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Abstract. A statistical study is presented of the unstable pro-1 Introduction

ton populations, which contain the free energy required to

drive small-scale poloidal mode ULF waves in the magne-Ultra Low Frequency (ULF) waves, with frequencies in the
tosphere, observed at invariant latitudes of 6080°. The = MHZ range, have two major generation mechanisms; those
data are all in the form of lon Distribution Functions (IDFs) €xternal and internal to the Earth’s magnetosphere. Ex-
amassed over6 years using the CAMMICE (MICS) instru-  ternally generated waves are characterised by having small
ment on the Polar spacecraft, and cover proton energies dhagnitude effective azimuthal wave numbersi.e. they
1keV to 328keV. The free energy contained in the unsta-have a large scale size in the azimuthal direction) and az-
ble, positive gradient regions of the IDFs is available to driveimuthally polarised magnetic field oscillations. These are
resonant wave growth. The results show that positive gradithe result of mechanisms such as magnetopause Kelvin-
ent regions in IDFs on magnetic field lines corresponding toHelmholtz instabilities, impulsive solar wind pressure in-
the lower invariant latitudes in the range under study occurcreases or solar wind buffeting. Conversely, internally gen-
predominantly in the afternoon sector at proton energies ofrated waves are characterised by their small azimuthal scale
5keV to 20keV. In the morning and dawn sectors positive Size and highn values and have radially polarised magnetic
gradient regions are seen with a typica| proton energy rangéiekj oscillations. It is now Wlde|y accepted that these ULF
of 5keV to 45 keV. While the proton energy peaks in the af- waves are generated by wave-particle interactions between
ternoon sector at around7 keV the morning sector has two unstable ion distribution functions in the ring current and
peaks occurring at 10 keV anc~20-30 keV. The technique standing wave modes along closed geomagnetic field lines.
of Baddeley et al. (2004), employed to quantify the free en- The drift and bounce motions of energetic particles, which
ergy in each IDF, found that as invariant latitude increasedconstitute part of the global ring current, may lead to small
the free energy contained in the positive gradient regions fell fluctuations in the electric and magnetic fields in the magne-
Positive gradient regions in the afternoon sector decrease ifPSphere and ionosphere if there is excess energy available
number with invariant latitude at a faster rate than those into the wave. It has been suggested (e.g. Southwood, 1976;
the morning sector. The majority of positive gradient regionsHughes et al., 1978) that there is free energy available to be
had free energy values (}flOlOJ with many at the lowest fed into waves when westward drifting ions have ion distri-
invariant latitudes having free energies of in excess 6t10  bution functions (IDFs) containing a positive gradient region,
Positive gradient regions at proton energies-aD0keV are  i.€.:

rarely observed, and have free energies of typicalhg® J, df af dL of

which is too small to produce high ULF waves of signifi-  gw _ aw ' dW oL @)

cant amplitude. where f is the ion distribution functiony is the ion energy
and L is the L-shell. This condition will be satisfied when
there is a positive gradient iy’ /dW, or a negative gradientin
af/oL for westward propagating{<0) waves (Southwood,
1976), or both. Here we are concerned with single-spacecraft
data and only have measurementsagfoW. These non-
Correspondence tavl. E. Wilson Maxwellian (also known as “bump-on-tail”) IDFs are com-
(mew6@ion.le.ac.uk) monly created by natural processes of the magnetosphere
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such as particle injections associated with substorm activgeneration of westward propagating, poloidal mode, high
ity. Subsequent to such an injection the ions are subject tavaves. Originally remarked upon at the 1997 IAGA (Interna-
gradient-curvature anB x B drifts and move westwards, ar- tional Association of Geomagnetism and Aeronomy) meet-
riving at a given magnetic local time at different universal ing (Takahashi, 1998) it was suggested that a study of “the
times due to the energy dependence of magnetospheric driffistribution function of energetic particles associated with
paths. Even under steady state conditions particles followwave events” would be of import and benefit. Baddeley et
energy-dependent drift paths which can lead to the formatioral. (2004) completed a statistical study of magnetospheric
of bump-on-tail distributions (Cowley and Ashour-Abdallah, particle data gathered from the Polar satellite looking at the
1976; Ozeke and Mann, 2001); they may, at some point oroccurrence of “bump-on-tail” ion distributions in the mag-
their path, match the local resonance condition (Southwoodhetosphere ak-shell locations 6-9. Motivated by this, this
etal., 1969), given by paper presents an expansion of that work, employing simi-
lar techniques, but using a significantly larger data set and
extending the range df-shells under investigation.
wherewwave: @drift, @houncedre the angular frequency of the Knowing the location of ion distributions with a “bump-
wave, proton azimuthal drift and proton bounce respectivelyon-tail” feature in the magnetosphere, along with their prop-
andN is an integer representative of the harmonic mode oferties, will allow for limits to be placed upon the type of ULF
the wave. Particles satisfying this condition see a constantvaves that can be expected to be observed in any particu-
wave electric field and if their IDF has a bump-on-tail fea- lar region by various ground based, and space borne, instru-
ture the free energy contained within it is fed to a resonantments. Of chiefimportance are the particle energies involved
wave mode by a process of inverse Landau damping, caudn the resonant wave interactions. For a given wave, of fre-
ing wave growth. Southwood (1976) showed that A0, guencywwave, @and azimuthal wave number, there are mul-
41 resonances should be the dominant modes in the magnéiple solutions, of the resonance equation (Eq. 2), pertaining
tosphere; th&v=0 drift resonance requires a wave to have anto different wave modes. Such solutions show that for higher
odd-mode standing wave structure, while tHe-+1 drift- particle energies a fundamental standing wave mode is more
bounce resonances require an even-mode standing wave. likely in comparison to the lower energies expected in con-
Wave-particle interactions have been implicated as gunction with a second harmonic mode structure.
source mechanism for a number of different categories of A multitude of instruments have been used to charac-
ULF wave observations. These include ground based obterise the ULF waves that are thought to be generated by the
servations of dusk sector storm time Pc5s (e.g. Allan et al.process of inverse Landau damping and particle-wave reso-
1982, 1983) showing compressional wavesmob~—7 to —  nance, primarily located betwednshells 6—9. Geostation-
80, and morning sector Giant Pulsation (Pg) observations orary spacecraft are in this latitude range and have been em-
ground magnetometer arrays (e.g. Chisham and Orr, 1991ployed in studies of highn waves (e.g. Anderson, 1993;
More recently radar observations have revealed a spectrufiakahashi et al., 1987). High (magnetic) latitude ground
of such waves occur very commonly, ranging from storm based radar systems also cover fhshells, such as SABRE
time-like highm Pc4 waves events in the afternoon and noon(the Sweden And British auroral Radar Experiment; Nielsen
sectors (Yeoman and Wright, 2001), to Pg-like events in theet al., 1983; e.g. Yeoman et al., 1992) and CUTLASS (Co-
morning sector (Baddeley et al., 2002). Spacecraft obsereperative UK Twin Located Auroral Sounding System, Mi-
vations have also revealed significant particle-driven wavelan et al., 1997; e.g. Baddeley et al., 2002). Ground based
populations, for example; Anderson (1993) and Anderson etnstruments, at fixed latitudes in this range, for example
al. (1990) found compressional Pc5 waves in the dusk secthe DOPE HF system located near Tromsg (Doppler Pul-
tor in AMPTE/IRM data; Woch et al. (1990) found similar sation Experiment, Wright et al., 1997; e.g. Yeoman et al.,
wave populations at geostationary orbit and Engebretson €2000) and the Tromsg heater (e.g. Baddeley et al., 2002),
al. (1992) investigated a number of radially polarised ULF which produces atrtificially-induced ionospheric irregulari-
wave events in the frequency range 5-15mHz using dataies to provide ionospheric targets for systems such as CUT-
from AMPTE/CCE, GOES 5 and GOES 6. LASS have made observations of ULF waves at many MLTs.
Many different theories (e.g. Southwood et al., 1969; On occasion, satellites in polar orbits (e.g. Polar) have been
Hasegawa, 1969), have addressed the problem of how patsed in conjunction with such ground based instruments
ticle energy is passed to a resonant wave mode, describin(g.g. Wright et al., 2001) to combine direct wave observa-
the conditions required in the ambient plasma of the ring cur-tions with in situ magnetospheric particle data.
rent in which the wave is embedded and the wave symmetry This paper will take a set of magnetospheric ion data and
requirements for wave growth. Although a variety of the- use a statistical analysis to find the prevalence of “bump-on-
ories exist, all have the common element that they identifytail” ion distributions at invariant latitudes in the 680
that the main energy source of high(i.e. |m|>10) pulsa- range over all MLT locations. By including data on ion en-
tions as being magnetospheric ion populations. At presenergies within the positive gradient region of the IDF, along
it is unclear as to which theory is correct in relation to the with the occurrence rates of these distributions at various

