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Abstract. Using ion density data obtained by the CODIF instrument on-board4

the Cluster spacecraft, for the interval spanning 2001 - 2005, an empirical model5

describing the average ion mass distribution along closed geomagnetic field lines6

is determined. The empirical model describes the region spanning 5.9 ≤ L <7

9.5, with dependences on L shell and MLT (Magnetic Local Time) included,8

and represents ions in the energy range of 0.025 to 40 keV/charge. The data re-9

duction process involves the identification and rejection of CODIF data contam-10

inated by penetrating energetic radiation belt particles, found to frequently oc-11

cur for L < 5.9. Furthermore, a comparison of data with observations of the12

cold plasma population in the region provides evidence that the CODIF dataset13

is representative of the full plasma population. The variations in average ion mass14

along the field lines were modelled using a power law form, which maximises15

towards the magnetic equatorial plane, with observed power law index values16

ranging between approximately -2.0 to 0.0. The resulting model illustrates some17

key features of the average ion mass spatial distribution, such as an average ion18

mass enhancement at low L in the evening sector, indicating the transport of high19

latitude heavy ion outflows to the closed inner magnetosphere.20
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1. Introduction

Variations in magnetospheric plasma mass density provide information on the morphology21

of the magnetosphere and the different dynamical processes occurring. For example, the mag-22

netospheric mass density plays a crucial role in determining the propagation of wave modes23

implicated in radiation belt energisation and decay [Meredith et al., 2003; O’Brien et al., 2003].24

In addition, the magnetospheric mass density is a significant factor in influencing dayside re-25

connection rates [Borovsky and Denton, 2006], and therefore has implications for the coupling26

of the solar wind to the magnetosphere. An important application for models of the magneto-27

spheric mass density is in determining the frequencies of magnetospheric ultra-low frequency28

(ULF) waves, and hence the response time of the magnetosphere to perturbations. As well29

as varying with changes in the number density of the electrons and ions, the ion composition30

contributes significantly to the plasma mass density. Therefore, it is of scientific interest to31

understand the plasma ion composition and its spatial variations.32

The plasma populating Earth’s magnetosphere has two sources. Entry of the solar wind into33

the magnetosphere supplies light ions (H+ and He++), whereas plasma of ionospheric origin34

has a different composition. Observations show that although ionospheric plasma consists pre-35

dominantly of H+ ions, an enhanced supply of heavy ions, in particular O+, can occur [Shelley36

et al., 1972, 1982; Lockwood et al., 1985; Chappell et al., 1987; Andre and Yau, 1997; Yau37

and Andre, 1997; Haaland et al., 2013]. The heavy ion loading of the magnetosphere depends38

on a range of dynamical processes resulting in the transport of heavy ions to the closed inner39

magnetosphere, and at times, the presence of O+ ions can represent a significant proportion of40

the magnetospheric plasma [Chappell, 1982; Young et al., 1982; Horwitz et al., 1984, 1986;41
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Roberts et al., 1987; Comfort et al., 1988; Andre and Yau, 1997; Yau and Andre, 1997; Moore42

et al., 1999; Winglee, 2000; Korth et al., 2002; Kistler et al., 2006; Howarth and Yau, 2008;43

Haaland et al., 2009; Liao et al., 2010; Nosé et al., 2011; Haaland et al., 2012a, b; Li et al.,44

2012; Slapak et al., 2012; Nosé et al., 2015]. This study aims to use direct observations of ion45

composition to determine an empirical model of how the average ion mass is distributed in the46

closed magnetosphere, in a region covering the outer heavy ion torus, plasmatrough, and near-47

Earth plasma sheet, considering both variations in the equatorial plane and the distribution of48

average ion mass along magnetic field lines.49

Multiple studies examining the ion composition in the closed magnetosphere exist, although50

they are not without limitations. Many studies examine ion composition using measurements51

of the O+/H+ density ratio, representing the concentration of heavy ions in the plasma [Mouikis52

et al., 2010; Ohtani et al., 2011; Lee and Angelopoulos, 2014; Maggiolo and Kistler, 2014].53

