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Abstract. For two events observed by the CLUSTER space-ferred mass density decreases to a minimum 23% lower than
craft, the field line distribution of mass densjtyas inferred  the equatorial value aMLAT |=15.5°, and then steeply in-
from Alfvén wave harmonic frequencies and compared tocreases as one moves along the field line toward the iono-
the electron density, from plasma wave data and the oxy- sphere. For this event we were also able to examine the spa-
gen densityzo4 from the ion composition experiment. In tial dependence of the electron density using measurements
one case, the average ion mags=p/n, was about 5amu of n, from all four CLUSTER spacecraft. Our analysis in-
(28 October 2002), while in the other it was about 3 amu (10dicates that the density varies withat L~5 roughly like
September 2002). Both events occurred when the CLUSTER.—#, and that:, is also locally peaked at the magnetic equa-

1 (C1) spacecraft was in the plasmatrough. Neverthelesgpr, but with a smaller peak. The value of reaches a den-
the electron density, was significantly lower for the first  sity minimum about 6% lower than the equatorial value at
event ¢,=8 cni3) than for the second eveni =22 cnt3), IMLAT |=125°, and then increases steeply at larger values
and this seems to be the main difference leading to a dif-of IMLAT |. This is to our knowledge the first evidence for
ferent value ofM. For the first event (28 October 2002), a local peak in bulk electron density at the magnetic equa-
we were able to measure the Adfiv wave frequencies for tor. Our results show that magnetoseismology can be a useful
eight harmonics with unprecedented precision, so that the ettechnique to determine the field line distribution of the mass
ror in the inferred mass density is probably dominated bydensity for CLUSTER at perigee and that the distribution of
factors other than the uncertainty in frequency (e.g., mag-electron density can also be inferred from measurements by
netic field model and theoretical wave equation). This field multiple spacecraft.

line distribution (atL=4.8) was very flat for magnetic lati-
tude |MLAT |<20° but very steeply increasing with respect
to [MLAT | for |MLAT |Z40°. The total variation ino was
about four orders of magnitude, with values at lafg& AT |
roughly consistent with ionospheric values. For the second
event (10 September 2002), there was a small local maxi-

mum in mass density near the magnetic equator. The in1 Introduction

Keywords. Magnetospheric physics (Magnetospheric con-
figuration and dynamics; MHD waves and instabilities; Plas-
masphere)

The field line dependence of magnetospheric mass density
Correspondence taR. E. Denton will affect the propagation of magnetosonic (fast mode)
BY (rdag@rdenton.fastem.com) waves, the eigenmode structure of Afv waves, and the
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growth and propagation of electromagnetic ion cyclotronthan the uncertainty of the Aln frequencies (e.g., magnetic
(EMIC) waves. The field line dependence of electron den-field model and theoretical wave equation).

sity affects the growth and propagation of magnetospheric The best technique for determining the field line depen-
whistler waves, hiss and chorus. dence of electron density is probably the active sounding

Direct measurement of mass density in the Earth’s magnetechnique ofReinisch et al(2004), but this technique has
tosphere is difficult because it requires particle detectors withso far been useful for detecting the near-equatorial density
mass discrimination capable of measuring particles with lowdistribution only in the plasmasphere, where electron den-
(~eV) energies. Because of this, and also because of the paity is relatively flat Denton et al.2006. Here we develop
tential for remote sensing, toroidal (azimuthally oscillating) a least squares fitting technique for probing the distribution
Alfv én wave frequencies have increasingly been used to desf electron density using plasma wave observations by the
termine magnetospheric mass density both from the groundour CLUSTER spacecraft. For an event on 10 September
(Waters et al.2006 and from spacel¥enton 2006. We 2002, we find (to our knowledge for the first time) an equa-
sometimes refer to this as magnetoseismology. torial peak in bulk electron density at the same time that we

Assuming a power law form for the mass density, a num-find a (larger) equatorial peak in mass density inferred from
ber of authors have used toroidal Aéfiv wave harmonic fre-  Alfv én wave frequencies. In Sect. 2, we describe our method
quencies to infer the field line dependence of mass densityor inferring mass density; in Sect. 3, we describe our least
(see references in Denton, 2006, and Waters et al., 2006xquares fitting method for determining the spatial distribu-
Price et al.(1999 cast the wave equation into finite differ- tion of electron density; in Sect. 4, we describe our results
ence form in order to solve for the mass density at severafor the field line distribution of the mass density on 28 Octo-
locations along a field lineDenton et al(2001, 2004 solved  ber 2002; in Sect. 5, we describe our results for the field line
for the field line dependence of mass density using a polynodistribution of mass and electron density for 10 September
mial expansion in a coordinate related to distance along th&002; in Sect. 6, we compare the densities to other density
field line. These last two studies revealed an equatorial peakneasurements and compare the two events to each other; and
in mass density. Statistical studieBakahashi et gl.2004 in Sect. 7, we end with discussion.

Denton et al.2006 Takahashi and Dentgi2007) have re-

vealed that the tendency for the mass density to peak at the i ,

magnetic equator is greatest for larhe 6 in the afternoon 2 Solving for the mass density

local time sector, especially during geomagnetically active
times. We defind. to be the maximum radius to any point
on the field line (based on the TS05 modEsyganenko and
Sitnoyv, 2009) divided by Rg. In dipole coordinates, this is
the ordinaryL shell.

For this paper we return to an event study. Although the
statistical studies of toroidal Alen frequencies have the
greatest potential for revealing the typical field line depen- 10990 = co + cot? 4 c4t? + 8+ ..., Q)
dence and give some indication of the range of variability, it
is not clear exactly how much of the variability in possible
solutions is due to actual variation in the field line depen-
dence at different times and how much is related to the un = [ —— 2)
certainty of the frequencies measured for individual events Va
(Takahashi and Dento2007). (Takahashi and Denton ar- whereds is the differential length along the field line abg
gued that both of these contribute to the range of possibles the Alfvén speed. The integral in EQ)(s calculated from
solutions.) For instance, we can conclude from Takahashthe magnetic equator (position of minimuBg) to any posi-
and Denton'’s results that fdr>6 in the afternoon local time  tion along the field line. The coordinates the most natural
sector, there is on average a peak in mass density at the maghoice for evaluating the mass density, since in the WKB ap-
netic equator, but we are not sure how much variability thereproximation, the nodes of an Alén wave are evenly spaced
is in the statistical distribution, that is, to what extent the dis- with respect to this coordinate. Note that we only use even
tribution can be more or less peaked. For this reason, itis stilpowers, assuming that the distribution@fymmetric about
of interest to look at individual events, particularly if the fre- the magnetic equator. This assumption has been functionally
quencies can be measured with great accuracy. In this studyequired because the solutions are not well constrained if we
we use toroidal Alfén frequencies observed by the CLUS- allow the distribution to be asymmetric about the magnetic
TER spacecraft on 28 October 2002 in order to find what isequator (see discussion Benton et al.2004); however, in
probably the most precise field line distribution of mass den-this paper, we present evidence that the field line distribution
sity determined to date, one for which the errors in the in-of n, is symmetric about the magnetic equator, at least for
ferred mass density are probably dominated by factors othethe 10 September 2002 event.

Our method for solving for the mass densityis described

by Denton et al.(2004. In brief, we solve the Alfén
wave equationginger et al.1981) with perfectly conducting
ionospheric boundaries using the TS05 magnetic field model
(Tsyganenko and Sitng2005 and the following form for

the base 10 logarithm of the mass dengity

with up to seven terms (up t@,719). The Alfvén crossing
time coordinater is

ds

Ann. Geophys., 27, 70524, 2009 www.ann-geophys.net/27/705/2009/



R. E. Denton et al.: Field line distribution of density 707

Because the coordinateis itself a function of the field 1
line distribution forp that we are seeking, we need to assume
a field line dependence far for the purpose of defining. ol +0.30E?
Here, we use a power law field line distribution,
Z (Ry) -0.01 g
o _1 |
P = pP0 <%) s (3 +0.01 5
oL ]
whereR is the geocentric radius, alldR ¢ is the largest value /0261
of R at any point on the field line (normally the magnetic ]
equator); at the location corresponding to this largest value of -3 ]
R, the mass density jg. The power law coefficient is found
from the slope of the observed frequencies as described by g e L
Denton and GallaghdR000. Please note carefully that the 0 1 2 3 4 5
power law form here is used only to define the coordinate X (R.)
7 used by our method. The resulting field line distribution
using Eq. 1) is not restricted to the form of Eq3). Fig. 1. CLUSTER spacecraft (where C1, C2, C3, and C4

To find the coefficients; yielding theoretical frequencies are black, red, green, and blue, respectively) in a meridian with

fin—n best matching the observed frequenci@gs ., we X=R cogMLAT) and Z=R sin(MLAT ). The dotted tracks show
the spacecraft orbits from 11:40 UT to 12:07 UT on 10 September

minimize 2002, and the position of the spacecraft at 12:07 UT is indicated by
the squares. The displacement in the out of plane (azimuthal) direc-
1 Nireq Firen 2 tion at 12:07 UT is indicated by the numerals next to the squares.
o= < - ) , (4)
Nfreq n—1 Jobs—n

wheren is the harmonic number (number of antinodes be-3  Method for detecting the distribution of electron den-
tween the ionospheric boundaries for the electric field or ve- gty using multiple spacecraft

locity perturbation) an@Vgeq is the number of harmonics ob-
served. We first do a grid search over a range of values fo'i:o
the coefficients;, and then use a root finding or minimiza-
tion routine to zero in on the solutioPfess et al.1997).