Wwave — Mwave®drift = N ®bounce (2)
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locations, conclusions will be drawn as to the category of @ o
resonant wave-particle interactions which can be expected in
different areas of the magnetosphere. As a result this statis-
tical analysis will provide a reference point for ULF wave
observations from ground magnetometers and all the North- )
ern hemisphere SuperDARN radars, with their near global L
coverage at the latitudes under investigation. Also, in addi-
tion to the Tromsg heater experiments described by Badde- -l
ley et al. (2002), HAARP (High-frequency Active Auroral X (GSM)
Research Programme, Rodriguez et al., 1998) and SPEAR

(Space Plasma Exploration by Active Radar, Robinson efFig. 1. Every 30th Polar orbit between 16 May 1996 and 16 May
al., 2006), located at 631and 75.2 magnetic latitude re- 2002 in Geocentric Solar Magnetic (GSM) co-ordinates. Péajel

spectively, can be used to provide more sources of artificiafhows the GSM X-Y plane, and illustrates the magnetic local time

backscatter to observe such ULF wave activity. coverage. Paneé_b) shows _the GSM X-Z plane, an_d illustrates the
extent of the orbit precession towards the magnetic equator over the

six year period.

sk

Y (GSM)

2 Instrumentation

The datab ted for the studv i iled f th particles such as oxygen ions. The full characterisation of in-
€ database created for the study IS compiied Irom e oMz, q particles is achieved by utilising a mixture of energy

?:ldlrecthpal Ié)Fs rec;\)/lrldceg u‘;":‘hg tchﬁ Magzegoiﬂphe”:\:ﬂIonspectroscopy, time-of-flight analysis and electrostatic filter-
omposition Sensor ( ) of the Charge And Mass ag'ing to measure particle energy, mass and charge respectively.

?eltos(;)flerli: lon C(k))mpc()jsic;]on Exlperlmttenltl_t(CAvl\C_l}fI(ICE) parl- In addition, a narrow angle of acceptance allows for the de-
iIcle detector on boar e Polar sateliite (Wilken et als termination of particle pitch angles.

1992). Launched on 24 February 1996 the satellite was
placed into a highly elliptical orbit with an apogee of 9 Earth
radii (Rg), perigee of 1.8 B and an inclination of 86 Such 3  Statistical database

an orbit allowed for measurements of the Earth’s polar re-

gions at both high- and low-altitudes in a single 18 h orbit. The database comprises7700 IDFs from data recorded
The satellite has good coverage of all MLTs over a periodover a 6 year period between May 1996 and April 2002 when
of 6 months, allowing for excellent, and even, data cover-the Polar satellite was located betweefi 88d 80 invariant

age over an extended period of time. Figure 1 illustratedatitude. This region maps to the ionosphere over an area
every 30th Polar orbit between 16 May 1996 and 16 Maywhere many ground based instruments are in operation, such
2002. Figure 1la shows the X-Y Geocentric Solar Magneticas EISCAT and the Tromsg high power radio frequency fa-
(GSM) plane, and illustrates the spacecraft's magnetic locatility, the IMAGE, CANOPUS and other magnetometer net-
time coverage over the six year period from which data wereworks, and SuperDARN. The data were collected using the
analysed. The satellite’s apogee was initially over the north-Total H channel of the particle collectors, it was thus as-
ern polar region and has precessed by approximatélpé8 sumed that IDFs are dominated by protons to such an ex-
year since orbit insertion, leading to an evolution in the al-tent that contributions from other, heavier, ions were negli-
titudes at which both polar regions are being studied. Fig-gible. Firstly time intervals were extracted from the orbital
ure 1b shows the GSM X-Z plane and illustrates the extentdata when Polar’s ionospheric footprint, mapped using the
of the orbit precession, with apogee reaching the magnetidsyganenko (1989) model into the northern hemisphere, was
equator by May 2002. The satellite’s orbit is fixed relative located at individual invariant latitudes,, where each de-

to the sun. In spring it traverses south to north in the day-gree of invariant latitude is defined ag,{0.5°)—(x,+0.5").

