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Abstract. Bursts of very intense kilometer-scale field- 1 Introduction

aligned currents (KSFACs) are observed quite frequently by

the CHAMP satellite when passing through the auroral re-Field-aligned currents (FACs) in the auroral zone are ob-
gion. In extreme cases estimated current densities exceeserved over a wide range of spatial scales covering wave-
3mA/m?. Typical scale sizes of these KSFACs are 1 km. lengths from 1 km to several 100 km. There is a general FAC

The low-Earth, polar orbiting satellite CHAMP allows one characteristic, the shorter the wavelength the larger the cur-

rent density (e.gRitter and Lilthr, 2006 Fig. 10). In particu-
to assess KSFAF:TQ’ down to sgalgs of a couple of 100 m baseI§r, small-scale field-aligned currents have been a subject of
on its hlgh-preusmn magnetic field vector data s_ampled at rowing interest in recent years. After their first detection
50Hz. Using data from 5 years (2001-2005) details of thes‘%/gvith instruments on board the DE satellitdBufch et al
currents can be investigated. In our statistical study we fin ’

983 and the Viking satellite Rotemra et al.1987 their
that most of the KSFAC bursts anq the StTO”Q.e st events arFmportance for the plasma dynamics has been realized. At
encountered in the cusp/cleft region. Significantly fewer

. : "~ that time it was n ible, however, to identify the small-
events are found on the nightside. The affected region |st attime it was not possible, however, to identify the sma

. S . est scales carrying the highest currents. The resolution of
typically 15-20° wide in latitude. There seems to be some spatial scale has been continuously reduced to some ten kilo-

dependence of the current intensity on the level of magnet|cmeters achieved by sounding rocketsir et al, 1987 and

activity, K. On the other hand, no dependence has beert]he Akebono spacecrafE(kunishi et al. 1991). Finally a

found on sunspot number, the solar flux level, F10.7 or the, : . )
solar zenith angle. The latitude, at which KSFAC burstsfew 100 m could be reached with the Freja and @rsted satel

o ) lites (Luhr et al, 1994 Neubert and Christianse®003 and
are encountered, expands equatorward with increaking : : :
. : . also with the CHAMP satellite, as presented here. Simulta-
This trend follows well the auroral oval expansion during en-

: - neously, the peak amplitudes of the current density of these
zf)lrr;]ce;n rTi]r?grll;rtlce?si;tgllgyﬁ ;Chesshee;?::r?ds t?]r: g;zer?ggoa:ﬁ;fSFACs has been found to increase from teng.Af/m? to
panying farg ' y P more than 1 mAm?2, with decreasing scale length.

nantly associated with Region 1 currents. We propose an ex- o
- ; Small-scale FACs are embedded within the large-scale
lanat f the KSFA! t f Al t ; . ; A
planation of the KSFACS in terms of Alen waves trapped current regions (Region 1 and Region 2, as definelijinya

in a ionospheric resonator, which is initiated when the con- d Pot 976 but also in th d vol ‘
vection electric field or current strength surpasses a criticaf" ¢ © emrlfl . ?] ut alsiglag i Ecuzp etm Zogr: (.:atp curren
value. Many properties of such a resonator are in agreemerﬁys ems Rukunishi et al. L Neuber an ristansen

. 003. Golovchanskaya et a(200§ examined DE2 data
with our KSFAC results. . :

and found that most intense small-scale electromagnetic tur-
Keywords. lonosphere (Auroral ionosphere; lonosphere- b_ulﬁnce IS assogatec_i_wm;] enhf;l)nced If)\rge-S((:jale FAChS' The
magnetosphere interactions) — Magnetospheric physicg"g_eSt cur[)ent e(r;s&t;]e_s have aggn observed near the cusp
(MHD waves and instabilities) region (Neubertan ristianseR003. )

