannot say much about the azimuthal extent

cycle. These observations provide insight into a number ofof Pc1 events.

Pc1 characteristics. In this section we discuss the properties

of the events in comparison with earlier publications. 4.2 Temporal variation of event rates

4.1 Properties of Pcl pulsation The occurrence frequency of Pcl events exhibits clear cli-
matological features with specific diurnal, annual and so-

Many of the features reported here are in line with earlier re-lar cycle variations. The MLT dependence is governed by
ports on Pcl. For example our center frequency distributiona peak around 04:00 MLT, as shown in our Fig. 4, and a
shown in Fig. 2a, is consistent with ground observations studpre-midnight secondary maximum of Pcl occurrence. This
ied by Bortnik et al. (2007, Fig. 6b) or the results from the agrees well with Fig. 6¢ oBortnik et al. (2007 and with
ST-5 spacecraft reported Bngebretson et a{2008 Fig. 9). Fig. 10 of Nomura et al.(2011), both of which are based
These authors find center frequencies below 1 Hz for a maen ground observations at mid-latitudes. Note that these
jority of events. The bandwidth peaking around 0.5 Hz alsoMLT dependences are different from those of higher-latitude
agrees with Fig. 6e d@ortnik et al.(2007). The narrow band-  ground-based observations (3&ngas et a).1998 and ref-
width and moderate spectral amplitude (mostly smaller tharerences therein). The ST-5 observations presentdehigg-
0.5nT) of our events supports that the Pcl statistics is nobretson et al(2008 Fig. 8) are in rough agreement with our
severely contaminated by impulsive magnetic variations omesults: forl. < 6.6 (approximately MLAT< 66°) their num-
FAC signatures. ber of events was larger in the 00:00-10:00 MLT sector than

It is generally accepted that Pcl is a manifestation ofin 10:00-20:00 MLT, but no event was detected in the 20:00—
EMIC waves. Therefore, we may expect Pcl to exhibit left- 24:00 MLT sector for the same shells.Erlandson and An-
handed polarization, at least near the source region, when weerson(1996 obtained from DE-2 observations a hoon-time
consider the rotation sense of the ion cyclotron motion. Themaximum of Pc1 occurrence (see their Fig. 8), which is not
linear polarization of our Pcl events, as shown in Fig. 3a,s0 clear in our Fig. 4a. This difference may be due to the fact
may be surprising at first sight. However, on their way from that Erlandson and Andersofi996 used E-field measure-
the source region to the ionosphere (e.g. near CHAMP alments for the Pcl1 event detection, while we use B-field fluc-
titude) the polarization of the EMIC waves changes sig-tuations. Moreover, the local time variation of the DE-2 orbit
nificantly: either by an encounter with the cross-over fre- was locked with the seasonal variatidbafto et al. 1995,
quency of heavy ions or by superposition of several EMIC which may further contribute to the slight disagreement be-
wave packetsfenton et al. 1996. In the early-morning tween our Fig. 4 an&rlandson and Andersdi996. In our
MLT sectors, where the Pcl occurrence rate is maximum inFig. 4b the center frequency does not exhibit a clear depen-
our Fig. 2, Pcl polarization is generally linear even in thedence on MLT, which is in general agreement with Fig. 6f of
magnetosphereAfderson et a).1992 Fig. 1).Kim et al. Bortnik et al.(2007).
(201Q Fig. 8) also presented one morning-side Pcl event The seasonal variations, presented in Fig. 5, imply that
from CHAMP data, which also exhibits linear polarization. Pc1 events at CHAMP altitudes favor local summer. Maxi-
All those papers are in general agreement with our Fig. 3.  mum Pcl occurrence rates are observed arouAdviBGAT

The dominance of the Pcl zonal deflections over theat nighttime (see Figs. 4 and 7), where the “mid-latitude
meridional amplitudes for ionospheric Pcl events has nevetrough” frequently occurs in the ionospheric F regided
been stated clearly. We again think that this is a consequencet al, 2011, Fig. 3). The trough gets much deeper during
of the signal propagation from the magnetospheric sourcdocal winter: e.g.Lee et al.(2011 Fig. 1) or Xiong et al.
to near-Earth space. From field line resonance theory it i42013 Fig. 2). Hence, we may speculate that a Pc1 encoun-
known that zonal oscillations are much less damped thariered by CHAMP favors a high density of local background
meridional (e.g.Southwood 1974. MagneticL shells are  plasma. On the other hand, previous works using ground-
largely decoupled when moving in zonal direction, while based observations reported that the occurrence rates of mid-
meridional oscillations always couple energy into the com-latitude Pcl events are higher in local winter than in sum-
pressional component. mer (e.g.Kuwashima et a).1981 Nomura et al. 2011).