time magnetosphere and vice-versa in autumn, this can bAveraging the proton flux for each of the proton energies, as
seen in Fig. 1b where the apogee of the orbit is located inrdetermined by CAMMICE (MICS) energy bins, over time
the negative or positive X co-ordinate for spring and autumnfrom each single passage through a particular invariant lati-
respectively. The satellite has a 6 s period with the spin axidude range created a data set of “invariant latitude averaged”
orthogonal to the plane of the orbit, and allows CAMMICE IDFs. The data were then further binned according to hourly
(MICS) to map out the completerdsteradian distribution MLT; Fig. 2 presents the MLT coverage for a selection of
function. The instrument measures particle energies over @variant latitudes, and an excellent distribution is seen uni-
large range, 1keV to 328keV (reduced from 448keV dueformly across all MLT bins (red bars).

to an instrument fault), utilising energy bins that are spaced To ensure that the rebinned, averaged IDF data had a suffi-
logarithmically. The instrument has a potential mass range otiently high count rate to allow a reliable average to be found,
1 Amu to 55 Amu, allowing it to measure not only the pro- a limit on the minimum number of CAMMICE (MICS) time
tons that are dominant in the magnetosphere, but also heavidxins covered by the spacecraft over any particular invariant
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Fig. 2. Histograms for the number of Polar footprints in each MLT
bin for select invariant latitudes. Red bars indicate the total numberEtcjtal =
of footprints in each bin for the six years of CAMMICE (MICS)
data being studied; green indicates those footprints that remain

that invariant latitude for at least five instrument time bins.
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latitude range was set. The coverage was set to at least 5 bins,
equivalent to~16 min, consistent with the study of Baddeley
etal. (2004). This constraint reduced the viable data included
in the database by 65% and is displayed for the sample in-
variant latitudes in Fig. 2 by the green bars. Polar’s orbital
orientation during its lifetime has resulted in the spacecraft
traversing lower invariant latitudes with greater speed. A
fixed range of invariant latitude also maps to a smaller vol-
ume in the magnetosphere at lower invariant latitudes. Both
of these situations result in the spacecraft spending a shorter
time in each individual invariant latitude bin for the lower
latitudes, reducing the data set, as seen in Fig. 2a. Further-
more, particle distributions characteristic of open field lines
were excluded from this study. This further reduction of vi-
able data primarily removed data at the highest invariant lati-
tudes, where open field lines are most common, and resulted
in several invariant latitude bins being combined so that each
MLT bin held enough invariant latitude averaged IDFs for
reliable statistical calculations. Figure 3 illustrates the avail-
able data after both constraints discussed above have been
applied and the invariant latitude bins have been combined
where required. MLT bins highlighted in green haw¥&0
viable invariant latitude-averaged IDFs, enough for reliable
statistical analysis; MLT bins in grey have50 viable IDFs

and so undergo no further analysis.

The final set of IDFs obtained was scanned for positive
gradient regions. This required that there were 2 or more
consecutive increases in particle flux with respect to increas-
ing proton energies as defined by the 32 CAMMICE (MICS)
energy bins. To prevent the identification of data spikes as
positive gradient regions a criterion was set for the maximum
magnitude of the change if(W)as<21000 f (W )min, Where
f(W) and f(W)min are the distribution function and the
minimum value of the distribution function value for the pos-
itive gradient region of a particular IDF. Each positive gradi-
ent region identified had two attributes related to it recorded,
the position of the positive gradient region in each distribu-
tion function, called the energy location, and the free energy
contained in the region available to a wave. The energy loca-
tions were calculated from

Wav = (Wmin + Wmax /2 (3

whereW,,, is the average proton energy locati®, is the
minimum proton energy an®mayx is the maximum proton
energy in the positive gradient region. The free energy con-
tained within each bump was calculated using the method
described in Baddeley et al. (2004) using

V % X;(0n; — 0nmin)(W; — Wnin) 4)

a\{vhereEtotm is the amount of free energy availablé,is the

volume of the dipole field flux tube the IDF is located in (here
a cross sectional area of ih latitude and 5 in longitude, is
used, as employed in Baddeley et al. (2004; 2005). This is a
typical spatial extent for the wave events generated through

www.ann-geophys.net/24/3027/2006/
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Fig. 3. Histograms showing all viable, observed ion distribution functions in each MLT bin for various invariant latitude ranges. Grey bars
indicate MLT bins where there are less than 50 such IDFs available for statistical analysis. The red bars indicate the number of IDFs in each
MLT bin which were characterised by a positive gradient.

wave particle interactionsy; is the average number density for these particular MLTs (shown by the green bars as previ-
of particles at the average energy of a CAMMICE (MICS) ously mentioned). This results from there being a significant
energy binW;, anddnmin is the number density of particles number of IDFs containing more than one positive gradient
with energyWmin. Figure 4 illustrates a typical IDF with a region.

bump feature; the key values are labelled, and in this case a

total free energy of 2.4310'°J was calculated from Eq. (4)

above as described in Baddeley et al. (2004). A number ofy  giatistical analysis

IDFs recorded contain multiple positive gradient regions, in

these cases each region is considered separately as long I"P'ﬁially,

. o when identifying positive gradient regions in the
they each meet the criteria specified above.

IDF data there was no limit set on the magnitude of the free
lon distribution functions identified as containing positive energy contained in the positive gradient regions in order to
gradient regions are indicated in Fig. 3 by the red bars. At theexamine the full range of free energies available. Figure 5
lowest latitudes, Fig. 3a, positive gradient regions are moreshows the variation of the mean, median and the quartile
populous in the afternoon MLTs, whilst at higher latitudes ranges of all free energies with respect to invariant latitude
the occurrence of such regions form more symmetrical dis-over the 60—80° range, averaging over all proton energies
tributions centred at-12:00 MLT. As latitude increases, the and MLT locations. A consequence of this approach is that
total number of positive gradient regions for all MLTs de- data can be represented for each individual 1 degree invariant
creases, but do so more rapidly the further from noon theylatitude bin as there are enough IDFs per invariant latitude for
occur. In panels a and b of Fig. 3, for MLTs 13:00 and a viable statistical analysis. The number of IDFs used in each
14:00 respectively, the number of positive gradient regionsbin is indicated by the red line, with the scale shown on the
identified are actually greater than the total number of IDFsright hand side. Figure 5 shows that the free energy available

www.ann-geophys.net/24/3027/2006/ Ann. Geophys., 24, 32Q-2006
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an upper level to look at the few highest free energy positive