The term small-scale FAC has been used in the past for
different ranges of wavelengths, primarily depending on the
resolution of the analysed data. For this study we would like
Correspondence tdvl. Rother to introduce the FAC classification “large-scale” for trans-
(rother@gfz-potsdam.de) verse wavelengths of more than 100 km, “medium-scale” for
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100-5km and “kilometer-scale” for the range 5km to be- the common IAR, where the upper reflection boundary is the
low 1km. Here we will focus on the latter scale and use strong gradient of the Alfén velocity above the F-layer max-
subsequently the abbreviation KSFAC. Due to instrumentalimum, the upper reflection boundary of this resonator is as-
limitations, not many observations of the magnetic signa-sumed to be the AAR. This region is assumed to be located
tures of these small structures have been reported. The studyiuch higher, i.e. at aboutRy. The bottom side boundary of
by Fukunishi et al(1991), for example, based on Akebono this resonator associated with the AAR (or RAAR, as called
data belongs, according to our classification, to medium-by Pilipenko et al. 2002 is the ionospheric E-layer (as it
scale FACs. There is one extensive survey of KSFACs inis also for the common IAR). The reflection conditions on
the auroral region derived from @rsted measuremeéwesi{  both sides depend on the wavelength, as well as on the con-
bert and Christianse2003. They established a clear pref- ductivities of the E-layer and the auroral acceleration region.
erence of these intense FAC structures on the dayside, anthe lowest eigenfrequency of the RAAR is about 0.1 Hz, the
mentioned enhanced occurrence rates on the nightside duringansverse scales are a few kilomet&iigpenko et al.2002).
magnetically active periods. Several attempts to correlate the So far, there are no global surveys of the spatial distri-
observed FAC densities or occurrence frequencies with solabution and the temporal occurrence rates of an @ifves-
wind conditions were not successful. The authors offer noonator. It has not been experimentally verified what the typi-
clear explanation for the generation mechanism. cal conditions are which accompany the resonator, and which
These KSFACs are probably linked to A#fm waves wave amplitudes can develop within it. In SeGtwe pro-
with small transverse wavelengths. In several cases elegose an explanation of the observed KSFACs in terms of the
tric field measurements have been used to study their feaRAAR. Many details of the corresponding waves, as well as
tures,Boehm et al.(1990, for instance, found amplitudes the generation processes for the KSFACs are still poorly un-
of E>100 mV/m from high-resolution rocket measurements derstood. We think that some of these open issues can be
above 700km. Chmyrev et al.(1989 reported a maxi- addressed with the high-resolution magnetic field measure-
mal value of+£200 mV/m observed with the Intercosmos ment of the CHAMP satellite. Although we have no suitable
BULGARIA-1300 satellite at 811 km. Multi-scale current electric field measurement, we think, the magnetic field data
structures with amplitudes of 16B00uA/m? at subkilo-  can efficiently be used for this purpose. This is, in particular,
meter scales examined with the Freja satellite have beetrue at the low cruising altitude of 400 km, where the mag-
linked to interference patterns of inertial Aéfla waves by netic signature of resonant waves is about to maximise and
Stasiewicz and Potemr@d99§. A rather comprehensive the E-field to disappear. The long and continuous data series
study of inertial Alfven waves based on Akebono observa- of CHAMP, covering all longitudes and local times, is a good
tions in the cusp topside ionosphere was presentétitayno basis for a comprehensive survey of KSFACs in terms of this
et al.(2005. These authors give many references to similarresonance phenomenon.
studies derived from measurements of other spacecraft. They
investigated the wave characters at three different altitudes in
the range 8000 km to 1500 km. At the lowest level they find2 Instrumentation and data processing
clear evidence for short wavelength Aéfiv waves trapped in
the ionospheric Alfén resonator (IAR). The satellite CHAMP Reigber et al.2002 was launched on
One of the first theoretical investigations proposing an IAR 15 July 2000 into a circular, near-polar (87i8cl.) orbit.
are those byTrakhtengertz and Feldsteif1984; Trakht-  From its initial altitude at 456 km the orbit has decayed to
engerts and Feldsteif1991) and Lysak (1991). The IAR about 350 km after 5 years. The orbital plane precesses at
is bounded from below by the ionospheric E layer and froma rate of 1 h in local time (LT) per 11 days, thus visiting alll
above by a broad zone of rapidly increasing A&lfvveloc-  local times within 131 days. The time period covered for
ity, due to the decreasing plasma concentration above the Rhis study lasts from January 2001 to September 2005, which
layer peak up to 1km height. The Alfien waves trapped provides a 13-fold coverage of all local times.
in the resonator and powered by the magnetospheric convec- The data interpreted here are the vector magnetic field
tion ultimately cause turbulent plasma processes, resulting imeasurements of the Fluxgate Magnetometer (FGM). This
the formation of a turbulent Alfen boundary layerTrakht-  instrument delivers vector field readings at a rate of 50 Hz
engerts and Feldsteii99]). Lysak (1991) deduced from and a resolution of @ nT. The data are calibrated routinely
model calculations that there exists a distinct phase relationvith respect to the onboard absolute scalar Overhauser Mag-
between the E- and B-fields of the waves in the IAR. Suchnetometer (OVM). This ensures a continuously high data
a relation has been experimentally identified for small-scalequality. A dual-head star camera system mounted together
waves Dubinin et al, 1985 Hirano et al, 2005. A some-  with the FGM on an optical bench provides the orienta-
what modified Alf\en resonator has been recently proposedtion of the measured field vector with arc-second precision.
by Pilipenko et al.(2002 using results from the reflection Data used for this study are transformed into a Mean-Field-
and transmission of waves at the auroral acceleration regiosligned (MFA) coordinate system. In this local frame the
(AAR) derived byVogt and Haerendgl1998. Contrary to  z-axis is aligned with the average field direction, the y-axis
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is perpendicular to the magnetic meridian, pointing eastward, CHAMP 2002 Jan 02 03:13:31
and the x-axis completes the triad. 2 200F - 2
For the transformation of the field vectors into the MFA £ E "0k - P Y =
frame we did not take the individual readings of the star cam-2  Z383¢ W | E
era, since it would add a significant amount of noise to the g 408; 77777 | B> e nan N A g
FAC time series. Instead, we have determined the mean fieldE E TooE / =
from an average of the measured field vector over a period of”~ -12§g? ?
60 s (corresponding to 440 km along track). fe 5E 3
For the estimate of the FAC density the simple 1-D ap- % = _gg E
proach was used where recorded temporal variations are in- _ 350¢ N =
terpreted as spatial structures. Since FACs generate only & 2%°F E
transverse field disturbances, we have used the data in MFA 33 -200F i 3
coordinates. 05 03:05 03:10 03:15 =
For the actual calculation of the FAC density, we used the MEAT Py Py By
reduced Ampre’s law
1 AB,

.= , (1) Fig. 1. Example case of high resolution CHAMP Fluxgate Magne-
povy At tometer data in a mean field-aligned coordinate system (upper three

wherev | is the velocity component which is perpendicular Panels) and a derived small-scale field-aligned current density (low-

to the magnetic field and in the orbital plareB, is the dif- est panel).

ference between consecutive readings of the MFAcom-

ponent, and\r=20 ms is the time step of measurements. We . .
current densities values over 1s. By this procedure we con-

are aware that.the_ KSFAC.S are not weII.orggmsed N CUrserved the energy of the KSFACs. This condensed data set is
rent sheets. This will result in an underestimation of the cur-

rent density and an overestimation of the equivalent scale, arseferred to as 1-Hz data in the following.