r the 10 September 2002 event, we have electron density
measurements from all four spacecraft, so it should be possi-
ble in principle to infer the distribution of density. We started

Alternately we may solve for the density using out using calculations of the density gradieBafrouzet et
al., 2006. However, tests revealed that the gradients were not
l0gigp = Co + Coz? 4 Caz + Ce® + ..., (5) accurate. In particular, if we created simulated density mea-

surements having a dependenéeRz/R)* (5/L)P, wherea
wherez=+/1-R/(LRE), whereR is the geocentric radius, is a power law coefficient for the parallel dependence @q.
and L Rg is defined as the maximum distance to any pointandg is a power law coefficient for thé shell dependence,
along the field line. In dipole coordinatesg, is the usual then we inferred the coefficients from the gradient based on
L shell, and z is the sine of the dipole coordinate latitudesimulated data, the inferred coefficients varied greatly from
MLAT. (It was not possible to use the coordinateused  the coefficients of the simulated data. For instance, wit
by Takahashi and Dentof2007) because the usefulness of and =4 for the simulated data, we inferred from the den-
that coordinate requires that the mass density not have aity gradienta=2-4 (depending on exactly how we define
large variation along the field line, and we found that therethe coefficient) angg=8 at L=5 with the effectives vary-
was a large variation, especially for the event observed oring greatly with respect td.. We conclude based on this test
28 October 2002.) For the solution of the wave equation,that the gradient calculated from the four spacecraft does not
we assume a perfectly conducting boundary at a height oficcurately represent the actual gradient at the center of mass
300km (120km) for the 28 October 2002 (10 Septemberof the four spacecraft. The gradient method would work if
2002) event. (There is no good reason for using different valthe gradient were constant over the region of space occu-
ues, but the difference in results is so small that it's not worthpied by the four spacecraft, but that was not the case for our
redoing the calculations to make these values the same. Fafata, and the spatial arrangement of the spacecraft was not at
the 28 October 2002 event, using the 300 km height leadsill tetrahedral, accentuating the problem. See Eigvhich
to values ofp that are 0.9% higher at the magnetic equator,shows the orientation of the CLUSTER spacecraft; note that
and 14% higher at a height of 300 km. See the discussion byhe separation of C1 (black) and C3 (green) at 12:07 UT is
Denton 2006) 2.7Rg and C1, C2 (red), and C4 (blue) are nearly in a line.

www.ann-geophys.net/27/705/2009/ Ann. Geophys., 27, 752009



708 R. E. Denton et al.: Field line distribution of density

We then developed the following least squares fitting for the 10 September 2002 event peaked at this slightly offset
method to examine the distribution of electron density for value.
the 10 September 2002 event. If several CLUSTER space- Alternately, we may use a more general polynomial ex-
craft pass through a region and we are able to determine thpansion,
local electron densityt, along the trajectories (this method
could be used with any number of spacecraft, but several ard (e ) = ar.o+ar.1Ld +ar 2L§ + ar 3L3, (12)
needed to constrain the possible solutions), we are able to de-
termine the spatial and temporal distributiormgfunder the
key assumptions of separability and smoothness. We assu
that we can separate the dependence.dhto a product of
terms

where in most cases we drop the last (cubic) term. Keep in
ind that thez terms are constants that multiply field values
n{g.g.,Ld). With Eq. (12), ne . is

Nep = eXD(aL,o +apald+ap L3+ aL,3L3) . (13)
nemod = (ner) (ne) (nemer) (neut) . (6) .
For the parallel dependence (along the field lines), we use
wherene 1, is a function only ofL, ne miT IS a function only  either
of MLT, ne | is a function only of a parallel coordinate (ide-
ally orthogonal tol. and MLT), andneur is a function only N (ne ) = aj.1In (La/R), (14)
of the time in hours. In addition, we assume that these sep-
arated dependencies are relatively smooth (first few deriva®’
tives continuous) so that we can describe them in terms of g,
superposition of a few simple functions (like polynomials).
. . . /5 /6

The problem becomes easier to solve numerically if we +a) 52 +ajez (15)

take the (natural) logarithm of Ecg)

/ 2 /3 /4
(ﬂe,u):aH,lZ + a2z +a)3z +a)42

where only a limited number of these terms is typically kept.
In (nemod) = IN (ne L) 4+ In (ne) Equation (4) yields ne j= (L4/R)“%1, which is the power
law form (3) for n, (rather tharp) with «=q 1. For a dipole
In In . 7 € ’
+In (remir) +1n (neu) (7) field, (Ly/R)“1=1/co(MLAT), a function of MLAT;
Now suppose that we can write the individual logarithmic MLAT is not an orthogonal coordinate tbs, and neither
dependencies in terms of a sum of terms depending on this MLAT’. (This is not a terrible problem, but it should be

coordinate. For instance, for tiedependence, we may use kept in mind thatZ, and MLAT" are not entirely indepen-
dent.) Equation5) is a polynomial expansion in terms of

In(ner) =ar,0+ar,1 IN(5/Ly), (8  Z,where
whereLy is the L value based on a dipole field, that is, 7/ = sin(MLAT’) (16)
= L (9) only on theL,=5 magnetic field line. At other field lines;,
cos(MLAT /) is really a function of the parallel dipole coordinate
whereRr is the geocentric radius, MLATdefined in Eq11) sin (MLAT’)
has values very close to those of the magnetic latitude MLAT 1 = ———5—— a7)
and the number “5” in Eq8) is an arbitrary choice. Wittgj,
ne is exp(In (ne)), or that is orthogonal td.,. Our procedure is to map to z’ on
. the L,=5 magnetic field line (through a lookup table). At
5 L1 . .
Nef = exp(aL 0) 2 (10) o/ther values ofL;, we use the same /mappmg to determine
Ly z' from the localy value. AtL;#5, 7/(u) is not equal to

the local value of sitMLAT’), because. depends on both
MLAT’ andL,;. Since the dipole coordinafe is orthogo-
nal to L, (surfaces of constant are orthogonal to surfaces
MLAT’ = MLAT — MLAT . (11) of constantL,), z’(u) is also orthogonal td;. (Usingz’
rather than sifMLAT ') leads to a small but not crucial im-
Using the TS05 magnetic field model to map the positionprovement in the agreement between the model and observed
of the CLUSTER spacecraft to the position of maximum densities. That is, one could satisfactorily use(MrIlAT’)
geocentric radius, we find that this position is offset from instead of;’ if he didn’t want to go to the trouble of convert-
MLAT=0 by MLAT (1.63 for the 10 September 2002 ingtoz'.)
event), and we judge MLAT=MLA{ to be a better descrip- We also can add terms proportional to MEMLT —MLT ¢
tion of the location of the magnetic equator. Note that theand to UT=UT—UTg, where MLTp is the average MLT
measured values af observed by the CLUSTER spacecraft value sampled by the spacecraft andgli§ the average time

showing that this is a power law dependence in termsof
The adjusted magnetic latitude MLAB

Ann. Geophys., 27, 70524, 2009 www.ann-geophys.net/27/705/2009/
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Cluster—1 YEARDAY = 02301 OCT 28, 2002

01:30 01:40 01:50 02:00 02:10 02:20 02:30 02:40 02:50 03:00 03:10 03:20 03:30 _

Frequency (mHz)
¥3Imod *o01

01:30 01:40 01:50 02:00 02:10 0220 02:30 02:40 02:50 03:00 03:10 03:20 03:30

Ut 01:30 01:40 01:50 02:00 02:10 02:20 02:30 02:40 0250 03:00 03:10 03:20 03:30
R 5.16 5.06 4.97 4.90 4.83 4.78 4.75 4.72 4.72 4.72 4.74 4.78 4.83
MLAT-36.63 -32.12 -2741 -2253 -1749 -1231 -7.03  -1.67 3.74 9.17 1457 1992 2518

MLT 0837 0836 0836 0836 0837 0838 0840 0841 0844 0846 0849 08:52 08:56
L 8.0 7.1 6.3 57 53 5.0 4.8 4.7 4.7 4.8 5.1 5.4 59

Fig. 2. Fourier spectrogram of differenced magnetic field data in field aligned coordinates for (bottom) parallel or compressional component

(%), (middle) azimuthal or toroidal componert & R xZ), and (top) radial or poloidal componetit & $x2). In the second panel, magenta
numerals indicate the harmonic number wital for the fundamentak=2 for the second harmonic, etc.

of the event. In a number of cases, we use a term proportionakhere the index represents one of the termg, k) used in

to the model (one of the terms listed in Tadlep The coeffi-
Y , , cientsa (k) are determined to minimize the averaged squared
MLT" = MLT" — UT". (18) difference between the observed valuegylt;j)), and the

This combination takes into account corotation (for constant?10del \_/alues, Irﬁne’mo".(i )- S!ncg the model values come
MLT”, MLT' and UT increase together) and leads to a bet- roma linear superposition, this (Ilnegr algebra) problem has
ter match between the observations and the model than dods!N'd4€ answer, and the standard difference
MLT alone if explicit UT dependence is not modeled.