IDF for 1999/05/17 3 gradient regions, respectively. These free energy thresholds
105 oA 3 are used in the analysis of the MLT variation of the proton
E Longitude = 114.3 3 energy of the positive gradient regions discussed next.
S MLT = 95 ] As with the earlier study by Baddeley et al. (2004) the re-

sults are displayed in a series of “clock plots”. Figures 6, 7
and 8 show the percentage rates of occurrence for IDFs with
positive gradient regions binned by proton energy and MLT,
compared to the total invariant latitude-averaged IDFs in any
particular MLT bin; where Fig. 6 includes all IDFs contain-
ing a free energy of1x10°J; Fig. 7>1x10'°J and Fig. 8
>1x10'J. In each clock plot the radial distance outwards is
the energy location for the protons in the positive gradient re-
W W 10 [ A— gion. The data has been binned according to the CAMMICE
Proton Energy [keV] (MICS) energy bins. The MLT is indicated by the angular
location, with midnight to the bottom, noon to the top, dawn
Fig. 4. An example of an IDF containing a positive gradient re- to the right and dusk to the left. Figures 6, 7 and 8 contain
gion. The number densitiesmin andan; from Eq. (4) are calcu-  six panels, a—f, each one representing data from a group of
lated from the valueg (W)min and f(W);, respectively, wher&/ inyariant latitudes; the greyed out MLT bins in panels d—f are
is the proton energy. All data points located on the positive gradi-aquivalent to those greyed out in Fig. 3 and are the result of
ent, i.e. those betwealiyin andWmax, transpose to the location in - a1 not peing enough IDFs to provide a reliable analysis.
phase space marked as point A. The colour scale is saturated at 24% in order to emphasise
the variations in occurrence at lower percentage values.

f (kmés3)

103

102

10

100

Averoge? of Energy \'r': a Positive Gv"cd\'ent Reg\'or: vs. \ncvm’ont‘ Lo;w’ot:de At the lowest invariant latitudes, F|g 6a, the highest oc-
[ ke ok currence rates, 32%-50%, are located between 13:00 MLT

wesn | 350 and 15:00 MLT reaching a peak at proton energigskeV

@ 4500 to ~8keV. From 15:00 MLT through the dusk sector to

3 0 5 21:00 MLT the focus is still in this proton energy range, al-
£ el ‘§ though occurrences have droppedte30%. At higher pro-

: E ton energies from 12:00 MLT to 21:00 MLT there is a scatter-

S 200 ing of occurrences up to250 keV (here the maximum pro-
2100 ton energy displayed is 100 keV for clarity of the major fea-
- ‘ ‘ ‘ 3 tures) and below 5keV. In the midnight sector, 21:00 MLT

60 65 0 75 80 to 01:00 MLT, the entire range of proton energies are cov-
invertont Lotlluce ered with low occurrence rates, it is relatively unlikely that
a wave particle interaction will be observed in this region

Fig. 5. The variation of mean and median free energy in Joules con- h d to the aft tor. Eor the whol
tained in positive gradient regions with invariant latitude. QuartilesW €n compared fo the afternoon sector. For the whole morn-

are displayed to give an indication of data spread. The number of"9 sector, 01:00 MLT to 13_:00 ML_T’ occurrence rates peak
IDFs used in each bin is indicated by the red line histogram, with@t >~10% around~7keV with a slight occurrence rate in-
the scale shown on the right hand side. crease at 10:00 MLT. Similarly there is a second peak in the
proton energy at-20 keV to 30keV in the morning sector,
but with slightly lower rates of occurrence. Over higher lati-
in positive gradient regions is typically10'°J, also revealed tude ranges, see Figs. 6b—c, this second, higher energy peak
is the decrease of the average energy with increasing invariis not evident.
ant latitude. Over the 20range in invariant latitude the Over the 68-69 invariant latitude range, Fig. 6b, positive
amount of free energy drops by an order of magnitude, andyradients located at10keV are considerably less preva-
there is good agreement between the mean and median, indient, except in the morning sector, 04:00 to 12:00 MLT, here
cating a small skewness in the distribution of energies. Thehey still occur out to~40 keV with the highest rate of oc-
quartiles, representing the spread of the middle 50% of allcurrence at 7 keV. This signifies a general shift in the over-
data, decrease by a factor o6 as latitude increases, tak- all occurrence rate towards the dawn sector over the opera-
ing in to account that the energy scale is logarithmic. Finallytional latitude of the Tromsg high power radar facility used
>75% of the data have 10°J of free energy for all invari-  in many ULF wave studies. Moving round to the location
ant latitudes. This provides three natural free energy limits12:00 to 15:00 MLT, the high proton energy locations fall
to work with; >1x10°J, >1x10'°J and>1x10'J, repre-  away, but there are still significant numbers36% occur-
senting the majority of the data, a typical reference level andence, at~5keV as also seen in Fig. 6a. The dusk sector at
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(0) 60—67 Degrees Invariont Lotitude (b) 68—69 Degrees Invariant Lotitude (¢) 70—71 Degrees Invariant Lotitude
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Positive Gradient Regions Containing 1.0e+09 J Or Greater 14

(d) 72-73 Degrees Invariant Lotitude (e) 74—75 Degrees Invariant Latitude  (f) 76—80 Degrees Invariant Latitude
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Condidote
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Fig. 6. The occurrence of IDF positive gradients containint0® J of free energy resulting from the statistical study of the magnetospheric
particle population data gathered using the CAMMICE (MICS) instrument. The six years of data has been grouped by invariant latitude in
panelg(a) through(f); each panel is binned by MLT, shown by angular location with midnight to the bottom moving anti-clockwise through
dawn, noon and dusk. Proton energy location, binned according to CAMMICE's energy bins is represented by the radial position. Grey MLT
bins indicate regions containing too few IDFs for reliable analysis.