was shown by uhr et al.(1996, even though there seems to
be a certain tendency to form elongated current sheet struG3  Typical equivalent FAC characteristics
tures, as determined from a minimum variance analysis (not
shown). The ratio of the largest to the medium eigenvalue dein this section we introduce the typical features of the KS-
rived from the two perpendicular field components is only of FACs. Special emphasis will be put on the peak ampli-
the order of 2. Furthermore, these small-scale FACs are extude of current density observed within a burst. Since the
pected to be rather dynamic. Our assumed stationarity magatellite moves through the KSFAC with a high velocity
thus not be valid. From ground observatiddslyaev et al. (7.6 km/s), we consider the current estimates based on the
(1999 reported frequencies for the ionospheric Afvres-  high-resolution 50-Hz data as spatial features of these ex-
onator of 0.5 to 1.5 Hz. Due to the small transverse scale sizéreme current filaments.
(=1 km) and the high orbital velocity (7.6 km/s), the cross- Figurel shows an example of the magnetometer data dur-
ing of the considered current structure takes only 0.1-0.2 sing a pass over the Southern Hemisphere auroral region. In
During this time the wave phase cannot change too muchthe upper three panels the magnetic field vector components
The temporal variation will, in some cases, enhance the reare displayed, rotated into the MFA coordinate system. The
sulting current density, and in other cases reduce it. Whatowest panel shows the field-aligned current density calcu-
we obtain may be called an “equivalent FAC density” (sub- lated from the corresponding 50-Hz magnetometer readings.
sequently shortened to FAC). We assume, however, that th&he KSFAC bursts occur within the auroral current regions,
effects average out statistically. with the typical behaviour of the dayside currents (around
The resolution of the obtained current density is limited 12:00 MLT) being considerably stronger than the night side
by the digitisation steps. A field change of 0.1 nT in 20ms currents (around 00:00 MLT).
converts to a FAC density step ofj.~0.8 xA/m2. This is In Fig. 2 the time scale of a similar burst is enlarged, show-
very small compared to the amplitudes considered here. Aing details around the peaks of the currents. Itis obvious that
this point it should be noted that the subsequent study focusethe temporal width of these large peaks and their separation
on the characteristics of intense KSFACs. The absolute accuare well resolved by the time resolution (0.02 s) of the instru-
racy of the estimated FAC density is therefore of less concernment. The equivalent scale drawn in the figure indicates that
for the conclusions. the width of a major peak is typically of the order of 1 km.
Besides the current densities obtained with Eq. (1) fromWe examined this spatial scale more quantitatively by calcu-
the 50-Hz resolution magnetometer readings we calculatedating the temporal spectra of the KSFAC bursts. Figure 3
a corresponding condensed data set with a 1-Hz resolutiorshows a single spectrum and an average of many spectra. It
To obtain this we computed the root mean squared 50-Hzan be separated into two regions: at lower frequencies it is
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Fig. 2. Example of KSFAC burst event (left) and enlarged detail at 50-Hz resolution (right).
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Fig. 3. Single event and average spectrum of 50-Hz current bursts. _030‘(‘)‘ ~2500 —100 0 100 200 300
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practically flat, and at high frequencies it decreases sharply.

A fit to this behaviour (with a power law at high frequencies) Fig. 4. Example of event at 1-Hz resolution, together with moments

reveals a “cut-off frequency” of about 8 Hz. With the aver- for characterisation of a KSFAC event.

age spacecraft velocity of aboutkm/s this corresponds to

a “cut-off” wavelength of about 1 km, in agreement with the

visual inspection. This number is in agreement with earliernised as part of the same burst if a separation of 30s to the

findings from the Freja satellite_{ihr et al, 1994. When  neighbouring structure is not exceeded. This period, cho-

looking at many KSFAC bursts and calculating the averagesen after extensive testing, is close to a typical length of a

spectrum the main features are still the same, such as theurst event itself (see later Figj3). In addition, we restricted

flat, low frequency part, and a decrease at frequencies beyon@urselves to events at high latitud¢s|LAT | >50°, since a

10 Hz occurs, the transition is, however, somewhat smootheiRreliminary overview revealed that only very few events are

This means that the typical scale size may differ somewhapbserved at lower latitudes.

from event to event but only within a limited range. The established event table has 21417 entries. Since
In the following we will examine these KSFAC bursts in our total database comprises the time interval of 1 Jan-

detail and determine some of their statistical properties. Inuary 2001 to 6 September 2005, we examinegB4years.

order to do this we have to establish a list of consideredThe total number of CHAMP orbits during this interval is

“events”, as they are called in the following. This is not 26 600v4.68x365x15.6, which means 106400 crossings

straightforward since they are quite numerous, in generalpf the auroral zone (four per orbit). Thus, our event ta-

several bursts are observed per orbit. In order to reducdle contains, on average, one event per five auroral zone

the data to a manageable quantity, we worked with the conerossings. It should be noted, however, that much more

densed data set of 1-Hz resolution. events are identified if we reduce the above threshold level
As a selection criterion we require in a first step a peak cur-of | j| >30A/m?.

rent density ofl j| >30A/m?. In a next step, those peaks  In a next step we have to quantify the characteristics of an

exceeding the threshold and being not too far separated frorKSFAC event. These are explained with the help of Bigt

each other, are grouped together in a burst. Peaks are recoghows as a thin grey line the temporal structure of an event,

Ann. Geophys., 25, 1603615 2007 www.ann-geophys.net/25/1603/2007/
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i.e. the 1-Hz absolute value of the current density versus time. 2001-2004 2001 - 2005
This time series is then characterised by a staircase envelope 4
with a step length of 10s (black line). From this envelop = 3

. . . 20
time series {1 4ze) the first two moments are calculated to ¢ 2 D 5
H . 1
characterise the shape of the events: £ T £ 10
1. Its occurrence time: to localise the event in the satellites e e °

=
. [=2]
time framer, © ° g ° 2001 2002 2003 2004 2005

in percel
in percent

night
nigh
o

m= Z (tje)/ Z Jer @) Fig. 5. Occurrence frequency of KSFAC events as a function of
season and day/nigl@), and as a function of time during our ob-
servation interva(b). The numbers are normalised to the number
of auroral zone crossings.