A full list of the possible terms used in the method appearsy = (Z (In (nemod(j)) — In (ne(j)))2> /Nj (20)
in the middle range (between the second and third horizontal j

Iir_1es) of th(_a first column of Tabliie. (The specific fits wiI_I be  anbe determined, whed; is the number of values (num-
discussed in SecB.) In schematic form, we have a string of o, of gpservations). Since the standard differende that
observations ok, n.(j), where; is a single subscript rep- ¢ he natural logarithm of the density, in order to get a mea-
resentlng_the variation in time an'd spacecraft, and we wang e of the agreement of the observed and model densities,
to approximate the values of {ne(/)) by we take exfx). The resulting value gives a multiplicative

. . error; the model values are likely to be in the range of the
n (ne’mOd(J)) - Xk:a(k) 10, (19) observation multiplied or dividedyby exp). If exp(?() is

www.ann-geophys.net/27/705/2009/ Ann. Geophys., 27, 752009
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Table 1. Fit coefficients for Irin.) for 10 Septtember 2002 event.

Fit
Term 1 2 3 4 5 6
1 2.90 0.85 13.1 101 9.99 10.0
In(5/Ly) 4.21 — - - - -
Ly - -196 -378 -206 -205 —2.06
L2 - 0120 0.453 0.127 0129  0.129
L§ - —  —0.0200 - - -
IN(L,/R) 1.81 - - ; - -
7 - - - 0.143 -  0.0311
72 ~ 338 -208 -272 -273 —268
3 - - - 0.706 — -0.137
74 - 313 9.37 324 298 29.6
/8 - - 83.8 - - -
MLT”=MLT'—UT’ (h) —0.0114 -0.114 —0.118 —0.0931 - -
MLT/=MLT —113 (h) - - - - 0124 0.106
UT'=UT—121 (h) - - - - 0114 0.110
X 0.0845 0.0504  0.0490  0.0451 0.0431 0.0430
expx) 1.088  1.052 1.050 1.046 1.044  1.044

close to unity, then exy ) —1 is the fractional error. Botl field and bands of wave power are clearly evident at around
and exp(x) are listed at the bottom of Table 02:40-02:45 UT for the second harmonic=2 at 27 mHz
marked by the magenta label “2”) and 4th harmomnie-4 at
55mHz). The spacecraft crossed the SM magnetic equator
4 Field line distribution of mass density for the 28 Oc-  at 02:43 UT, which is about the time with the clearest Aliv

tober 2002 event wave bands. At earlier and later times (02:00 and 03:05 UT),
wave power can be seen at the fundamental frequenef (
4.1 Alfvén wave frequencies for 28 October 2002 at 11 mHz). Weaker but still evident at 02:43 UT are other

wave bands such as the 3rd harmonic (41 mHz), 5th har-
Survey plots of power spectra of 4 s resolution magnetic fieldmonic (67 mHz), 6th harmonic (80 mHz), and even the 8th
data from the CLUSTER Flux Gate Magnetometer (FGM) harmonic (103 mHz). The harmonic indexs the number
(Balogh et al. 200) were scanned to look for toroidal of anti-nodes in the electric field or velocity perturbation be-
Alfv én wave events. Clear events with dominant toroidal (aztween the ionospheric boundaries. Modes with odd harmonic
imuthal) polarization and with harmonics were not common, number:, the fundamental, 3rd harmonic, 5th harmonic, etc.
but there were a few. A Fourier spectrogram for one of thesehave a node (antinode) in the wave magnetic field (electric
events observed by CLUSTER spacecraft 1 (C1) on 28 Ocfield) at the magnetic equator, while modes with exethe
tober 2001, is shown in Fi@. 2nd harmonic, 4th harmonic, etc. have an antinode (node) in

In order to detect toroidal Alfén frequencies with suf- the wave magnetic field (electric fieldpénton et al.2004).

ficient accuracy, it is necessary to take a Fourier transformBecause of this, the 2nd harmonic and 4th harmonic are the
over a sufficiently long time at nearly constdnshell. Fora  strongest modes seen near the magnetic equator.
spacecraft like CRRES, the best opportunity for determina-
tions of mass density based on Adfvfrequenciesis at space-  In order to measure the frequencies of the harmonics, we
craft apogeeenton et al.2004). For the CLUSTER space- use a semiautomated procedure. Figdislhows a grayscale
craft, the orbit apogee is at geocentric radRis20Rg (Es- plot of the power spectrum of the azimuthal component of
coubet et a].2001). At this distance, magnetic field models the magnetic field near the magnetic equator (middle panel
are not reliable. Probably the best location for magnetoseisef Fig. 2). Here the darker shades correspond to higher wave
mology using CLUSTER data is at spacecraft perigee withpower. The power spectrum was calculated from 4 s resolu-
R~4-5Rg. On 28 October 2001, perigee occurred at abouttion data using 20 min windows with a Welch windoRréss
02:50 UT, at which time the C1 spacecraft was°3@drth of et al, 1997 and a moderate amount of frequency whitening
the SM magnetic equator at magnetic local time MLT=8.7 (wave power at higher frequencies enhanced by multiplying
(dawn). The middle panel of Fi@ shows the power spec- by the frequency). Using an interactive program, we select
trum of the toroidal (azimuthal) component of the magnetic wave bands by using mouse clicks (red diamonds in )ig.

Ann. Geophys., 27, 70524, 2009 www.ann-geophys.net/27/705/2009/
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120
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£ (mHz)
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40
20

2.2 2.4 2.6 2.8 3.0

Fig. 3. Plot of power spectrum of the azimuthal component of the Fig. 4. Like Fig. 3, but using the power spectrum of the radial
magnetic field with red diamonds at the position of mouse clicks andcomponent of the electric field.
red lines showing the computer generated fits to the wave bands.

values is 0.015, 0.023, and 0.038. These values are larger
Then the program finds the best linear fit to the power specthan the uncertainties listed in Tak?e However, they are
trum in the vicinity of the mouse clicks (red lines in Fi). smaller than the uncertainties that would result from the fre-
This is done by Computing the integrated wave power (in-quency resolution of the 20 min time window used for the
tegrated with respect to time and frequency) around the fiffourier analysis (0.8 mHz). If the uncertainty of each har-
weighting the power at each frequency in the power spectruninonic frequency is assumed to be the same valifie the
by a Gaussian in the difference between the wave frequencyncertainty of(f,/f2), A(f/f2) would be
and the fit frequency with a Gaussian width of 5 mHz.
. L . 2 2
Figure4 is like Fig. 3, except for the power spectrum of (ﬁ) _ (ﬁ) \/(A_f> + (A_f>
the radial component of the electric field from the Electric- f2 f2 Jn f2
Field and Wave experiment (EFW) on Cluster spacecraft 1 5
(Gustafsson et gl1997. The resolution of the data is the — (A_f> + <ﬁ) ) (21)
same as for the FGM instrument, and the power spectrum 12 f:
is_ ca_IcuIated exactly the same way. In the case of the eIec\—Nith Af=0.8 mHz, of  Af/f>=0031 (using
tric field, the strongest waves are observed for the funda- —26.63mHz), Eq. 21) yields A(f,/f2)=0.057, 0.071,
me_ntal anq 3rd harmo.nlc. (because these h.armomcs have 4j 4 ¢ 0g4 forn=3-5, which is larger than the difference
a_mt_l-nod_e m_the electric field at t_he_ magnetic equator). Thebetween(fn/fz)g and (f,/f2)¢ (0.015, 0.023, and 0.038).
fit I|_nes in Figs.3 and_4 have a similar slope, a_md We nor- ¢ o toke AFf/f>=0.014, We getA( f,/f2)=0.026, 0.032,
malized the frequencies to the second harmonic frequency t nd 0.038 fom=3-5, all of which are at least as great as

reduce the effect of changing frequency. These normalize £u/f
. ) : ) W/ f2)8—(fa/f2)E (0.015, 0.023, and 0.038). The uncer-
frequency rgtlo$fn/f2) are listed in Tabl@ as a function of tainties in Table for ( £, /f») are found using f/ f,=0.014,
the harmonic number (=1 for the fundamental) for the mag- ; o
i field dat d electric field dat using Eq. 21), but the values ofA(f,/f2) for n=3-5 have
m:] Ic Ieh ata(fu/f2)p) an feec(;u; € ha df’.'/fZ)E)’f hebeen reduced by a factor of/ #/2 to account for the fact
where the uncertainties are found from the variation of the, .+ v <o values come from two measuremeqits/(2) s

frequency ratiq f,, /f2) from the fit curves over the common ; :
frequency range that was fit for bofh and f». cznd (fx/f2)E). The unnormalized frequencies are labelled

" w—input (MHZ) in the next to last column of TabZ These

In the past, we have found the uncertainties of observedyye found by multiplying £, /f2) by f>=26.63 mHz.
frequencies by finding the width of the frequency peaks
(Denton et al. 2001, 2004 2006 Takahashi et al.2004. 4.2 Inferred mass density for 28 October 2002
However, this method probably overestimates the error be-
cause the error in the mean of a distribution is less than thé&iven the frequencies of the toroidal Aéa harmonics in
width of the distribution Takahashi and Dentp2007). Un- Table2, we can solve for the mass density distribution along
fortunately, our method of estimating the error listed in Ta- the field line. Besides solving for the field line distribution of
ble 2 (error from range of variation in the values ¢f/f> mass density consistent with the peak frequencies, we also
from the linear fits) yields uncertainties that are too low. do a Monte Carlo simulation for the mass density solution
We can see this by comparing the values(gf/f2)p and using Gaussian distributions of harmonic frequencies with
(fn/f2)E. For modesi=3, 4, and 5, the difference in these mean and standard deviation equal to the mean values and
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Table 2. Frequencies of toroidal harmonics for 28 October 2002 event.