Another property is the duration of Pcl events, which is Noting that our Pcl statistics mainly reflects that of subau-
in our case of satellite observations equivalent to the latitu+oral to mid-latitude regions (see our Fig. 7), this discrep-
dinal extent of the wave field (figure not shown). The ob- ancy appears striking. In order to resolve the discrepancy we
served distribution peaks at 30—40s duration (the minimumhave extracted the Pc1 encounters by CHAMP around-4110
period imposed by our detection criterion), which reflects a180 E GLON, which approximately covers the GLON range
size of about 2in latitude. We observe a quasi-exponential of the ground stations used Nomura et al(2011, Fig. 1).
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Table 1. Harmonic analysis of the Pc1 annual variations, as shown in Fig. 5, separately for the two hemispheres.

Mean Annual amplitude Annual phase Semi-annual amplitude  Semi-annual phase
(detection per day) (detection per day) (day of the year) (detection per day) (day of the year)
Northern Hemisphere 0.44 0.06 237 0.08 31
Southern Hemisphere 0.54 0.15 2 0.10 6

However, the discrepancy (i.e. absence of local winter preferet al. (1991) at Sodanky (L ~ 5.1), where the Pcl occur-

ence in CHAMP results) persists even in this limited GLON rence peaked at solar minimum. Overall, our Pc1l statistic is

range.Nomura et al(2011) attributed the local-winter dom- more in line with the climatology of mid-latitude observa-

inance to weak propagation loss in the ionospheric wavegtions presented in earlier studies: wkhaser-Smith(1970

uide due to lower F region plasma density. The discrepancyn the solar cycle dependence, and vitirtnik et al.(2007)

between our results and previous ground-based observatiorsnd Nomura et al.(2011) on the MLT distributions. Note,

may be due to the influence of the ionospheric E region (e.ghowever, that solar activity dependence of mid-latitude Pcl

ionospheric screening effect), which acts between groundnay exhibit differences between different solar cycles. Ac-

level and CHAMP altitude. Currently we do not have any cording toFraser-Smith(197Q Fig. 4) andGuglielmi et al.

good explanation for this discrepancy, and this remains to b§2006 Fig. 3) Pcl activity at a mid-latitude station, Borok

resolved by additional coordinated observations. (L ~ 2.9), is maximum in the declining phase of the 19th so-
In Sect. 3.2 we had suggested that the Pc1 occurrence ratar cycle while the Pcl activity is nearly anti-correlated with

is influenced both (1) by the global annual variation of the the sunspot number between the 21st and 22nd solar cycle.

ionospheric F region with the minimum around the middle As our CHAMP data covers only one solar cycle, we cannot

of a year Rishbeth and Nller-Wodarg 2006 and (2) by the investigate differences of Pc1 activity between different solar

local seasonal variations in the two hemispheres. To inveseycles. This subject is left for future work.

tigate this inference more quantitatively we performed har-

monic analyges of the data shown in Fig. 5,.separa_tely f(?l’43 Spatial distribution of occurrence rate

the two hemispheres. Results of the analysis are listed in

Table 1. From the annual mean (the Oth harmonic) we ca

see that there are about 20% more events in the Southe

Hemisphere. The semi-annual variations (the 2nd harmonic .

have much the same amplitudes in the two hemispheres, wit ected events tend to cluster. In Fig. 7 we see clear Pc1 occur-

a slight bias also toward the Southern Hemisphere. Theifc°® peaks at 8660° MLAT. Different from that, magne-

h £ 1h h h . .Itlospheric observations, e.g. by_AMPTE—CCE, reveal signifi-
phases (day of the year where the maximum occurs) are Igant Pc1 occurrences at even higheshells @Anderson et a).

rough agreement. Conversely, the annual amplit the 1 . : .
ough agreement. Conversely, the annual amplitude (the S992aF|g. 12). As outlined in Sect. 2, Pc1 events cannot be

harmonic) in the Southern Hemisphere is about twice as larg . :
compared to the Northern Hemisphere. Let us decompos%etemed well at auroral latitudes by LEO satellites because

the annual amplitude in the Southern Hemisphere (0.15) into e Iarge-ampl_|tu_de FAC magnetic f|g|ds are maskm_g the Pcl
a global (common for both Northern and Southern Hemi. Signatures. Th_|s is an inherent I|m|_tat|on of Pc1 studies based
spheres) and a local (dependent on hemispheres) compone P LEO satellite data, such as this or the onelandson