2. The distribution widthw1 of the event, represented by
the square root of the variance:

) 12
w = (Z (t?j)/Y Je) : (3)
MLT Day: Circle, MLT Night: Square

wheret’'=t—mj. All: 3.75, Day: 3.76, Night: 3.69

We tried several other ways to characterise our KSFAC
events, applying various degrees of smoothing or fitting to
distribution functions. According to our studies, the method
described above yields the most convincing quantification of
the events. Note that this kind of envelope is often applied in
establishing geophysical quantities (eA, K ).

2500

3.1 Occurrence frequency of KSFAC events

At first we looked at the occurrence frequency of the ob-
served KSFAC events. Figua shows this frequency sep-
arated by seasons and by day/night. It is quite obvious that
KSFAC events occur predominantly during sunlit conditions: ' ' ' '
generally, they are more frequent during the day than during 0 200 400 600
night, and considerably more in summer than in winter. The j 1Hz peak current [uA/mz]
equinox-night value stands out somewhat of this scheme; it
is higher than the corresponding summer night value. This
is probably a consequence of the geomagnetic activity peakgig. 6. Correlation of| j50 Hz peal| VErsugi Hzmax The slopes of
ing at equinox. We will come back to this in the Discussion the regression lines are given on top of the figure for various selec-
section. tions.
Figure 5b shows the corresponding occurrence frequen-
cies of the different years of our observation interval. The
frequency follows the magnetic activity variations over the ) )
solar cycle. The annual averages of both eindex and We have separated the event database into daytime (05:00—

the KSFAC occurrence frequency peak at 2003 and decling- 700 MLT) and nighttime (17:00-05:00 MLT) events. Al-
towards solar activity minimum. We will offer an explana- though there is some scatter, the difference between the indi-

tion for this behaviour in Secs. cated regression line (slopes in the legend on top of the fig-
ure) is statistically insignificant, and it indicate that — practi-
3.2 Relationship between j-50 Hz Peaks and j-1 Hz Peaks cally independent of local time — thgnz maxamplitudes are,
on average, about a factor 0f2 lower than thd jso Hz peal
As mentioned before, the event selection and characterisatioamplitudes. This ratio can be regarded as a kind of crest fac-
is based on the 1-Hz data. We nevertheless are interested tor of the 50-Hz peaks compared to the neighbouring FAC
the fine structure of the events. To enable this the maximundensities. We want to stress here that we use both quantities
current density valuejso Hz peak (With sign of each event) is  to characterise our events in the following. The 50-Hz cur-
also included in our event table. This peak is generally largerent peak gives annprocesse@stimate of the largest fine-
than the peak of the 1-Hz data because the latter is subjedttructure current density within a burst; thg1, max is more
to averaging. Figur® shows a scatter plot of 1-Hz (peaks) representative for the average current density of the whole
versus 50-Hz current density peaks. burst.

|j 50Hz | event peak [WA/M“]
1500

0 500
|
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Count Day, 5 <MLT< 17 Night, 17 < MLT < 5 j 50Hz Peak > 300 [uA/m?] j 50Hz Peak > 600 [uA/m?]
2500 - — |
2.0 2.
= ® =
1500 3 3
500 x 20 x 20 x 20 x 20 § 38 §
0
-2000 -1000 O 1000 2000 -1000 0 1000 2000 _ _
J 50Hz peak [pA/M?] J 50Hz peak [PA/M?] =3 &
g i
) g
. o . = o =
Fig. 7. Distribution of the 50-Hz peak currentsiso HzpeaK. e : s : :
separated for daytime and nighttime. Events with 086 912 18 24 0 36 912 18 2
Magnetic Local Time [h] Magnetic Local Time [h]

| /50 Hzpeall >2000uA/m? are grouped together in one bin.

Bin heights for | jso Hzpea >1000uA/m? are magnified by a

factor of 20. Fig. 8. Locations (in MLAT) of 50-Hz KSFAC peaks as a function
of magnetic local time for two different threshold values.

4 Statistical properties of KSFAC events
Table 1. Median of peak current densitigggo 1z peai for different

4.1 50-Hz current data seasons (ipA/m2).
The occurrence rate of the high resolution peak values Summer  Winter Equinox
| jsoHzpeaq is shown in Fig.7, separated for daytime and months  5.6.7.8 1.2 11.12 3. 4.9 10
nighttime events. The distribution is rather symmetric in both
cases. The number of positive values (upward currents) is ap- day 281 299 292
night 296 301 313

proximately balanced by the number of negative values. The

reduced occurrence towards the smallest values of current

density is certainly a consequence of our threshold criteria.

The maxima of the distribution, here at arounB50uA /m?

and+250uA/m?, therefore depend on the threshold and are600..A/m?). The majority of the events occur in a band of

not preferential values. There is no significant difference inabout 60 < |MLAT | <80° which coincides practically with

the distribution of the events between day and night, excepthe auroral oval. Note that there is a clear concentration of

for the absolute number of cases. Less th&df the events  the stronger event:i J60 Hzpeaq >600uA/m?) on the day-

in our event table are from nighttime (17:00-05:00 MLT). side. A closer inspection reveals that these stronger peaks

This is also evident in Fig. are centred at about one hour before magnetic noon. The few
To demonstrate the relatively large number of events withstrong events on the nightside occur during disturbed con-

high current densities, we have magnified the bar height foditions (see also later Fi@). This tendency, as well as the

| j50 Hz peak] >1000uA/m? by a factor of 20 in Fig7. Acer-  grouping of events around 11 MLT, has been observed before

tain number of events with very large current density peak(Neubert and Christianse2003.

values,}j5o Hzpea;{ >2000A/m?, are observed (combined No significant variation of the 50-Hz current density peaks

in the very last bin on each side in Fi. We are convinced on season was found. The median values oﬂyb@HZpeaq

that these are not artifacts. In order to check this we inspectedre hardly different for summer, winter and equinox, as Ta-

all events with| jso Hzpeald >2000pA/m?, one by one indi-  ble 1 shows. Only the equinox nighttime value is slightly

vidually. It turned out that the majority of these events oc- enhanced, which may be related to the well-known enhance-

curred during highly disturbed conditions, for instance, dur-ment in geomagnetic activity during equinox seasdRigst

ing November 2001 or on 29-30 October 2003 (see alscsell and McPherrorl973.