R. E. Denton et al.: Field line distribution of density

n (fn/f2)B (fn/f2E (fn/f2) Sn—input (MHZ) £, _solution (MHZ)
1 0.410:0.003 0.416:0.015 10.920.40 10.95-0.42

2 1 1 1 26.63 26.63

3 1.549:0.013 1.564-0.019 1.556:0.018 41.44-0.48 41.32:0.32

4 2.038:0.005 2.06%0.006 2.056:0.022 54.59-0.59 54.63%0.37

5 2.4910.007 2.522-0.009 2.518-0.027 66.84-0.72 67.03:0.54

6 2.999:0.001 2.999-0.044 79.86:1.2 79.23:-0.84

7 3.388:0.012 3.3880.049 90.22Z1.3 90.66:0.95

8 3.883:0.010 3.883:0.056 103.415 103.3:1.3

107 — T for all combinations of the frequencies we tried. We only
106 (b) 3 consider solutions valid if the theoretical frequencies found
105E E by the code are within the uncertainties of the original mea-
104 g g surements from the input frequencies (which may include the
[arm:j 1036 E random variation discussed immediately above). In fact, only
om wozi 1 51 out of 209 frequency combinations attempted resulted in
101F —_— 3 a valid solution. (We keep trying random combinations until
41 A we get 51 solutions.) The actual mean and standard devia-
3 4 tion of the frequencies of the harmonics used in the Monte
v - . Carlo simulation (those frequency combinations yielding a
4 24 T valid solution) are listed ag;,_solution in Table 2. As can
I ) be seen from Tabl@, these values are within the range of
1 B 1 frequencies listed folf,, _input, but have a somewhat smaller
0 standard deviation.
1 I i The resulting solutions for mass density are displayed in
T - . the top panels of Figs. The bold curve is the mass den-
ok T sity based on the peak frequencies. There are three thin solid
- . curves plotted in Figha and b. At every value of MLAT,
i i the middle thin curve shows the mean value from the Monte
T 1 Carlo simulation of random combinations of harmonic fre-

quencies, while the upper and lower curves show the mean
plus or minus one standard deviation. However, these four
curves are so close together that it is difficult to see the vari-
ation. (Fig.5c—f are discussed in Se@t3))

In order to better show the variation in the solutions, we
show in Fig.6a the values of mass density from the Monte
Carlo simulation divided by the solution for mass density us-
ing the peak frequencies (thick curves in Fig.and b). Asin
our earlier solutions for the field line density pf{Denton et
al., 2001, 2004 2006 Takahashi et 812004 Takahashi and
uncertainties listed foff,, _input in Table2. In other words,  Denton 2007, the greatest variation in the solutions occurs
we pick a random set of combinations of harmonic frequen-at high latitude. However, the solutions here are staggeringly
cies such that the distribution of the frequencies of each harmore precise than those from our earlier studies. We have a
monic is consistent with the mean and uncertainty,ofi,put variation in the solutions of about a factor of 2 (Fg).with
for the harmonic numbet. In order to determine the range a variation ofp with respect to MLAT of more than four or-
of mass density distributions consistent with the frequencyders of magnitude (Figha and b). There are two reasons
uncertainties, we solve for the mass density using 51 comfor the improvement. First of all, the relative uncertainty of
binations of random frequencies. However, when using allthe frequencies is about a factor of six smaller than in the
eight frequencies as input to our mass density inversion codestudy ofDenton et al(2004). The relative uncertainties are
and using the field line distribution (EG) with 5 polyno-  lower partly because of our better method for finding the fre-
mial terms ¢g to cg), our code did not converge on a solution quencies (Figs3 and4), but the main reason is that we were

500 )
MLAT (°) R(R,)

Fig. 5. (Top) Mass density, (middle) Alfvén speed/4, normal-
ized to unity at the magnetic equator (MLAT=0), and (bottom) the
Alfv én crossing time coordinateversus MLAT (left) and geocen-
tric radius R (right) based on solutions fqgs found from Alfvén
wave frequencies observed on 28 October 2002.
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able to use a comparable time window for the Fourier analy- 2 L R B
sis (20 min versus 30 min used Benton et al.2004) while @) J
the frequencies were about a factor of 10 higher (because of - 1
the lowerL=4.8 shell sampled at the perigee of CLUSTER | \/WJ
compared td.~7 sampled by CRRES). p

While T may be in some sense the ideal coordinate (see
Sect. 2), it is difficult to interpret the meaning of particular
polynomial coefficients. For this reason, we have also solved
for the field line distribution using a 5 polynomial fit far
with respect to the coordinate. Figuréb shows that this so-
lution also lies within the range of solutions from the Monte
Carlo simulation using the coordinate. This polynomial
function is

log;pp = 1.57 + 0.35:2 4 0.8%* + 3.95:° + 4.12:8, (22)

for p expressed in amu/ch

MLAT (%)

5 Mass and electron density distributions inferred for Fig. 6. (a)The (log average) mean mass dengitfmiddle curve)
10 September 2002 and the meam plus or minus one standard deviation (upper and
lower curves) at each value of MLAT based on the solutiong of
5.1 Alfvén wave frequencies and inferred mass density from the Monte Carlo simulation using a 5 polynomial fit with re-
for 10 September 2002 spect totr and using the eight Alfén wave frequencies observed
on 28 October 2002. Here the valueseoéire divided by the mass
For our second event, observed at around 12:07 UT on 1@ensity found using the peak frequencies in order to better show the
September 2002, the Alén wave data is not as complete or difference between thg s_olutior(ia) Same curves fop plus or mi- _
accurate, but this event is interesting because we have bett84!S one standard deviation (upper and lower curves). The middle
data forn, andno and because this event has a somewhalsc_’"oI (dotted) curve 1s the _SOII.Jt'On using the peak freque_nmgs but
different field line distribution. This event occurred when "ith & 7 polynomial term fit with respect to (a 5 polynomial fit
the C1 spacecraft was again at perigee (geocentric radiuv\§wth respect t). Both of these funcﬂon_s are _also divided by th_e
alue of p found using the peak frequencies using the 5 polynomial
R=4.8 Rg) at MLAT=—0.2 and MLT=11.55 (noon). fit with respect tor.
The Alfvén frequencies are found as described for the
28 October 2002 event and the frequencies and uncertain-
ties are listed in Tabl& using magnetic and electric field Monte Carlo simulation indicated by the spread of the up-
data from the C1 spacecraft. As was the case in the firsper and lower black thin solid curves in Figh does not ex-
event, the uncertainties of the frequencies listed in the secelude the possibility that the real distribution is flat. The solu-
ond and third columns found from the measured frequencytion using three polynomial terms with respecttis similar
ratios were judged to be too small. Based on frequency rato that usingr and is plotted as the black dotted curves in
tios found from the C2 spacecraft (for which the wave spectraFig. 7a—d. This solution is
were of lower quality; otherwise we would have used these ) 4
to help calculate the harmonic frequencies), we used an errolo9100 = 1.79— 1.69° + 8.38", (23)
model like that used for the first event to find the uncertain-¢, p expressed in amu/cn (Fig. 7e—h will be discussed in
ties of the frequency ratios listed in the next-to-last column, . piscussion section.)
of Table3, and those uncertainties were used in the following

calculations. 5.2 Spatial electron density distribution for 10 Septem-
Using a three polynomial fit with respect to the square ber 2002 found from data from all four spacecraft
of the Alfvén crossing coordinate (Eg. 2), we ran our
mass density inversion code to get the field line distributionsFor this event, there is a strong band of upper hybrid emis-
shown in Fig.7a—d (black solid curves). There is a slight sions observed by all four CLUSTER spacecraft, and the
peak inp near the magnetic equator at MLATO (MLAT =0 electron density:, can be easily determined. Because of
is at the position where the geocentric radius is maximum andhis, we are able to estimate the distribution of the electron
the magnetic field is minimum as described in S8ct.The  density using the method of Seét. Figure8 shows the:,
height of this peak is only 23% (as compared to a factor ofvalues and position for all four spacecraft using the defini-
2 in the afternoon local time sector at larfe 6 (Takahashi  tions in Sect3 (see also Figl). For the purposes of using
and Denton2007). The distribution of solutions from the the method described in Se8f.we used the:, data shown
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Table 3. Frequencies of toroidal harmonics for 10 September 2002 event.