(o) 60-67 Degrees Invariont Lotitude (b) 68-69 Degrees Invoriont Lotitude (c) 70—71 Degrees Invariont Lotitude

Positive Gradient Regions Containing 1.0e+10 J Or Greater 14
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m
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Fig. 7. As Fig. 6 except all panels show the percentage occurrence of IDFs with positive gradient regions contbﬁﬂﬂugof free energy.
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(0) 60—67 Degrees Invariant Latitude  (b) 68—69 Degrees Invariant Latitude (c¢) 70—71 Degrees Invariant Latitude
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Positive Gradient Regions Containing 1.0e+11 J Or Greater 14

(d) 72—73 Degrees Invariant Latitude (e) 74—75 Degrees Invariont Latitude  (f) 76—80 Degrees Invariant Latitude
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Percentage of Occurrences
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¥, 88

Fig. 8. As Fig. 6 except all panels show the percentage occurrence of IDFs with positive gradient regions contEbhinbof free energy.

these invariant latitudes is now sparsely populated by IDFsificant amplitudes (Baddeley et al., 2004). Comparing the
with positive gradients, as is the midnight sector, indicatingpanels in Fig. 7 directly to the corresponding ones in Fig. 6
a reduction in the possibilities of wave generation over thesdhere is only an~5% difference in the positive gradient oc-
MLTs. At higher invariant latitudes of 78-71°, Fig. 6¢c there  currence rate for all MLTs; most IDFs hawel0'°J avail-
is further reduction in positive gradients at higher proton en-able. Figure 8, however, indicates that few extend to ener-
ergy locations including those in the dawn sector. The maingies as high as 6J, with an~90% difference when com-
focus of occurrences is still located ab keV to ~10 keV pared to Fig. 7. The largest calculated free energy value is
between the hours of 08:00 MLT to 14:00 MLT. 7.1x10%2 ). Of all the data recorded75% of positive gradi-
Increasing invariant latitude even further, the results pre-ent regions contain between@ and 181 J of free energy.
sented in Figs. 6d, e and f show a trend of reduced occurrencdnder all three energy thresholds the prevalence of the posi-
rates at high proton energies with the focus remaining on thdive gradient region is on the day side, although itis less clear
morning sector close to noon. The greyed out MLT bins inin Fig. 8a where there is an almost even distribution over all
the midnight sector are the result of there beirfsp original ~ MLTs, but at low occurrence rates. Furthermore, the low
IDFs that could possibly contain positive gradient regions.proton energy peak, seen in panel a of Figs. 6 and 7, in the
It should be noted that at these higher invariant latitudes theénorning sector is not present in Fig. 8a, whilst the high pro-
open-closed magnetic field line boundary (OCFLB) has anton energy peak remains in evidence. This indicates that the
effect on the results. Open field lines can not support IDFshigher proton energy positive gradient regions are those that
with positive gradient regions as they can no longer trap par<ontain the largest amounts of free energy for the morning
ticles in the magnetosphere. The OCFLB is located such thasector.
in the midnight sector it is at lower invariant latitudes than it Figures 7 and 8 show a greater loss of positive gradient re-
is in the midday sector, and this will be discussed later in thisgion occurrences in nightside MLTs compared to those closer
section. to noon as invariant latitude increases. Figure 9 presents
Figure 6 employs a lower limit of £10°J as an energy the OCFLB and was generated, using the same six years of
threshold for identifying positive gradient regions. Only CAMMICE (MICS) data used in creating the IDF database,
~10% of all identified IDFs with positive gradient regions by scanning the data for events where Polar moved from a
have a free energy of less than this, so Fig. 6 is a good repreparticle population indicative of closed field lines to that of
sentation of all the observed positive gradient regions. Fig-open field lines or vice-versa. When Polar moved from be-
ures 7 and 8 present the data in the same format, but with &ng on a closed field line CAMMICE (MICS) registered a re-
progressively higher energy threshold and thus present datduction of proton flux as the open field lines have no trapped
with high enough free energies to drive ULF waves with sig- particle populations. The distribution of the average invariant
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latitude of Polar’s footprint where this occurred has been
binned by MLT. The result is that closed field lines are of-
ten available at invariant latitudes up to almost & noon,
but are rarely present at this latitude for 20:00 through to
04:00 MLT, explaining the lower high-latitude occurrence
rates of IDFs at nightside MLTs depicted in Figs. 6-8.

At lower invariant latitudes, waves generated by wave-
particle interactions might be expected to grow to larger am-
plitudes, and consequently dissipate more energy into the
ionosphere, than those at higher invariant latitudes as the IDF18
positive gradient regions contain larger free energies there.
However, in instances of higher amounts of available energy,
the drift-bounce resonance condition (Eq. 2) is also required
to be satisfied for wave growth to occur, and this depends
critically on the energy location of the positive gradient re-
gion.

Figure 10 presents the variation of the mean, median and
mode of the proton energy,,, location as a function of
invariant latitude. The number of IDFs used in each bin is in- 0/24
dicated by the red line, with the scale shown on the right hand
side. The mode is fairly constant-at keV over the entire in-  Fig. 9. The open-closed magnetic field line boundary in the north-
variant latitude range, so the most common proton energy ag¢rn hemisphere as identified using a statistical analysis of the six
which positive gradient regions occur is largely independentyears of CAMMICE (MICS) data. MLT is defined by angular posi-
of invariant latitude. Over the middle latitudes of the range, tion with midnight at the bottom and moving anti-clockwise through
the median and mean are close to the mode, and the quartilé_’@wln noon and dusk; invariant. latitude is rgdial. The solid qrange
indicate that the distributions are narrow and evenly spread! "¢ IS the mean boundary location over all six years of data with the

. . . . dashed orange line indicating the boundary atstandard deviation
At the lower invariant latitudes the median departs towardsform the mean.
higher proton energies than the mode, as does the mean, but
more dramatically. To maintain the detail in the separation
of the averages in F|g 10 the proton energy Scale haS an Up' Averages of the Proton Energi'es of Positive'Grodient Regi?ns vs. Invariant Latitude

per limit of only 25 keV. This does, however, lead to the up- & 20 e
per quartile values for 60 61° and 80 being absent from [ v | - | o0
the plot. The separation of the mean, median and mode is™** f 300
due to the double peak seen in the proton energy occurrence > '§E a4 | da00 B
that is observed in the morning sector at the lower invariant g 30 5
latitudes. This is further highlighted by the greater quartile s st %%

ranges. The mode of the data reveals that low proton en- e {%%%% E
ergy positive gradient regions dominate in number, however, 3 | Froo
the high proton energy peak 20 keV-30 keV) is significant 2 . —+ 3o

within the population at low latitudes. At least 25% of the ®0 B oot Lotiuge %

data, as illustrated by the quartile ranges, are above 20 keV

for the lowest invariant latitudes. In contrast, for latitudes Fig. 10. The variation of the mean, median and mode of the pro-
66°—76, where the higher energy peak in occurrence rate igon energy location with respect to invariant latitude. Quartiles are
not evident, see Fig. 8, 75% of the data is bele@/keV. At displayed to give an indication of data spread. The number of IDFs
the extreme upper and lower ends of the latitude scale thergsed in each bin is indicated by the red line histogram, with the
is further separation of the mean, median and mode. In thi§cale shown on the right hand side.

instance, however, it is likely due to the low number of IDFs

present, leading to spurious results.