Wang et al.2008. These high current amplitudes are there-  The amplitude of the 50-Hz current density peaks depends

fore most probably real. Nevertheless, we set an upper limiton geomagnetic conditions, as shown in Fg.separately

discarding all events withjso Hzpeaq >40001A/M?, in or-  for day (left) and night (right). The median of th&so Hzpea

der to avoid spurious effects by data outliers. values is indicated by the thick line, while their scatter within
The three events in our table with the highest peakeachk ,-bin is expressed by the quartiles (boxes) and the

amplitudes (after elimination of obvious artifacts) are standard deviation indicated by dashed vertical lines. The in-

| jsoHzpead =3222 3076 and 3311A/m?.  These very crease in the current density median values withis quite

large features are typically supported by 8 data points. moderate. During daytime it is somewhat stronger than dur-
The distribution of KSFAC events in a magnetic lat- ing the night where the variation is insignificant. On the day-

itude — magnetic local time frame is shown in Fi§. side the value is doubling betwedf), 0 and 9. Even though

for two thresholds oﬂ J50 Hzpeaq values (30QuA/m? and we see that the median of the peak current density increases

Ann. Geophys., 25, 1603615 2007 www.ann-geophys.net/25/1603/2007/
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o Day 5 <MLT< 17 o Night 17 <MLT< 5 o Day 5 <MLT < 17 o Night 17 <MLT< 5
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0 2 4 6 8 0 2 4 6 8 Fig. 10. Average latitude distribution of 50-Hz current density
Kp Kp peaks,| jso Hzpeak: as a function ofk , index. The format is the

same as in Figo.

Fig. 9. K, dependence of thgisg Hzpeal- The thick line within

P . . - Kp Occurence, Circle:Day, Square:Night
the box indicates the median value for the respective bin (the mean

is marked by a small circle), the box reflects quartiles and the dashed 0 94
vertical lines the standard deviation. The numbers in the legend % S E]/D\D
denote the coefficients of the regression parabola. g o /[]/D/
8 o O‘O\ —

. : . . ' ; - /8/ D\O\O\O*O\O_Q
with K, in a nonlinear fashion, we have fitted a degree 2 5 3g—0O
polynomial to the median values. The coefficients of a re- * g ——
gression parabola are given in the figure legend. On top of o 1 2 3 4 5 6 7 8 9
the graphs there are frames containing information about the Kp Bin

K ,-distribution of our events. Compared to the normal dis-
tribution of K, values our observed occurrence rate shows
only a slight deviation. Details of thi& , distribution will be Fig. 11. Day and night occurrence frequencies of events in our table
discussed in the context of Fifjl with respect to the all-dag(,, distribution.
A clear relation exists between the observed latitude of
|j50 Hzpeaﬁ andK,, as shown in Figl0. With an increase 9 9
in the disturbance index the average locations move equatoryx _ (N*/ Z N;)/(Ngzz/z el (4)
ward, which is in agreement with the expansion of the auroral”* e = S
oval during disturbed conditions. Again, the plotted regres-
sion parabola indicates a nonlinear behaviour of the relationwhere N7 is the count number in theth K, bin and with
ship. It should be noted that other quantities have also beeme[day, night]. Dayside events occur preferentially during
identified as influencing the latitudinal variation of FACs. low activity. Relative to the all-day& , distribution the day-
In a previous studyVang et al.(200§ established a close side population is slightly over-represented o5 < 3. Op-
control of the negative IMRB, amplitude on the latitudinal posed to that, the nightside events occur preferentially during
variation of the dayside large-scale FACs. In other cases théigh activity. Their population is strongly over-represented
role of the solar wind dynamic pressure has been emphasisefdr K ,>3.
(Boudouridis et a].2003. During low activity, K ,=0, KS- We also examined the possible influence of solar activity
FACs are found at 79and 70 MLAT on the day- and night-  on the small-scale FAC peak current densities. But neither a
side, respectively. For high magnetic activity the differencesignificant dependence on sunspot number nor on the solar
between the median latitudes decreaggs9, dayside: 63 flux index, F10.7, could be established.
night side: 60). This activity dependent latitude variation is  Similarly, no clear influence was found of the solar zenith
comparable to that of the large-scale FACs (#/fgng et al. angle,y, on the current density peahts'so Hzpeak|. Figure 12
20053. shows the corresponding dependence. It is practically flat
In order to obtain information about the distribution of the for anglesy >45°. The increase for smaller angles is due to
events in our table with respect 19,, we prepared Figl1 the fact that higﬁ Jj50 Hzpeaq values are observed at lower
It shows the ratio of the normalised occurrence frequenciesatitudes during strongly disturbed conditions (see Ei),
(for day 9% and night f"9" in magnetic local time). The and itis therefore not a genuine solar zenith angle effect. The
normalised occurrence frequency of the full set is calculatedndependence qu50 Hzpeag on x means that modifications
as in ionospheric conductivities due to solar illumination do not
affect the KSFACs. This result is in contrast to the findings
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Fig. 9.
Fig. 12.  Relationship of 50-Hz current densities’ peaks, ’
|j50 Hzpea;J, and solar zenith angle. The format is the same as in
Fig. 9. et al. (2006 that multiple FAC sheets form on the nightside
during intense storms.