S

(fn/f3)B (n/f3)E (fn/13) Sn—input (MHZ) £, _solution (MHZ)

1 0.272:0.003 0.2720.014 8.280.43 8.25:-0.40
2 0.683t0.011 0.6830.017 20.820.52 20.84:0.49
3 1 1 1 30.48 30.48

in Fig. 8a but excluded the dotted portion of the green curveas vertical dashed lines for C1 (black) and C2 (red). In addi-
(C3). The reason for excluding this segment of data is thation, C4 reaches MLAE=0 at the right side of the plot. Note
only C3 sampled the large; and large negative MLATval- the local increase in, at these positions. This observation
ues. The lowz, values of C3 could be modeled by alteration led us to explore sets of model functions with a more general
of either the terms describing tlg; or MLAT’ dependence, field line dependence. The second set of model functions for
and which of these was affected was not well determinedthe natural logarithm of. (fit 2 in Table 1) includes terms
leading to unnecessary variation in the solutions dependingroportional taz’? andz’* (parallel dependence (Ef5)) in-
on the exact terms included in the model. Aside from C3, forstead of the power law field line dependence. (Here, sym-
which we used a start time of 12.1 UT (h), the data was usednetry about MLAT=z'=0 is assumed; see definitions in
between 11.75 and 12.7 UT (times plotted in Fdjy. These  Sect.3.) Fit 2 also has a quadratic; dependence (constant,
limits were chosen because of large oscillations in the C3L,, andel terms). For fit 2,y=0.0504 or exjy)=0.0504
n. (plasma frequency) at earlier times and because C4 pendgroughly a 5% error), a significant improvement. The model
trated into the plasmasphere at later times (not shown). Howfunctions for fit 2 are shown in Fig@b (dashed curves). The
ever, a more general treatment would allow different timefield line dependences | (see Eg6) for fits 1 and 2 is shown
limits for each spacecraft. in Fig. 10. Fit 2 yields a local peak in, at MLAT’=0 with

As described in Sec8, we find an optimal fit to the ob-  a drop ofn, of about 8% to MLAT~13° beforen, starts to
served values of I.) using a superposition of particular increase again at larger values|BLAT’|. It should be kept
model functions. The models we used are listed in Table in mind that the parallel dependence inferred here is derived
For the first model, fit 1, from and therefore representative of the densities observed

by all four spacecraft, and may not exactly correspond to the

nemod 1= €Xp(2.90+ 1.81 In(La/R) exact parallel dependence on any particular field line; we ex-

+4.21 In(5/Ly) — 0.0114 MLT") pect that it represents a typical or average field line depen-
Ly\* [/ 5\* dence within the region sampled by the four spacecraft.
~ (182em?) (Z2) (=) . (24) i i
Ly The L, dependence of,, ne 1, Normalized to its value at

i , L4=5is shown in Figl11for fit 1 (solid black curve) and for
(using theL shell dependence in EcB)(and the parallel de- 5 (gashed blue curve). Both of these show a monotonic

pende/r/lce in Eql4) where we have neglected the (small) gocrease ine 7, With respect td. 4, but the quadratic fit 2 is
MLAT" dependence in the last line and the power law CO-gjighy less steep. Motivated by the better agreement of fit 2,
efficients for.the.pa.rallgl and, dwegnqns arex=1.81 and we tried fit 3 with a cubic dependenceiy andz’?, 774, and
B=4.21. This distribution of density is extremely reason- 5 , . .

7" terms for the field line dependence. In this case, however,

able. Denton et al(20049) state thatv=2-3 is typical in the L ; . :
lasmatrough. Values ¢f equal to 4.5 Carpenter and An- there was not a significant improvement in the fit. The value
P gn. d ) P of x was 0.0490 (versus 0.0504 for fit 2) and éxpwas

derson 1992, 4.0 Sheeley et 3].2001), and 3.5 Denton 5oy 061671 052 for fit 2). In Fig.L e, for fit 3 is

et al, 2004 have been found in statistical studies of plas- ool L

matrough density. The valyg=4 results from the assump- p!otted as the dashed red curve, and .'t IS not 5|gn|f|cant_ly
i different from the blue dashed curve (fit 2). Based on this

tion that the flux tube content per magnetic flux is constantCom arison. we used onlv a quadratic fit for and terms
(Denton et al.2004. The standard difference (of the natu- P 4 _y_ q d
only up toz"” for the remaining models.

ral logarithm) isy=0.0845, leading to a multiplicative error
factor exyix)=1.088 (approximately a 9% error in the linear ~ The remaining models were partly motivated by the dis-
density). agreement between the model and observed curves for C2
In Fig. 9a, we plot the observed, values (solid curves) (red curves) and C4 (blue curves) in Fgh. Noting that
and model values for fit 1 (dashed curves) for all four CLUS- these differences occur at the right side of the plot where
TER spacecraft. The model curves fit the data fairly well. Wethe spacecraft are moving to larger values of MLAWe
noticed, however, that the model curves in Bghave lower  tried a model with an asymmetric distribution with respect to
density than the observed at the places where the space- MLAT . Fit 4 included terms for/, /2, 2’3, andz’*. The red
craft cross MLAT=0. These locations are indicated in F8g.  solid curve in Figl0shows:  for this fit. This solution still
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Fig. 7. (a, b)Mass densityp (black curves) and electron density
ne (red curves) versus MLAT{left) and R (right). The black solid
curves are all found using a three term polynomial expansion for
p with respect tor. The thick black solid curve is the solution C ‘
based on the peak frequencies in Taklte middle thin black solid 060t
curve (obscured in (a, b) by the thick black solid curve) is the mean 11.8 12.0 12.2 12.4 12.6
solution from the Monte Carlo simulation using the uncertainties UT

listed in Table3, and the upper and lower thin black solid curves are

the mean solution plus or minus one standard deviation (in the log_ »

value). The black dotted curves are found using a three polynomiaf 9. 8- Quantities for each of the four CLUSTER spacecraft (black,
expansion with respect to The red curve isi, found from fit red, green, and blue for C1, C2, C3, and C4, respectively) plotted as
5 as described in the tex(c, d) The same quantities are plotted @ function of UT,(a) n, valugs inferreq from.the upper hybrid.noise
with a smaller linear scale. Here, the valuesipf(red curve) are ~ Pand,(b) L, calculated using the dipole field model (E).with
multiplied by a factor 2.5(e, f) Average ion mass/=p/n. based the modified magnetic latitude MLATEQ. 11), (c) the geocentric

on the thick solid black and red curves in (a—dy, h) Species ~ "adiusR, (d) MLAT’, (e) magnetic local time MLT, and) the co-
densities (of species s) basedMrassuming a three species plasma fotation local time MLT' (Eq. 18).

with H+, O+, and electrons. The valuesig are multiplied by a

factor of 10. ] ) o ] )
ment is achieved with fit 5, which uses only even terms with

respect toz’ (2% andz’%), but includes terms proportional
has a local peak at MLAEO0, but the dip in | is greater for ~ to both MLT and UT (rather than MLT=MLT'-UT" for
negative values of MLATthan for positive values. The re- fit 4). (As described in Secs, the primes for MLT and UT
sulting values of¢ and expx) are 0.0451 and 1.046, respec- merely indicate that the average value has been subtracted.)
tively, versus 0.0504 and 1.052, respectively, for fit 2 (Ta- In this casey and exfiy) are 0.0431 and 1.044, respectively,
ble 1). While fit 4 does improve the agreement between theversus 0.0451 and 1.046, respectively, for fit 4 (Table
observed and model values of density, slightly better agree-
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Fig. 11. The L, dependence of,, ne 1 ,, Normalized to its value

|
‘ T
(0 Fit 5, like 2, but linear in UT" ./ at L;=5 is shown for fit 1 (solid black curve), fit 2 (blue dashed

40 ? 7 curve), fit 3 (red dashed curve), and fit 5 (green dashed curve).
30 F
20F = we regard the fit shown in Figc to be very good. Thé,
10 B2 = dependence for fit 5 is the dashed green curve inHigand
O L. it's clearly very close to the curves for fits 2 and 3 (blue and

red dashed curves, respectively). The parallel dependence
for fit 5 is the black dashed curve in Fifj0. There is still

a local peak im, at MLAT'=0, but the peak has slightly
less amplitude (6% drop in, from the value at MLAT=0

Fig. 9. Observed values of, (solid curves) and model values g the minimum value versus a 9% drop for fit 2). Fit 6 is
(dashed curves) versus UT for all four CLUSTER spacecraft (blaCk’the same as fit 5 (with terms for MUand UT) but with

red, green, and blue color for C1, C2, C3, and C4, respectively) for . g . . .
(@it 1, (b) fit 2, and(c) fit 5 in Table1. asymmetric terms in’ allowed like for fit 4. That is, terms

for 7/, /2, 73, andz’* were all included. Ther and exx)
values, 0.0430 and 1.044, respectively, were almost identical

11.8 12.0 12.2 12.4 12.6
uT

1.6 i ] to those for fit 5 (0.0431 and 1.044, respectively), as shown

= R in Tablel. The coefficients of the odd termsih(z’ andz’>)
7 1.4 B were very small compared to those of the even terms, so that
ell r 1 the field line dependence was almost the same, as can be seen

10k _ by comparing the red dashed curve (fit 6) to the black dashed
B 1 curve (fit 5) in Fig.10.

1ok B While the value ofy is not greatly smaller for fit 5 than

T | =72 for fit 4 (0.0431 for fit 5 as compared to 0.0451 for fit 4), we

believe that fit 5 better represents the distributiomoffor
—-20 0 MLAT! 20 several reasons. First of all, fit 5 has one less fit parameter
than fit 4, yet achieves a better fit. Secondly, it is hard to

Fig. 10. Parallel dependence of, ne, |, versus the magnetic lat- understand physically why the distribution of density with

itude MLAT’ for fits with ne,, Ssymmetric with respect to MLAT ~ fespect to MLAT would be asymmetric, especially for 10
(black curves): fit 1 (solid black curve), fit 2 (dotted black curve), October, a date near the equinox, for which the ionospheric

and fit 5 (dashed black curve); and for asymmetric (with respect toconditions should be similar at both ends of the field line.
MLAT ') dependencies (red curves): fit 4 (solid red curve), and fit 6 Third, fit 5 yields a more reasonable dependence for MLT.
(dashed red curve). Fit 5 has a positive coefficient for the term proportional to
MLT’, indicating that the density increases with respect to
In Fig. 9c, we compare the observed and model densitiedMLT’. Fit 4, on the other hand, has a negative coefficient for
for fit 5. The agreement is good in most regions; there is stillMLT”=MLT’— UT/, indicating that at U=0, the density
some disagreement for C2 (red curves) at the largest values afecreases with respect to MLT. Seeing as the position is near
UT. This remaining disagreement is either because we havécal noon (Tablel), an increase in, with respect to MLT is
not used general enough model functions, or the assumptioaxpected since, generally peaks in the afternoon local time
of separability in Eq.®) is not exactly valid. Nevertheless, sector. Finally, when both explicit MTand UT terms and
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Fig. 12. Sounder data measured by the WHISPER instrument on the C1 spacecraft showing the labelled resonances.

odd terms i’ are included (fit 6), the resulting fit is nearly 6 Comparison to other density measurements
identical to that of fit 5.