(1) amplitude of 0.045 for the global annual variation (with and An_dersorﬁl%@.

the global minimum around June solstice) and (2) ampli- We find only a weak dependence of the Pcl center fre-

tude of 0.105 for the local seasonal variation (with the min- duency on latitude (see F!g. 7 Wh'c.h o_loes_ not really ex-
imum near local winter). Adding these two components inceed the range of uncertainty. This finding is at odds with

the Southern (Northern) Hemisphere in phase (in anti-phas:?round'based observations At~ 4.6 by Sakaguchi et al.

. 2008 Fig. 10), who reported that the Pcl frequency in-
roughly leads to the observed total annual amplitude of 0.1 Eeases towards lower latitudes. HoweEngebretson et al.

:Qur survey shows that Pcl1 events are not evenly distributed
ver the globe. There are distinct latitudes where the de-

(0.06) as well as the observed annual phase. The semi-annu : : . : .
variations in both hemispheres represent a reduction of Pc 008 Fig. 9) also found in their .ST'5 obser\_/atlons (alti-
occurrence rates around equinox seasons. ude= 300x 4500 km) only a marginal correlation between
The solar cycle dependence in Fig. 6 shows that Pcl event@f Pcl frcle?ue(rj]cy anl: shel(lj, ?]I.thr(])ug? the authors ?slsg/rted
prefer the declining phase of a solar cycle, but the occurrenc geTera endency OWE," \gher Trequencies at fover
shells”. Currently, we don't have a good explanation for this

rates are also high during solar minimum. This is in general rent discrenancy between different observations. Mor
agreement with mid-latitude observations Byaser-Smith appare screpancy between ditferent observations. ore
coordinated observational studies are needed to give further

(1970. On the other hand, our results are somewhat differ-. .
ent from high-latitude observations, for exampleNyrsula information on the dependence between the center frequency
' and latitude.
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An actually new result is the geographic distribution of tually, their Fig. 4 implies that isolated proton arcs avoid
Pcl events, as shown in Fig. 8. Such a map has never beeeverely disturbed period around storm-time Dst minima.
presented before. We can see that Pcl events preferentialiihis is largely consistent with our results (see Fig. 9a). The
occur above the Americas, which may imply a connectionslight preference for quiet conditions may also be the rea-
between the Pcl generation mechanism and the weak geson for reduced Pc1 occurrence rates during equinox seasons
magnetic field in the SAA. Considering that Pcl activity at (see Fig. 5), when magnetic activity is known to be enhanced
CHAMP altitudes is higher in summer than in winter, we (Russell and McPherrod973. However, Pc1 pulsations can
may speculate that Pcl in the ionosphere favor (1) weak Bbe categorized into several subclasses, such as the pearl type
field strength and (2) high background plasma density. Oneor the intervals of pulsations of diminishing periods (IPDP).
may argue that these two conditions lead to lower &ffwe-  Readers should note that the subclass occurrence rates may
locity, which can be expressed by the ratio of E-field over depend on Kp in a way different from that of our Fig. 9a. For
B-field fluctuations (e.gSaito et al. 19995. However, this  exampleKangas et al(1998 Fig. 10) shows that more IPDP
interpretation should lead to a larger number of Pcl event®vents were observed at the Sodaalobservatoryl ~ 5.1)
in the SAA than in the northern conjugate region: B-field for Kp > 3 than for Kp< 3. Our detection method cannot dis-
is weaker (due to the SAA) and plasma density in local criminate between subclasses of Pcl pulsations, and is not
summer is higherl(ee et al, 2011 Fig. 1) in the South-  suitable for detecting Pc1 pulsations at auroral latitudes, e.qg.
ern Hemisphere than in the Northern Hemisphere. Howevemear the Sodankilobservatory. Therefore, we cannot give a
our Fig. 8b shows that the occurrence rate peak is larger idefinitive answer as to the dependence of Pcl subclasses on
the Northern Hemisphere than in the Southern HemisphereKp. Observational studies using a global network of ground
More theoretical studies and simulations are needed to clarifypbservatories would help to solve this problem.
the relationship between local AEwn velocity and strength The Pcl occurrence maximum appeared around 2004—
of Pc1 magnetic signatures. 2005 (Fig. 6), when recurrent solar wind streams were quite