4.3 Relation between small-scale and large-scale current
FACs

6000

Count

A question of relevance to this study is the relation of the
KSFACs to the large-scale FAC patterns. A link between
these two current types would be an important fact in the in-
w [s] terpretation of source mechanisms. For this investigation we
applied a superposed epoch analysis (SPE). We considered
for the KSFACs the 1-Hz data and used the time of the cur-
Fig. 13. Distribution of bursts width (2nd moment of temporal burst rent density peak as the key time for stacking the events (c.f.
structure) in bins of 5s (15 s correspond toir [atitude). Fig. 4). For the large-scale FACs we took current estimates,
low-pass filtered with a cutoff of 20s, corresponding to a
minimum wavelength of 150km. The method for calculat-
of other authors (e.d=ujii et al, 1981 Wang et al. 20053 ng the FAC current density from CHAMP data is described,

0 2000
[

C 1
L]
T

[ P

concerning the intensity of large-scale FACs. for example, inRitter and Lithr (2006).
When considering all KSFAC events from our list in a
4.2 The shape of the current bursts (1-Hz data) single analysis no persistent signature emerged. There-

fore we applied the SPE separately to four different local

In order to study the shape of the KSFAC bursts (latitudetime sectors. The obtained results are presented in15ig.
profile) in detail, we have to revert to the 1-Hz data and theThe choice of sectors takes into account both the aver-
computed moments for the bursts, as described in Sect. age Region 1/Region 2 FAC distribution and the particular
Figure 13 shows the distribution of the width calculated as configurations around noon and midnight. Selected sector
the 2nd moment of the temporal burst structure. The mosboundaries are 05:00-10:00 MLT (dayside dawn), 09:00—
frequent value of burst width is 25 s, which corresponds to a13:00 MLT (noon = cusp region), 12:00-17:00 MLT (day-
length of 190 km or about®dn latitude when considering the  side dusk) and 21:00-02:00 MLT (midnight = substorm re-
satellite velocity of 76 km/s. The average width of all events gion). The large-scale FACs density values were considered
is similar, 249 s. The smallest width in our event listi$%  in two ways. First, we applied the SPE to current density
(43km) and the largest 1(s (764 km), which corresponds  estimates directly (taking into account the sign), and second,
to about 7 in latitude. There is no significant dependence of we calculated the absolute value and then stacked the current
the width on MLT, therefore we did not separate the width amplitude.
distribution for day- and nighttime. Average latitude profiles of the KSFACs (top panel in each

The width of KSFAC bursts depends slightly @&,, as  frame) are compared with collocated FACs, when consider-
shown in Fig.13. During daytime the dependence is only ing the currents’ direction (positive for upward current) (mid-
very weak, but it is strong during nighttime. The regressiondle panels) and when stacking the currents’ amplitude (bot-
line fitted to the median increases from 15skg=0 to al-  tom panels). The SPE reveals a number of common features
most 30 s aK ,=9. The increase in width on the nightside is but also some differences between the chosen MLT sectors.
probably again due to the widening of the auroral oval dur-As expected, the KSFAC exhibit quite a prominent peak of
ing disturbed conditions. In addition, it was shown\l¥ang J1Hz~100A/m? at the key time. Current densities drop off
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quite rapidly on both sides of the central location uriil; CHAMP
reaches 4@.A/m?. Thereafter, the decay is more gradual. po——lawn 1521 events - Dusk, 1624 events
The large-scale FAC amplitude (bottom panels) also shows § _ 100: A A
a peak at the central location in all cases. The peak amplitudes & 28 [\ I [\
ranges around-22.5 uA/m?. Markedly different results are 3 2 4o J \\ J\ ]
obtained in the middle panels where the current direction is ~ e N .
taken into account. In the morning sector the KSFACs are L0 - /\
predominately accompanied by downward FACs and in the g — 08 1k ,/ N
afternoon sector by upward FACs. This implies that KS- & £ o0 f — =~
FACs occur preferably in connection with Region 1 FACs. § = -os: A\ //
In the noon (cusp) region no clear preference emerges for 1ot \
any of the FAC directions. Finally, around midnight, upward < 22 Y it
FACs are clearly dominant at the central location, but they £« : / 1\ /\
are flanked both at the equatorward and poleward sides by £ 1o; WA \\ ,/ \\ 1
downward currents. This signature resembles, in a way, the & ~ os; N N
FAC structure associated with a westward travelling surge 00kt B
during a substorm break-up (e\yang et al.2005H. 120 00N, 2002 events Midnight, 536 events
We have identified the association of KSFACs to certain ¥ 00, A IA\ ]
) . ) _ E el 10
FAC regions in the different time sectors. There are, of g & N\ 1k I\
course, exceptions from these average assignments. This: g iy ] \\ /I \\
can be deduced from the amplitude differences between the; 20t S , S
peaks in the middle and bottom panels. About 75% of the = =
events fallinto the described category. Inthe remaining casest _ os; A \
KSFAC events are associated with regions of oppositely di- §N§ T - ~ AT e VI \ A
rected FACs. ;E S sl I V
18 .
5 Discussion and conclusions 8. 2% /,\\ VA
g g L5 e
. - . . ;‘": g 10f // \\ ,/ \\
In the previous sections we presented a comprehensive statisg = ;i _|_~ I N
tical analysis of kilometer-scale field-aligned currents. The 0.0E E [
large number of eventss20 000) and the continuous sam- ™ relative meg, lat [deg] ™ elatve mog. lat [deg]

pling over 5 years allows one to address a number of different
aspects of this phenomenon.