Figure 11 illustrates the mean, median and mode protorior the agreement between the mean, median and mode di-
energy location as a function of MLT. The number of IDFs minishes where the double peak in the occurrence rate is ob-
used in each bin is indicated by the red line, with the scaleserved in the morning sector with the mean extending up to
shown on the right hand side. There is fairly close agreement-10 keV at 05:00 MLT. Furthermore, the spread of data in
between the mean, median and mode at 11:00-17:00 MLTthe dawn sector, shown with quartiles, extends up to much
indicating a single peak in the distribution of the positive higher proton energies when compared to any other times.
gradient regions centred at4-5 keV. Across the dawn sec- This can particularly be seen at 05:00 MLT where at least
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Average of the Proton Energies of Positive Gradient Regions vs. MLT occurrence of IDFs with positive gradient regions with
&l ok ‘ ‘ ‘ ‘ 700 respect to invariant latitude, MLT location and free energy.
¢ en J600 However, there still remains uncertainty in the possible role

3 £ of spatial gradients in IDFs (the right-hand term in Eq. 1)
; 19 Juo 5 since Polar is only a single satellite; this does not, however,
5 7 € detract from the conclusions of this paper.
E : IT 72 Overall the results presented here are in good agreement
s 3 % 4138 Ja00 with the previous study undertaken by Baddeley et al. (2004).
3 % L 310 Figures 5, 6, 7 and 8 show that the free energy available in un-
, ‘ ‘ A1 T . stable IDFs is largely in the 20-131J range. This is con-
0 5 10 15 s % sistent with previous observations of internally driven ULF

waves through inverse Landau damping. Allan and Poulter

Fig. 11. The variation of the mean, median and mode of the proton(1984) reported observations of two particle driven waves; a
energy location with respect to MLT location. Quartiles are dis- PC5 pulsation dissipating10*°J and a Giant Pulsation (Pg)
played to give an indication of data spread. The number of IDFsdissipating~10*1J into the ionosphere, both consistent with
used in each bin is indicated by the red line histogram, with thethe findings here. We will discuss implications for wave gen-
scale shown on the right hand side. eration at various MLTs and invariant latitudes below.

5.1 The variation of the MLT distribution with invariant lat-
25% of the data are above 20 keV compared to, for exam- itude
ple, 18:00 MLT where 25% of the data lie abové keV.
The spread of proton energies for the occurrence of positivel he evolution in the MLT occurrence of bump-on-tail IDFs
gradient regions minimises at 10:00 MLT. with increasing invariant latitude can be seen in Figs. 6, 7
and, to a lesser extent, 8 progressing from panel a to f in
each case. The percentage occurrence of IDFs with positive
5 Discussion gradient regions decreases, from highly populous to rather
sparse as invariant latitude increases over tifer@fge un-
Previously Baddeley et al. (2004) conducted a similar studyder investigation. For the lowest invariant latitudes5g°,
to that presented here. Using data collected over 2.5 yearsee panel a of Figs. 6, 7 and 8) the highest rates of occur-
from both CAMMICE (MICS) and TIMAS instruments on rence cover from 10:00 to 19:00 MLT, typically with pro-
Polar, unstable ion populations between, and including, intons of energies-<10 keV, while in the morning sector there
variant latitudes 67to 70° were analysed. They concluded is a twin peak in the occurrence rate-a8 keV and~20—
that lower energy (10-45 keV) protons are the dominant un-30 keV. Ground based observations of storm time Pc5s, ob-
stable, non-Maxwellian populations over that invariant lati- served in the afternoon sector, have previously been under-
tude range with free energies of typicalyl0'°J. The free  taken (e.g. Allan et al., 1982, 1983) and drift resonance be-
energy associated with higher energy protond@keV)  tween odd mode standing structures and particles of ener-
was found to be, in general, at least an order of magnitudayies~10-70 keV were considered to be the most likely cause
less and typically<10° J. Furthermore, they concluded that of these events. The lowest values of this range are in near
the majority of unstable IDFs occurred in the morning sectoragreement with the findings of this study. Furthermore, sev-
between 05:00 and 12:00 MLT thus making it a fertile ground eral spacecraft studies have also studied wave events in the
for highm ULF wave generation. They also concluded that afternoon sector of the magnetosphere at these invariant lat-
Pgs (see e.g. Chisham and Orr, 1991) are more likely to bé&udes (e.g. Anderson, 1993; Anderson et al., 1990; Lessard
even mode events driven by a drift-bounce resonance interet al., 1999; Woch et al., 1990) and have drawn similar con-
action (V=1 in Eq. 2). clusions on the energy of the driving particle populations.
Particle populations which display unstable, non- Ozeke and Mann (2001) conducted modelling work on the
Maxwellian distribution functions, provide energy for drift path trajectories of magnetospheric protons in a dipole
high m ULF waves through the process of inverse Landaufield; they found that the model accommodated solutions for
damping. Here the analysis of ion populations in the both storm time Pc5s, and radially polarised Pc4 pulsations
magnetospheric ring current is extended to explore thdn the afternoon sector. Applying an odd mode standing wave
expected latitudinal variation of the occurrence of suchsolution (v=0) in Eq. (2) indicated favourable conditions
waves. Using 6 years of particle data gathered from theover a range of.-shells for varyingmnumbers,L~6.5 for
CAMMICE (MICS) particle detector covering invariant m=-30 andL~5.1 for m=—100. The locations il space
latitudes 60-8C° the prevalence of ion populations has are comparable to the low invariant latitudeg5°) loca-
again been scrutinised. Using this larger data set it hagions of bump-on-tail occurrences in this study where the af-
been possible to draw conclusions on the variation in theternoon sector is dominant over the morning sector. Their