Now we return to Fig7, where we make use of the par- The purpose of this section is to check for consistency of the
allel distribution ofn, from fit 5. In Fig.7a and b, the red measured density values, and then to compare the two events.
curve is the product of thé, dependence of fit 5 evaluated For consistency, the average ion mags=p/n. should be
at L;=4.8 (the L value of C1 at the time the Alen fre-  greater or equal to 1 amu (corresponding to pure H+ plasma),
quencies were observed) and the parallel dependence of fiand the directly measured heavy ions should be less than
5, ns,. In Fig. 7c and d, the same values are plotted butthat needed to account for the mass density inferred from the
multiplied by 2.5 (to aid comparison to the curves fox. Alfv én wave frequencies.

Fit 5 for n, has a local peak in, at the magnetic equator,

like p, but the amplitude of the peak in is smaller, a 6% 6.1 Other measurements for 28 October 2002

drop inn, from MLAT’=0 to the minimum value versus a

23% drop inp for the solution based on the peak frequen- we were able to estimate the electron density for the C1
cies (thick solid black curve in Figia). Using this last curve  spacecraft at 02:48 UT on 28 October 2002 (when thegklfv
for p with the red curve fon,., we can derive the average frequencies were measured) using the WHISPER instrument
ion massM=p/n. within the region of overlap in MLAT  sounding dataRauch et al.2005. Natural plasma wave

M is plotted in Fig.7e and f. The value oM is largest at  emissions were at a high level, saturating the receivers. Ac-
MLAT '=0. tive sounder emissions are shown in Fig. Harmonics of

Some earlier work has indicated that the He+ density,the gyrofrequency Fce are marked with green dashed ver-
which is usually small, is not nearly as sensitive to geomag-tical lines. Our interpretation of the resonances leads to
netic activity as is that of O+ (Craven et al., 1997; Krall et al., the conclusion that the plasma frequency is between 22 and
2007). This suggests that M is significantly greater than 27.5kHz. The value 22 kHz (dashed vertical red line) corre-
unity,noy /n. is as afirst approximation equal @ —1)/15. sponds to the cold part of the electron population deduced
Combining this relation with quasineutrality for an H+/O+ from the Bernstein resonance series (starting from Fqg3 at
plasma (Enyy /netnoy/ne), we can use the field line dis- ~26.4kHz). The value 27.5kHz results if the highest res-
tribution of M to derive the field line distribution of H+ and onance is placed at Fptot, a global resonance involving the
O+ and these curves are plotted in Fig.and h. The field core of the population including cold and warm part (prob-
line distribution of H+ is less peaked than thaipf(3% peak  ably not including the high energy part). It is generally, as

for H+ versus a 6% peak far,), while the field line distribu- illustrated in this case, placed within the bar (0.9-1) Fmax,
tion of O+ is more peaked than that pf(34% peak for O+ where Fmax (blue dashed line, 31.4kHz here) is calculated
versus a 23% peak far). by taking the frequency position of the maximum of the
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CIS Instrument, CLUSTER SC1, 2002 Oct 28
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Fig. 13. (Top) Spectrogram of the flux of Dions with energy from 1-40 keV, and (bottom) density of O+ integrated over the same energy
range for the 28 October 2002 event.

smoothed spectrum. The smoothing uses a common ad hanergy>1keV, and the plot of the flux of O+ (bottom panel
filter function, providing in all regions a first approximation of Fig. 13) indicates that there is more O+ at lower energies.
of the plasma frequency Fp. Itis based on the fact that all resThus we observed a substantial fraction of the needed O+,
onance peaks (Fce, Fgs, Fp, Fuh) appear in a frequency rangmough to raisé/ to the valueMo ops=1.9 in Table4, but
more or less centered near Fp. A value of Fp between 23 andot enough to raise it td7=4.7.
27.2 kHz leads to an electron densityof about 8 cn2.

Oxygen ions (@) can be detected using the Cluster lon 6.2 Other density measurements for 10 September 2002
Spectrometry (CIS) instrumenRéme et al.2001). A spec-

trogram of the flux of @ ions with energy from 1-40keV . . 3 i
is shown in the top panel of Fig.3, and the density of © At the time of this eventy,=22 cn1° at the position of C1.

integrated over the same energy range is shown in the bottori"®m the solution based on the peak frequencies (thick solid
panel. Below 1 keV, the signal to noise ratio was too low to CUTve) plotted in Fig.7, p=63.0 amu/cnd there, leading to
get a reasonable estimate. At about 02:30 UT, the measureff =28 In this case, we were able to measure O+ down
O* density is about 0.5 crT5. to 40eV (Fig.14), and find an integrated oxygen density

_ =3 - ;

Table4 summarizes our information about the 28 October”70+=0-6cm™=. The measured O+ is by itself enough to
2002 event. The negativ®,, value =—49 nT is indicative raiseM to a value of 1.4. These values are listed in Table
of a significant ring current population. The instantaneous™S IN the previous case, there is a significant amount of flux
K, and(K ,)3 (average of previou , values weighted with at the lower range of energy, so it is likely that there was more
exp(—(t—tx,)/(3 days)) values (4.6 and 4.1, respectively) ©XY9gen present. From ER9), a value ofM =2.8 would [%
indicate a moderately high level of geomagnetic fluctuations duiréno+/n.=0.12 in an H+/O+ plasma, ofro, =2.7cm >
The C1 spacecraft was close to the magnetic equator (MLAT(@S compared to 1.7-2 for the 28 October 2002 event). With
= _5.4), and the inferregh at the spacecraft location was "*He+/7¢=0.2 (a typical upper limit), there would need to be

37.6amulc (Fig. 17c and Eq.22). The shape of the "10+/1e=0.08, 0rno =18cm ° (as compared to 1.7-2 for
field line distribution was flat in the middle region (around the 28 October 2002 event). Based on these numbers, the to-

MLAT=0) and very steep at larg&ILAT | (close to the iono- tal amount of O+ could be similar for the two events. As can
be seen in Figl4, there are two populations of O+, one with

sphere), as shown in Fig6. Using p=37.6 amu/cri and X -
energy lower than 1keV, and another with higher energy.

n.=8cm3, the average ion masg=p/n.=4.7amu. In a
plasma composed of H+, He+ and O+, the average ion ma

will be
ne

To have a value oM =4.7 would requireno, /n.=0.25 in
an H+/O+ plasma, onoy=2cm 3. If nyey/n.=0.20 (a
typical upper limit),no+/n,=0.21 is needed, correspond-
ing to no,=1.7cm 3. We observedio,=0.5cm3 with

NHet+
ne

(25)

Ann. Geophys., 27, 70524, 2009

SAbout 0.5 cnt? of the total O+ (0.6 cm?®) is in the higher

energy range, and this is the same amount measured for the
28 October 2002 event (Tab®). Based on the pitch an-

gle distribution (not shown), the higher energy population is
trapped (distribution peaked around®$itch angles), but the
lower energy population is field aligned (distribution peaked
around 0 and 180pitch angles).

www.ann-geophys.net/27/705/2009/



R. E. Denton et al.: Field line distribution of density 719

Table 4. Densities for the two events.

Event uT MLT Dy Kp (Kp)3 0 Shape Ne M no+ Mo obs
(Hours) (%‘) (cm~3) (cm™3)
28 Oct 2002 0233 87 —49 46 4.1 37.6 flat/steep 8 4.7 05X keV) 1.9

10 Sep 2002 1207 116 -61 3.6 27 626 slightly peaked (23%) 22 2.8  08i0eV) 1.4

CIS Instrument, CLUSTER SC1, 2002, Sept 10
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Fig. 14. (Top) Spectrogram of the flux of O+ ions with energy from 40 eV to 40 keV, and (bottom) density of O+ integrated over the same
energy range for the 10 September 2002 event.