We have treated different features of the KSFACs sepaFig. 15. Superposed Epoch Analysis: relative location of KSFAC
rately, one is the peak current density within a burst, othersbursts with respect to large-scale field-aligned currents for four dif-
are an occurrence statistics and the properties of the burstéerent MLT intervals. 05:00-10:00 MLT (dayside dawn), 09:00—
The rational for relying on the full resolution 50-Hz data for 13:00 MLT (noon = cusp region), 12:00-17:00 MLT (dayside dusk,
the first one is to present the extreme cases in a form proUYPPer right) and 21:00-02:00 MLT (midnight = substorm region).
cessed as little as possible. For the description of the other
characteristics we made use of the 1-Hz envelop data. These
data reflect the average properties of the bursts sufficientlypUPporting evidence for the connection to the auroral oval
well. Due to the small transverse scale size of the individ-comes from the equatorward displacement of the event lo-
ual current filaments¥1 km), only a small subset of KSFAC ~ cations during times of highef', values (c.f. Fig10). The
structures are encountered by CHAMP, and the probabilitydifferent behaviours on the day- and nightsides reflect quite
for hitting the strongest filament in a burst is not high. For closely the well-known polar cap expansion characteristics
that reason our selection pfso Hzpead has to be regarded as  during periods of high magnetic activity.

a lower bound. The 1-Hz data may thus be more represen- When accepting the established relation of KSFACSs to the
tative for the average properties. Due to the high correlationlarge-scale auroral currents (Se4t3), we have to answer

between the peak amplitudes (c.f. F&). we are encouraged a challenging question, namely why is there almost no de-
to use both data sets equivalently. pendence of the peak current density on geophysical con-

One of the most obvious results of our analysis is the con-ditions? Within thek ,=9 bin we observe thatjso Hzpead
centration of events at high latitudes. They are clearly relatecamplitudes stretching from 200 to 3342 /m?. On the day-
to the auroral current systems and in particular to the cusp reside we still find some increase in the average current density
gion, where we find the highest occurrence rates (c.f.8jig. by about a factor of B from K,0 to 7 (c.f. Fig.9), but on
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the nightside the increase over the sakigrange is already average FAC direction is plotted. The opposite direction
marginal. Apart from that there is practically no dependenceof current flow, downward at pre-noon and upward at post-
of |j50 Hzpeag on any of the other parameters, like EUV solar noon, implies that KSFACs are preferably generated in con-
flux (F10.7), solar zenith angle, or seasons, which are well-nection with Region 1 FACs. However, some 25% of the
known to control auroral currents strengths (€gria et al. events coincide with Region 2 currents. Around the cusp re-
200Q Wang et al.20053. gion there is no preference for upward or downward currents.
On the other hand, it is interesting to note that the occur-This is expected, since the direction of the prominent FACs
rence frequency of KSFACs shows clear dependencies on tharound noon is determined largely by the orientation of the
geophysical conditions (c.f. Fi§). Rather pronouncedisthe IMF B, component. In case of the night sector the curve in
difference between summer and winter seasons, but also thise middle panel shows the typical FACs pattern common for
solar cycle effect is as expected for auroral currents. Bothsubstorm onsetdNang et al. 20058. This feature suggests
observations can be reconciled when we assume a kind dcd close relation of the nightside KSFACs to the substorm ex-
switch-on, switch-off effect for the KSFACs. It is probably pansion phase.
required that the intensity of the associated large-scale FAC Another feature common in all time sectors (Fig) is
surpasses a certain threshold level, for the KSFACs to octhe average latitude profile of the KSFAC densify ;.
cur. If once initiated, then the current density of the KSFACs We find a rather narrow current density distribution for val-
seems to be controlled by other factors other than the geoues above 4QA/m?, confined to a latitude range of only
physical conditions. Our proposed explanation of KSFACs1.5°. Beyond that the decay is much more gradual. In
in terms of Alfvenic structures is also supported by such aSect.4.2we investigated the shape of the bursts. The distri-
switch-on, switch-off scenario (see below). bution of the bursts’ width peaks at 25 s (c.f. FI§), which
Further supporting evidence for the switch-on scenario carcorresponds well to the confined shapejofy, in Fig. 15
be drawn from the KSFAC occurrence statistics. It is known (25 sx7.6 km/s=175km=1.6°). Necessary conditions for
that there is almost no correlation between the intensity ofthe existence of large amplitude KSFACs seem to exist only
FACs on the dayside an&, (e.g.Ritter et al, 2004, but in the vicinity of strong background FACs.
the substorm activity on the nightside is better reflected by We suggest that the intense KSFACs can be interpreted as
K, values. Similarly, for the seasonal dependence, it hagrapped small-scale Al&nic structures in a resonator. On the
been shown, for example, Byijii et al. (1981 and Wang basis of our results we cannot decide which type of resonator
et al. (20053 that FACs on the dayside exhibit a strong sea-is involved, the common IARTrakhtengerts and Feldstein
sonal dependence of their intensity. As expected, strondl991; Lysak 1991 or the RAAR ilipenko et al. 2002.
FACs occur in the sunlit (summer) hemisphere. Conversely,They differ mainly in the height and nature of the upper
the nightside FAC intensities show only a weak seasonal deboundary, as well as the plasma instabilities involved. Both
pendence. Both of these features of FAC intensity are nicelyresonators have properties which are in agreement with our
reflected in the KSFAC occurrence frequencies (c.f. 5&j. results, as outlined in the following.
Along the same line, the solar cycle dependence of the oc- Regarding the common IARrakhtengerts and Feldstein
currence rate can be explained by changes in auroral currerfi991) and Lysak (1991 have shown that the small-scale
strength (c.f. Fig5b). Alfv énic waves trapped in the resonator are excited if the
In the quest for the generation mechanism of our small-convection electric field exceeds a certain threshold. This
scale FACs we will take a closer look at the relation to the could explain our switch-on scenario, mentioned above.
large-scale FAC pattern around the auroral oval. ImportaniSince the convection electric field and the large-scale FACs
results have been revealed by the superposed epoch analysésge clearly related, this would also support our observed re-
SPE. The local time sectors for the analysis were deliberdationship between the large-scale FACs and the KSFACs
ately chosen to help identifying a possible connection to the(Fig. 15). The limiting magnitude of the KSFACs, and thus
lijima-Potemra pattern. A common feature in all sectors isthe switch-off mechanism, can also be understood in terms
the collocation of KSFAC bursts with large-scale FAC peaks.of the Trakhtengerts and Feldste{99]) theory. A satu-
Interestingly, the average amplitude of the large-scale FACration of the involved IAR instability occurs when anoma-
(Fig. 15, bottom panels) is quite similar in all sectors, varying lous resistance is generated and thus the upper boundary of
between 2 to BuA/m?. This seems to reflect the current the IAR is changed. Furthermor@rakhtengerts and Feld-
density needed to switch on the KSFACs, sificg, reaches,  stein (1991) established that ionospheric conductance and
on average, similar peak values in all considered time zoneghe threshold of the IAR instability are inversely related, i.e.
Quite impressive is the large amplitude ratio between the twahe lower the conductance, the lower the instability threshold
FAC types. When taking into account that the unsmootheds due to a decreased damping. This could explain our ob-
peak current density is.Btimes larger (c.f. Fig6), we ob-  served seasonal dependence of the KSFAC occurrence fre-
tain a ratio of more than 150. quency (Fig5).
Significant differences between the time sectors emerge Regarding the RAAR, a nonlinear wave particle interac-
when looking at the middle panels (c.f. Fith), where the  tion is considered important for the formation of the AAR.
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For its initiation strong overcritical field-aligned current den- (Stasiewicz et al.200Q Chaston et al.2002. We have no
sities are requiredHaerendel1990. The trapping of wave particle measurements on CHAMP, but from the association
power is particularly efficient for Alfgn waves with small  of the KSFAC events to certain auroral regions we can make
transverse scaled/dgt, 2002. Pilipenko et al. (2002 esti-  some inferences. The highest occurrence rates are encoun-
mated that the Q-factor of their RAAR increases from valuestered in the cusp. This region is characterised by its high
below 1 at transverse scales of several 100 kr@te10 for flux of low energy electronsNewell and Meng1992. On
km-size transverse structures. All these criteria are fulfilledthe dayside part of the flanks we find a concentration of the
by our observations. The authors state, however, tha@alfv events at Region 1 latitudes. These regions are also popu-
waves below a certain spatial scale are strongly damped upolated significantly by lower energy electrons. The nightside
reflection at the conductive E-layer. This is consistent withflanks are almost void of KSFAC events (c.f. F8). Here the
the spectral decay for wavelength below 1 km (RB)g. inverted Vtype of precipitation is more common. The high