Ann. Geophys., 24, 3023084Q 2006 www.ann-geophys.net/24/3027/2006/



M. E. Wilson et al.: A Statistical investigation of the invariant latitude dependence 3037

conclusions for Pc4 waves in the afternoon sector were, howmorning sector. This revealed favourable locations in parti-
ever, more reserved; finding tHespace location to be lim- cle energy and.-shell space W-L space) for highn wave
ited to L~3.2, lower than the invariant latitudes covered in growth to occur. In contrast to the afternoon sector results
this study. discussed above, their model implied the existence of highly
Prior statistical studies on high ULF waves using satel- monochromatic Pc4 waves that were localised to latitudes in
lite data, while agreeing with the conditions in which after- the auroral zoneI(=6-10) as a result of drift-bounce res-
noon sector wave events occur, yield dissimilar conclusionsonance interactions between an even mode standing mode
to this study and some ground based studies (e.g. Yeoman gtave and~10keV protons. This information is in agree-
al., 2000) as to the predominant MLT of the observed wavesment with this study, where above 7ivariant latitude the
They imply that the dusk sector is the more prevalent regiornumber of bump-on-tail features in the ion distributions falls
for the generation of ULF waves. The present study, alongoff rapidly.
with Baddeley et al. (2004) and Yeoman et al. (2000) have Thompson et al. (2001) linked observations of a Pg to
an advantage over the earlier studies due to the substantiah odd mode wave driven by a proton population at 100—
databases of measurements employed and together make180 keV. Using proton fluxes from the geosynchronous Los
strong case for a higher occurrence rate to be likely in theAlamos National Laboratory (LANL) satellite they noted a
morning sector at higher invariant latitudes (see below). fluctuation in the 125-153keV channel with a frequency
As invariant latitude increases the predominant region ofmatching that of their observed odd mode Pg wave. How-
bump-on-tail IDFs is found to move to the noon sector, asever, this is not in itself evidence that protons of these en-
shown in panels b through d in Figs. 6 and 7. This is in ergies were driving the wave and is not in agreement with
keeping with the findings of Baddeley et al. (2004) for the the work presented here. While it may be that a wave in the
invariant latitudes of 67-70°. With this shift it is expected magnetic field was being modulated by this fluctuation of the
that wave generation in the morning sector becomes increagroton flux other options cannot be ruled out without mea-
ingly likely with higher invariant latitudes up te-70°. At surements of the particle distribution function. Baumjohann
higher latitudes it is increasingly likely that the OCFLB will et al. (1987) observed a similar proton flux fluctuation in the
be reached, and so trapped particle populations are less likelxMPTE/IRM satellite whilst investigating a Pc5 wave event,
to be available to allow wave particle interactions of the typeand noted a positive gradient region located between ener-
of interest to this paper except close to noon MLT. This is gies of ~1-30keV. The ultimate conclusion was the possi-
demonstrated in panels e and f for Figs. 6, 7 and 8, as thaility that the odd mode compressional pulsation was driven
occurrence rate drops off rapidly at the higher invariant lati-through a process of drift resonance such as a drift mirror
tudes starting at first in the midnight sector and progressingnode (e.g. Pokhotelov et al., 1986). This study also finds the
through dawn and dusk towards noon. Further agreement i¥hompson et al. (2001) wave event to be unlikely to result
found with the work by Yeoman et al. (2000) which found from a population inversion at such high proton energies, as
a strong pre-noon dominance of higlULF wave activity  all bump-on-tail distribution functions located at such pro-
utilising a HF Doppler sounder (DOPE). They found a to- ton energies do not harbour sufficient free energy to pro-
tal of 41 out of 52 events were observed in morning sectotvide wave growth in Pgs (see Allan and Poulter, 1984). It
MLTs that were uncorrelated with magnetometer observads, therefore, suggested that, like Baumjohann et al. (1987),
tions, with most waves observed between 06:00-10:00 MLT protons of energies-20-30keV, as identified in this study,
in keeping with this study. Chisham and Orr (1991) also pre-are responsible for the Pg wave event seen in Thompson et
viously reported, in a study of 34 Pgs, that occurrence was iral. (2001) and led the modulation of proton fluxes observed
the morning sector between 02:00 and 09:00 MLT, peakingat higher population energies. Thus the mode of the Thomp-
at 03:00-06:00 MLT. The authors found that the events wereson et al. (2001) event may have been misidentified, or al-
limited to L-shells 5.75-7.75, corresponding to the middle ternatively it may have arisen from spatial gradients in the
of the invariant latitude range of this study (668°). These  distribution function, as described in Eq. (1).
observations are in keeping with this study under the assump-
tion that Pgs need-10'1J of energy, supplied by protons 5.2 Free energy variation with invariant latitude
of ~20-30keV, which are seen throughout the morning sec-
tor at the lower latitudes, see Fig. 8a. This supports furtherThe free energy in a positive gradient region of an IDF is also
the modelling work by Ozeke and Mann (2001). Pgs in thefound to vary with invariant latitude. As the observed invari-
morning sector were concluded to be the result of a resonancant latitude increases the free energy decreases by an order of
interaction during a quiet time magnetosphere by Chishanmagnitude over the 20range. At higher invariant latitudes
(1996); allowing the particle populations to drift westwards (>72°) the free energy has dropped significantly, but, at the
round to the morning sector as the< B driftis smallenough  same time, the particle location becomes restricted almost
to leave them trapped. Using these favourable conditionsexclusively to<40 keV. Pg wave generation at high invariant
Ozeke and Mann (2001) calculated the drift path trajectoriedatitudes is much less likely as their large amplitude requires
of magnetospheric protons in a dipole magnetic field in thelarger energies;-10'J, while Pc5 events require less free
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energy to be available to them;10'°J (Allan and Poulter, the lowest invariant latitudes covered by this study in the af-
1984). This indicates Pc5 generation may continue to be seeternoon sector, only-2% of observed IDFs contain10°J
for a wide range of invariant latitudes upte/3° where oc-  at the higher energy locations 6100 keV. Almost all such,
currence rates of the required ion distributions decrease. rare, events are found between 18:00 and 21:00 MLT at the
lowest invariant latitudes. Overall this would suggest that
5.3 Proton energy variation with invariant latitude and Pc4 events from high energy particles are unlikely to be pro-
MLT duced due to positive gradients in the ion distribution func-
tions, but could be related to spatial gradients at these ener-
The proton energy of positive gradient regions is affected bygies.
both invariant latitude and MLT position (see Figs. 10 and
11). As invariant latitude is increased positive gradient re-
gions at>40keV rapidly disappear (see panels a—c of Figs. 66 Summary
and 7 in particular), however, positive gradient regions at
<10keV are dominant more uniformly with invariant lati- This paper has presented a statistical study of magneto-
tude in comparison to other proton energies, as revealed ispheric ring current proton populations using 6 years of IDF
Figs. 6, 7 and 10. Furthermore, the proton energy locatiordata gathered using the CAMMICE (MICS) particle instru-
is seen to vary with MLT to the extent that while the af- ment. The IDF database created was used to determine the
ternoon MLTs lose all positive gradient regions in the IDFs statistically most likely location of positive gradient regions
fairly uniformly over the proton energy rangelOkeV as in-  in the ion distributions with respect to MLT, invariant lati-
variant latitude increases, the morning sector does not. Thisude and the proton energy within the IDFs. Furthermore,
leads to a larger spread in proton energies making it moreausing the method set out in Baddeley et al. (2004), the free
likely that the drift bounce resonance condition (Eq. 2) canenergy contained in such distributions was calculated to as-
be satisfied. This is interesting, as it remains uncertain whatertain those that could provide enough energy to standing
the proton energies of the bump-on-tail features in the driv-mode structures in the magnetosphere to generate observable
ing particle populations are for morning sector ULF waves, high m ULF waves. This study has shown that the most
in part due to there being no clear answer to the harmonidikely candidate unstable, non-Maxwellian populations are
mode of Pgs. However, the higher energy ions proposed artow energy protons €10keV) located between 10:00 and
uncommonly observed in this study, totalling or0% for 19:00 MLT at invariant latitudes<68°. In contrast protons
>10keV. These ions are observed most frequently in the cenef energies~7—40 keV dominate from invariant latitudes of
tre of the range of invariant latitudes observed here, imply-~66° to 7(°, with a focus at~7 keV, at 05:00-12:00 MLT.
ing that thesd.-shells are the most fertile locations for wave The dominant region in the morning sector is consistent with
growth to occur. the results of Baddeley et al. (2004), which looked at all data
Conjugate observations, of high ULF waves in the contained betweeh-shell 6 and 9. Above 7lthe number
morning sector, and ion distribution function data reveal- of bump-on-tail features falls rapidly as the number of closed
ing a positive gradient region are limited to one case studyfield lines able to support trapped particles that make up the
presented in Baddeley et al. (2002), which showed an enstudied IDFs become less commonly available. The invariant
ergy location of~10keV for the positive gradient region. latitude range of the ion populations dominant in the morn-
There is in addition, however, a study where ion data containing sector is conjugate to the HF Doppler sounder (DOPE)
ing a bump-on-tail feature, located a7—10 keV, was seen facility located between 69and 70 geographic latitude.
2 h prior to ionospheric and magnetometer observations of &he bump-on-tail populations observed at these invariant lat-
ULF wave (Wright et al., 2001). In both cases the particle lo- itudes are consistent with the work using DOPE by Yeoman
cation of the bump-on-tail feature is in the low energy range,et al. (2000), in finding that the morning sector is a more fer-
in agreement with this study. tile region for highm ULF wave generation than previously
Engebretson et al. (1992) investigated a number of radiallythought. Furthermore, this study would suggest that Pgs are
polarised ULF wave events in the frequency range 5-15 mH4ikely to be even mode as there are few candidate ion pop-
using AMPTE/CCE, GOES 5 and GOES 6. They concludedulations that support enough free energyl0*%J) to allow
that 21 observed pulsation events, seen on the day side armtld mode generation. In the afternoon sector, around dusk,
primarily in the dusk sector, were Pc4 events driven throughthis study provides evidence to support the work of Allan et
interactions with 100 keV protons. More recently Yeoman al. (1982, 1983); Yeoman and Wright (2001) and Baumjo-
and Wright (2001) observed high Pc4 waves in the af- hann et al. (1987) in identifying storm time, compressional
ternoon sector utilising the CUTLASS radars suggesting thePc5 pulsations as fundamental, odd mode oscillations. These
waves were driven by drift and drift-bounce resonance fromare driven by the ions of 30-60keV at the lower invariant
particle of energy 37-57 keV and 35-41keV respectively.latitudes studied here.
While the energies given by Yeoman and Wright (2001) are While this paper has revealed some important relation-
clearly available, through abundant likely ion populations atships in the particle populations of the magnetosphere there
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are some points which could not be addressed. Firstly, the inthe ionosphere, Ann. Geophys., 23, 567-577, 2005,