6.3 Comparison of the two events populations of the two events are similar (at least for O+),
but the cold electron density is larger for the 10 September

The density of ring current{1 keV) O+ is about the same 2002 event, leading to a lower average ion mess

for both cases and the total amount of O+ could be similar,

but the electron density is larger for the 10 September 2002

event (22 crm® as compared to 8 cnd for 28 October 2002), 7 Discussion

leading to a smaller value dif for the 10 September 2002

event (2.8 as compared to 4.7 for the 28 October 2002 event)f.1 The difference in the two events

The Dy, values for the two events are similar (Tad)e con-

sistent with similar values for the O+ density with energy Before discussing the results for the field line distribution of

>1keV. TheK, value for the 10 September 2002 event is density, we discuss the results presented in Seddeally,

somewhat lower (3.6 as compared to 4.6 for the 28 Octobewe would like to show that the value of mass dengitin-

2002 event). There is a greater differencef),)s (average ferred from Alfven wave frequencies is equal to the sum of

of K, weighted with 3 day exponential decay as describedmeasured ion densities. Unfortunately, we cannot show that

in Sect. 3.3). The indiceB,; andK, are plotted for the two  because the ion composition instrument on CLUSTER does

events versus time in Fig.5, showing thatk, was consis- not measure the cold{eV energy) heavy ions (ions heavier

tently higher during the two days leading up to the 28 Oc-than H+). (Given the heavy ion densities, we can infer the

tober 2002 event. This probably correlates with greater conproton density from the electron density.) We have shown

vection leading to lowen, even though for both events, the that the measured O+ density opsleads to an average ion

CLUSTER spacecraft are in the plasmatrough (based on IMmass that is significantly greater than unity, yet still less than

AGE EUV images not shown). In summary, the ring current the value implied byp. Because of this, our values of

www.ann-geophys.net/27/705/2009/ Ann. Geophys., 27, 752009
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andp are at least possibly correct. In the two events consid-
ered (Tablet), both of which were in the plasmatrough, the 10-3
Dy, values and density of O+ with energyl keV were sim-
ilar (see discussion in Se@.2), and the total amount of O+
may also possibly be similar. The main difference between
the two events seems to be that the total density was greater
for 10 September 2002 than for 28 October 2002 (T4dbple
Although the field line distribution is slightly peaked for 10 —-50 0 50
September 2002, both field line distributions are relatively MLAT (°)
flat compared to field line distributions studied Dgnton et
al. (2006 (23% peak for 10 September 2002 versus about &Fig. 16. Solutions for mass density based on the peak frequencies
factor of 2 for L=6-8 in Fig. 8 of Denton et al.). Denton et  f,_inpyt from Table2. The numerical labels indicate the number of
al. found that the field line distribution of mass density was polynomialsNpoly used in Eq.1). The values op for Npqy<7 are
typically flat for L=4-5, but slightly peaked fat=5-6; the  divided by 1d~"roly so that they do not overlap. The solid (dotted)
value ofL in this study, 4.8, is close to the boundary betweencurves show the solutions usifgreq=8 (Nfreq=Npoly) frequen-
these two ranges. cies. The dashed curve is a second solutionNggq=Npoly=6 as
described in the text.

T

N
Ll

T
—_
Ll

7.2 Variation in solutions for the mass density for 28 Oc-

tober 2002 e
IMLAT | for [MLAT |Z4(°, and this distribution cannot be

Here we consider how the solution for the field line depen-fit with a small number of polynomials. The solid curves
dence varies if we use different assumptions for the field linefor Npoly=5 and 6 are nearly identical. The solid curve for
dependence or if we use a smaller number of harmonics. 1iVpoly=7 is very similar but increases less at the largest values
Fig. 16, we show the solutions fop using different num-  of [MLAT |. Despite this, the solution faWpel,=7 still lies
bers of polynomial termsVpoyy in Eq. (1). Solutions with  within the range of solutions for the Monte Carlo simulation
Npoly<7 are shifted down by factors of 10 so that the solu- with Npoy=5, as can be seen from Figp.

tions do not overlap, as indicated in the caption. The three While there are no solutions fa¥poy<4 using all eight
solid curves represent solutions using all the observed freinput frequencies (Figl6), we can find solutions if we re-
guenciesNVyeq=8, but the dotted curves are solutions using duce Nfreq. The dotted curves in Fid.6 show the solutions
Nfreq=Npoly- (The vertical lines are there to help the viewer using Nieq=Npoly input frequencies. It is clear that using
more accurately compare the different curves.) There are ntess frequencies leads to less detailed information about the
solid curves for Fig16 with Npoy<4 because when using field line distribution. With only one frequency, there is no
8 input frequenciesNireq=8) our code only converged on information about the field line dependence. With four fre-
valid solutions whenV,oy was at least 5. This is proba- quencies, the steep rise gnbegins to appear at large values
bly because the field line distribution @f is very flat for ~ of [MLAT|. Except at the very largest values [pALAT |,
IMLAT |<20° but very steeply increasing with respect to five frequencies yields a good description for the field line
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distribution of p. (Compare the solid and dotted curves in 17—~ T T T T T A
Fig. 16for Npoy=5.) We cannot guarantee that our solutions 106 @ 4
are unique. In fact, foNfreq=Npoly=6, we found two solu- 105E E
tions. The second solution is the large dashed curve irBig. 104 b E
(that goes to the same valueseads the otheNpoy=6 curves 103 ; 3
at MLAT=0°). However, the chances of finding solutions that e s
differ are greatly reduced iNfreq> Npoly because the extra 181 P TS <
information constrains the values of the polynomial coeffi- 1036 ™\ ‘

3

are nearly identical) may actually be more accurate than the "
Npoly=7 solution. (Though as we noted before, tMgy,=7 102
solution does lie within the range of the values from the

[
T T

cients. For that reason, thé,y=5 or 6 solutions (which M)

T
M|
L

T
C AT

Monte Carlo simulation usingy/poly=>5.) © N2 @
For the 28 October 2002 event, we have eight frequen- o] R R L
cies, but most often when mass density is inferred from _50 0 50 0 5

Alfvén frequencies, there is far less information available. MLAT () R(R,)

To show how less information could influence the results,
we show several different solutions fprin Fig. 17. The  rjg 17, The bold solid curve is our solution fgr versus MLAT
bold solid curve is our solution witipoy=5 (r expansion)  (ieft) and geocentric radiug (right) using 5 polynomial terms to fit
with Nreq=8. The thin solid curve is our solution using the 8 peak frequencies in Take The thin solid curve is the solu-
Npoly=3 with Nyeq=3. The dashed curves are found us- tion using 3 polynomial terms to fit 3 frequencies. The four dashed
ing only the fundamental frequencWgeq=1), and assum-  curves are the solutions using only one frequency (the fundamen-
ing the power law form (EqB) with «=1 (dotted), 2 (small  tal) assuming the power law form (E8).for «=1 (dotted), 2 (small
dashes), 4 (medium dashes), and 6 (large dashes), as labell@@shes), 4 (medium dashes), and 6 (large dashes), as labgligd in
in Fig. 17b. Using Nyeq=3, the three term polynomial solu- The bottom panels are the same as the top panels, except that the
tion does a fairly good job of modelling the field line distri- "2"9€ Ofe values plotted is smaller.
bution up to|MLAT |=35°, but does not model the steep in-
crease at largfMLAT | (at ionospheric altitudes) represented
inthe 5 po]ynomia] solution. C|ear|y the power law form 7.3 Discussion of the mass denSity field line distribution
does not well describe the variation@bver the entire range for 28 October 2002
of MLAT either. The field line distribution op is very flat
within |MLAT |=2C (thick solid curve), and the best power For the 28 October 2002 event, we were able to determine
law fit for this region is witho=1 (dotted curve). The value a large number of harmonic frequencies with unprecedented
a=6 (large dashes) yields best agreement at |&a%JeAT | precision. The resulting solution for mass density was also
(close to the ionosphere). If three frequencies are used toery precise because of the large number of harmonics mea-
determine the best power law fit, the inferred power law co-sured and the smaller relative uncertainties in the harmonic
efficient ise=2.25 and the resulting solution (not shown) is frequencies (Fig6). The net result is that the error in the
very close to thex=2 curve in Fig.17 (found using only inferred mass density is probably dominated by factors other
the fundamental frequency). As stated previously, our coddahan the uncertainty in frequency (e.g., magnetic field model
does not converge on a valid solution usi¥geq=8 with the ~ and theoretical wave equation). As shown in Fég.our
uncertainties in Tabl2. However, if we increase the uncer- solution for the field line distribution on 28 October 2002
tainties by a factor of 10, we can find the best fitting power (at L=4.8) is very flat for [MLAT |<20° but very steeply
law solution, which hasg=4.05; the resulting solution (not increasing with respect ttMLAT | for |[MLAT |>40°. Be-
shown) is very close to the = 4 solution in Fig.17. Denton  cause of the improved precision of the observed frequen-
et al.(2006, using CRRES data, suggested that2 wasthe cies, we are able to see a steep increase as MLAT ap-
best choice fol.=4-5 if the power law form is used. These proaches ionospheric values (FEa and b). And because
results also show that=2 would work fairly well for the 28  of this increase, the Alen speedVy=B/./4mp (in CGS
October 2002 event up to abdMLAT |=35°. The use of a  units) does not keep increasing BMLAT | increases; the
power law solution witlx = 4 better represents the values of increase inp at large|MLAT | causes a decrease Wy at
p at larger|MLAT |, but as can be seen from Fitj, this so-  the largest values dMLAT | as shown in the middle pan-
lution leads to equatorial and topside ionosphere values of els of Fig.5. (Thus we observe the ionospheric Adfvres-
that are too low, and mid-range values that are too high (comenator Polyakoy 1976 Lysak 1993, a dip in the value of
paring thee=4 medium dashed curve with the thick solid V4 at low altitudes.) Becaus®, does not increase greatly
curve). as |MLAT | increases (less than a factor of 4 from Fig.