The presence of a KSFAC burst, for example, implies thatenergetic electrons dominating here are obviously not so ef-
an auroral acceleration region exists along the correspondinfjcient in setting up a reflector within the AAR of the bottom
field line. This necessary condition can well account for theside magnetosphere. (Note that high energy particles are also
switch-on, switch-off characteristic of the FAC bursts. Once created, according to thErakhtengerts and Feldsteib991,
a resonator is set up, the achieved wave amplitudes are comheory.) Finally, the events around midnight are associated
trolled by the quality factor of the system, not by the geo- with substorm break-ups. Here again, an appreciable amount
physical conditions. According tBilipenko et al.(2002, of low energy electrons can be found in the upward FAC con-
the Q-factor of the RAAR depends on the wave dissipationnected to the surge head.
rate in the ionosphere and on the reflection features of the Here we have suggested the Adfv wave resonator as a
AAR. Although the former depends on ionospheric conduc-possible driver for the observed intense KSFACs. There may
tivity and thus on geophysical conditions, the influence of thewell be other, more appropriate generation mechanisms. A
AAR reflection properties dominates for km-size transversecritical assessment of the predictions from the Ahvres-
structures. This independence of the observed wave amplienator model with the KSFAC characteristics will be the sub-
tudes is also in line with the observations (¢y‘go Hzpea;J). ject of another dedicated study.
We find for all levels of magnetic activity that KSFAC peak  In summary, we have presented a comprehensive survey
current densities are more than 100 times stronger than thaif a distinct class of kilometer-scale FAC structures. The
of the accompanying large-scale FACs. This implies verymagnetic field signatures have been related to &ifwaves
efficient reflectors on both sides of the resonator. As a contrapped in a recently proposed Aéw resonator (RAAR).
seguence, the Joule heating associated with a KSFAC bur€dur observed large current density peaks may reflect the high
must be low. Since the E-layer is a conducting reflector, thequality of the resonator for the small wavelength. Our results
magnetic wave field of the upward and downward propagat-about KSFACs may represent the global and temporal occur-
ing Alfvén waves add up, maximising just above the E re-rence of this resonator and its relation to geophysical condi-
gion. This is well in line with the large observed amplitudes tions. Furthermore, its relation to the various FAC regions
at CHAMP's low orbit. It is thus no surprise that the peak could be established. The background field-aligned currents
current densities presented here are higher than anything rdwave to fulfill certain conditions to switch on the resonator.
ported earlier. The electric field of these waves should prac-The amplitude of the resonant wave is determined by the per-
tically vanish at these low heights, in order to keep the lossegormance of the reflectors, not by geophysical conditions. In
low. But as CHAMP does not perform reliable E-field mea- a follow-on study it is planned to perform a quantitative com-
surements, we have no observational support for this vanishparison of the observed wave features with the theoretical
ing. predictions for the different Alfgn wave resonators.

Our results also support the existence of a density cavity
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