lowest invariant latitudes studied in this paper6{°) are http://www.ann-geophys.net/23/567/2005/

clearly an extremely abundant area for data, but due to the oBaumjohann, W., Sckopke, N., LaBelle, J., and Klecker, B.: Plasma
bital constraints of Polar and/or the time resolution of CAM- ~ and Field Observations of a Compressional Pc5 Wave Event, J.
MICE (MICS) much of the possible information was re- ChGiOphysé Beé'_’ 92, 12| 203-12 2&2, 198|7' on for their ra
moved to maintain the statistical integrity of the study. Hay- CMsham. G.. Glant pulsations: An explanation for their rarity

. . s e . and occurrence during geomagnetically quiet times, J. Geophys.
ing a spacecraft that could remain on the magnetic field lines

. . . . . . Res., 101, 24 755-24 763, 1996.
linked to these invariant latitudes for a longer period of t'me'(:hisham, G. and Orr, D.: Statistical studies of giant pulsations

or gather larger quantities of data in a shorttime, would allow  (pgs): Harmonic mode, Planet. Space Sci., 39, 999-1006, 1991.
a more detailed IOOk at these IOWer inVariant Iatitudes. ThiSCOw|ey’ S.W. H. and Ashour.Abda”ahl M.: Adiabatic p|asma con-
would be of benefit also in that many of the other studies vection in a dipole field: Proton forbidden-zone effects for a sim-
looking at particles or wave event occurrence have been fo- ple electric field model, Planet. Space Sci., 24, 821-833, 1976.
cussed solely below 70Secondly, while Polar has provided Engebretson, M. J., Murr, D. L., Erickson, K. N., Strangeway, R.
a wealth of information over its many years of life, it can not ~ J., Klumpar, D. M., Fuselier, S. A., Zanetti, L. J., and Potemra,
tell us many things in relation to the spatial gradient present T-A.: The spatial extent of radial magnetic pulsation events ob-
in the IDFs. For this a multi-spacecraft mission would be served in the dayside near synchronous orbit, J. Geophys. Res.,

. . . 97,13741-13758, 1992.
more suited such as the Cluster mission as flies currently. Hasegawa, A.: Drift mirror instabilities in the magnetosphere, Phys.

_ . Fluids, 12, 2642-2650, 1969.
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