Generally, there are only a few Pcl events detected poleactive. In that context the weak negative correlation be-
ward of 65 MLAT. We have checked these events carefully tween Pcl occurrence and solar wind velocity is quite un-
to make sure that they are not false detections. This subgroupxpected (see Fig. 9b). However, our results are consistent
of auroral latitude Pcl events reveals quite special characwith Guglielmi et al. (2005, who also reported that slow
teristics (figures not shown). The MLT distribution clearly solar wind creates a favorable condition for pearl-type Pcl
peaks around noon with sizable occurrence rates confined tevents observed at the Sodarikgbservatory I{ ~ 5.1). It
the 08:00-14:00 MLT sector. This result is in line with mag- seems that fast solar wind velocity events cannot be a prime
netospheric observations nderson et al(19923 on L driver of Pcl. Rather, instabilities internal to the terrestrial
shells beyond 7. It is just this subgroup that is responsibleplasma system may play a significant role in Pcl genera-
for the minor peak at noon in Fig. 4a. Since this subgrouptions. For example, spontaneous instabilities near the bow
is under-represented in the total statistics (due to the aboveshock, which drive among others traveling convection vor-
mentioned limitations of LEO observations), the noon oc-tices, may be related to Pc1 generatioBedebretson et al.
currence peak may be larger in reality (i.e. near the magne2013. More and coordinated studies including multi-point
tospheric source region). The center frequency of the aurorabbservations are needed to disentangle the processes causing
zone events is mostly below 1 Hz. All the other properties,Pc1 events.
like ellipticity, orientation of major axis, bandwidth, etc., are
in general consistency with those in our Figs. 2-3. The yearly
Pc1 occurrence poleward of 6KILAT exhibits a maximum ~ ° Summary
in 2009, which is much later than in Fig. 6. This result is o, . . .
consistent with the Pc1 statistics at an at?roral-latitude obser--rhIS study presents a survey of Pcl pulsations detected in

s : magnetic field observations by the CHAMP satellite over
yatory, Sodan_kysl (Fl_nland) Mursula et al. 1991). A major- the period 2000 to 2010. We have compiled a list of 3616
ity of these high-latitude events were detected at low mag

netic activity and slow solar wind. Under those conditions Pcl events detected by CHAMP. The long-term observations

) . with quasi-continuous temporal and global coverage have en-
FACs are expected to be weak, which may otherwise mask q b g g

) X abled us to reveal a Pcl climatology at LEO altitudes more
Pc1 events at auroral latitudes from CHAMP observations. complete than ever. A limitation of the survey is that Pcl

events cannot be detected in regions of strong field-aligned
current activity, e.g. within the auroral zone. From our statis-
tical analysis we draw the following conclusions.

4.4 Dependence on magnetic activity and solar wind
velocity

According to previous papers Pcl occurrence does not de- 1. Wave properties The Pcl center frequency varies

pend much on magnetic activity. For example, isolated pro- around 1Hz, and the bandwidth is on average 0.5Hz.
ton arcs, which often accompany Pcl events, occur under  Both results agree well with previous works. The ob-
any geomagnetic condition$&#ékaguchi et al.2008. Ac- served wave signal is highly polarized within the plane
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perpendicular to the main field, and the ellipticity is gen- observations. Furthermore, we plan to study the generation
erally linear with the major axis aligned within 1&om mechanisms with the help of superposed epoch analyses re-
the zonal direction. Spectral amplitudes of Pcl pulsa-lated to storms, substorms and other possible geophysical
tions are small (mostly around 0.2 nT). drivers.

2. Temporal variationsThe diurnal variation of Pcl oc-
currences exhibits an early-morning peak and a secAcknowledgementsThe authors gratefully acknowledge valuable
ondary maximum at pre-midnight hours. Both of these discussions with T. lyemori and C. Stolle. The CHAMP mission
results agree well with previous ground-based observawas sponsored by the Space Agency of the German Aerospace Cen-
tions at mid-latitudes. The annual variations of occur- € (DLR) through funds of the Federal Ministry of Economics and
rence rates are quite different in the two hemispheresTechnology, following a decision of the German Federal Parliament

with a preference of the local summer season. Reduce(ggrant code S0EE0944).
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of the global annual cycle of the ionosphere with a min- iheir help in evaluating this paper.
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