and d), the mass density at all values wfsignificantly
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108~ © © T T T T T T % mial terms. (We also do not find a solution using the power
i (a) South 3 law description witho~R~*.) Secondly, polynomial fits to
107 N E o (rather than log, p) did not yield valid solutions, indicat-
EY SN P 3 ing that we need a functional form that can represent a very
108 3 e E steep increase ip at large values ofMLAT |. Third, the dis-
105 i \ tribution seems to have converged with respecvigyy for
P p/ E Npoly=5. Fourth, the values g that we find at the largest
1040, S mor values off MLAT | compare reasonably well with ionospheric
(%j 108 © 0 T (B) North mass densities. This is shown in Fitg for the southern
107k~ 4 (a) and northern (b) ionospheres. Note that our values of
N E are intermediate between the IRI values at helgh600 km
106L J: ™ 4 and those at2>1400km. Therefore, our estimate of mass
E . E density based on Al&n frequencies may be probing into the
105E J ionosphere while not resolving its detailed structure.
F o E Further work should be done to verify whether the four or-
L der of magnitude variation in with respect to MLAT is justi-
0 1000 h (km) 2000 fied based on our method, but it is encouraging that the iono-

spheric values op are consistent with values from the IRI
model. Such a dependence with increasing steepness away

plotted in Fig.5a and b, but shown with respect to heigltom the f_rom the magnetic e_quator is also C_OnS'Sth‘nt with 'Fhe field

Earths surface within the southe@) and northertgb) ionospheres. 1€ dependence of, inferred from active radio sounding by

The large dashed curve is the mass density from the InternationdMAGE RPI (Reinisch et al.2004 Denton et al.2006 and

Reference lonosphere (IRI) modeiilitza, 200]). The dotted curve  references therein). An important effect of the steep increase

is the mass density from the IRI due t0"O in p at large|MLAT | is that the largeMLAT | (low altitude)
portion of the field line contributes to the global frequency of
oscillation, even for the fundamental mode (F3g).

Fig. 18. The solid curves are the same solutions fothat were

affects the solutions for the frequency of the Afvwave
harmonics. This can be seen from the valuesr ofthe
Alfv én crossing time coordinate defined in By shown in
Fig. 5e and f. In the WKB approximation, the Alén fre-
quencywl/(fsN ds/Va)=tn—1s, Where the integral is eval-
uated from the southern ionosphere (S) to the northern iono

sphere (N). The contribution tey—s in each differential 5 onics observed). In this case, we found a small local

change in latitude dMLAT goes like the slopewin Fig. 5, neak in mass density near the magnetic equator. This peak is
and the slope of versus MLAT is non-negligible at every similar to those we have found in earlier studies, but smaller

value of MLAT, showing that all regions of MLAT contribute amplitude, 23% (as compared to a factor of 2 in the after-
to the Alfvén frequencies. This is the second reason for the, ;o [ocal time sector at large>6 (Takahashi and Denton
improved precision at large values JILAT |; the values 5409y Because this peak is small, and because the range of
of p at large|MLAT | are having a significant effect on the g4 tions from the Monte Carlo simulation does not exclude

frequencies. (In our previous solutions (eDenton etal. ¢ gistribution (Fig.7), we would be reluctant to confi-
2004, p did not increase nearly so much at lajyLAT | so dently state that this peak is real based on this data alone.

thatV,y became very large at largbILAT | (due to the large o vever, our analysis of the field line distribution of elec-
value of B at low altitude) and the differential contribution to tron density for this event also indicates that the density is
v, dt=ds/Va, became small.) peaked at the magnetic equator.

Considering the tremendous imprecision of our previous
solutions at large values gMLAT | (Denton et al. 2001,
2004 2006 Takahashi et al.2004 Takahashi and Denton
2007, one might well question whether our technique can
actually determine a variation im of more than four orders  We first tried to determine the spatial distributionsQf us-
of magnitude. While we cannot prove that this field line dis- ing the gradient calculated from the measurements by the
tribution of p is accurate, several pieces of evidence arguefour CLUSTER spacecraft, as describedbgrrouzet et al.
that the values ob may actually increase steeply as we have (2006§. However, tests of the method using simulated data
found. First of all, we do not find valid solutions for the with a known spatial distribution at the positions of the real
field line distribution of logg p using less than five polyno- spacecraft on 10 September 2002 showed that the calculated

7.4 Discussion of the field line distribution of mass den-
sity for 10 September 2002

For the second event, 10 September 2002, we measured only
three harmonic frequencies and the solution was not as ac-
curate (partly because of the small number of Aliwvave

7.5 Discussion of the electron density distribution for 10
September 2002

Ann. Geophys., 27, 70524, 2009 www.ann-geophys.net/27/705/2009/
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gradient did not accurately represent the actual gradient ofame result for 10 September 2002: Beptlandn, show a

the known distribution at the center of mass of the four spacefocal peak in density at the magnetic equator, but the peak is
craft. Because of this, we developed a least squares fittingtronger forp. On the other hand, for the 28 October 2002
technigue that can infer the density distribution under the keyevent we do not have any evidence that the density is peaked.
assumptions of separability and smoothness (SctUn-

fortunately, the results depend somewhat on the exact model-6 ~ Conclusions

used. Nevertheless, tests using a number of models give a

good indication of the terms that are necessary or not neces.€S€ results show some promise for using CLUSTER data

sary. In particular, the model associated with fit 5 in Table t© infer the distribution of both mass density and electron
appeared to do a good job of describing thedistribution. density near perigee. L_Jnfortunately, a quick examlna,tlon of
This fit modeled the natural logarithm @f with a superposi- a number of magnetic field spectrograms showed thahlfv

tion of terms including a quadratic dependence in the dipo|eharmon|c frequencies are not often clearly visible. What is

L value, a quadratic dependence with respect to the squar’@c’St needed is an automated method of determining toroidal
of the sine of the magnetic Iatitude’?( andz’ terms: see Alfv én frequencies using both magnetic and electric field

Sect.3), and a linear dependence with respect to MLT anddata ar;_d tusu?g :h_e polarlzau?n mIorlmZ%tcl)on t(e'%" r?t'o of
UT. Tests with other models showed that a cubic dependenct%:agne ic to electric poweDgnton et al. 2004) to identify

with respect tal. and odd terms with respect to MLAT were e harmonics. Semi-automatic techniques are being used to
not necessary. build a database of CLUSTER measurements and some of

these are available on the CLUSTER Active Archive (CAA).
The model fits yielded the following results: there is a

small rate of increase of the density with respect to bothAcknowledgementsiVe thank NSSDC for making the IMP-8

MLT and UT. The L, dependence, while not exactly de- (GSFC and LANL) and WIND (courtesy of R. P. Lepping and

scribed by a power law, is roughly consistent ij4 at K. W. Ogilvie) solar.wmd data,Dy; (Kyoto University), and
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field line dependence has a local peak at the magnetic equ%ﬁodel available, courtesy of D. Bilitza. We thank P. Webb and

tor_ (MLAT’=0), decreases to a m'n'mum value ata magnetiCg Reinisch for help in providing electron density from passive IM-
latitude|MLAT’| of about 12.5, then increases steeply away AGE RPI data. Work at Dartmouth was supported primarily by
from the magnetic equator (Fig0). Besides the fact thatthis NSF grant ATM-0632740 and to a lesser extent by NSF grant ATM-
dependence results from our model fits, it is noteworthy that0120950 (Center for Integrated Space Weather Modeling, CISM,
we can see peaks in the rawdata as the CLUSTER space- funded by the NSF Science and Technology Centers Program) and
craft cross MLAT=0 (Fig.8a). To our knowledge, thisis the NASA grant NNX07AR49G (MMS SMART theory team). Work
first indication that the electron density in the plasmatroughat Augsburg College was supported by NSF grant ATM-0305483.
may be locally peaked at the magnetic equator. Work at the Technical University of Braunschweig was supported
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local peak at the magnetic equator, decreasing to a minimum

value at about 15 We brazenly used the inferred distribu-
tion of p andn, to calculate the field line distribution of H+
and O+. Considering the possible errors in bpthAndz,, Balogh, A., Carr, C. M., Acua, M. H., Dunlop, M. W., Beek, T.

it is hard to know at this point how seriously to take these 3. Brown, P., Fornacon, K.-H., Georgescu, E., Glassmeier, K.-
distributions. Nevertheless, they are consistent with our ex- H., Harris, J., Musmann, G., Oddy, T., and Schwingenschuh, K.:
pectations for a distribution of O+ gravitationally trapped at  The Cluster Magnetic Field Investigation: overview of in-flight
the magnetic equator (K. Ferriere, private communication, performance and initial results, Ann. Geophys., 19, 1207-1217,
2005). Given the same temperature, O+ would have a much 2001,

smaller thermal speed than H+ and would be more strongly http://www.ann-geophys.net/19/1207/2001/ o
affected by the centrifugal force. Therefore, the H+ distri- B"gé?’z)Dé:6'lnt§;r‘5at'2%%T Reference lonosphere 2000, Radio Sci.,
bution might be relatively flat at MLAEO while the distri- PeRTel ‘ ) )

bution of O+ is peaked there. The electrons are peaked jus(tiarpenter, D. L. and Anderson, R. R.: An ISEE/whistler model

. ; . of equatorial electron density in the magnetosphere, J. Geophys.
enough to bring about quasineutrality (Fij). Denton et Res.. 97, 1097—1108, 1992.

al. (2009 plotted the log average value of from the CR-  craven, P. D., Gallagher, D. L., and Comfort, R. H.: Relative con-

RES spacecraft versus MLAT (their Fig. 5). They did not  centration of He+ in the inner magnetosphere as observed by the
emphasize the small peak near MLAT=0 because that peak DE 1 retarding ions mass spectrometer, J. Geophys. Res., 102,

was much less than what they found farHere we find the 2279-2289, 1997.
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