Mouikis et al. [2010] examined the spatial distribution of the O+/H+ density ratio, using Clus-54

ter CODIF (ion Composition and Distribution Function analyser) measurements taken close55

to the equatorial plane. The data covered radial distances from 15 to 19 RE, in the plasma56

sheet region. The analysis provided information on the MLT variations in the ion composition,57

however, the dependences were not quantified and variations with L shell were not considered.58

Maggiolo and Kistler [2014] also used Cluster CODIF data to produce statistical maps showing59

the O+/H+ density ratio in the equatorial plane. The measurements were constrained to plasma60

corresponding to an observed isotropic distribution, allowing mapping along the field lines, con-61

sidering the near-Earth plasma sheet population within radial distances of 7 to 8 RE, as well as in62

the midtail region (15 to 20 RE). Other datasets have also been employed to examine the spatial63

distribution of the O+/H+ density ratio in the equatorial plane. Ohtani et al. [2011] presented64
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Geotail EPIC (Energetic Particle and Ion Composition) observations for the plasma sheet cov-65

ering radial distances from 5 to 32 RE, and Lee and Angelopoulos [2014] used THEMIS data66

over L shells from approximately 6 to 12. However, these studies are restricted to observations67

describing the equatorial distribution, and do not consider variations along magnetic field lines,68

which can provide some important information concerning the transport of heavy ions to the69

closed magnetosphere. A study conducted by Denton et al. [2009] used an indirect technique to70

observe the distribution of average ion mass along the field lines. Using measurements of multi-71

harmonic toroidal Alfvén wave frequencies, obtained by the Cluster spacecraft, the distribution72

of mass density, ρ, and electron density, ne, were obtained, which provided a distribution of73

average ion mass (ρ/ne) along the field lines. This technique was applied to only two case stud-74

ies, as opposed to a statistical study. Furthermore, the inversion technique utilised to indirectly75

estimate the mass density makes several simplifying approximations, and requires functional76

forms for the dependences along the field lines to be assumed.77

A survey of existing work indicates that there are no empirical models providing a descrip-78

tion of the average ion mass spatial distribution. An advantage of considering average ion mass,79

as opposed to the O+/H+ density ratio, is that the contribution to determining the total plasma80

mass density can be clearly interpreted, and influences from other ion species are also included.81

Observations have shown that He+ can also constitute a significant proportion of the magneto-82

spheric population at times, affecting the ion composition [Yamauchi et al., 2014a]. By using83

a large dataset, providing statistically significant results with good spatial coverage, this study84

presents an empirical model detailing the distribution of average ion mass along the field lines,85

including dependences with L shell and MLT.86
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2. Instrumentation and Data Reduction

Data is obtained from the four identical Cluster spacecraft (C1, C2, C3 and C4), which are ar-87

ranged in a tetrahedral configuration. The polar orbits of the spacecraft cross many key regions88

of the magnetosphere (see Escoubet et al. [1997] for further details), and so provide the neces-89

sary data coverage required for this study. The dataset used, obtained from the CSA (Cluster90

Science Archive), covers the time interval of 2001 - 2005.91

This study uses data from the CIS (Cluster Ion Spectrometry) experiment [Rème et al., 1997].92

This includes the CODIF instrument (ion Composition and Distribution Function analyser),93

which is a high sensitivity, mass resolving spectrometer measuring the full three dimensional94

distribution functions of the key ion species in the energy range 0.025 - 40 keV/charge. Inte-95

grals of the resulting distribution function, with a time resolution of one spacecraft spin (4 s),96

allow the ion density to be calculated for each of the ion species, specifically H+, O+ and He+.97

Although the CODIF instrument also measures the distributions functions of He++ ions, these98

are omitted from the dataset, as He++ density data is over-estimated due to strong contamination99

by H+ ions. Using the densities, ni, with the atomic mass, mi, of each ion, i, the average ion100

mass, mav, can be estimated from101

mav =

∑
i (nimi)∑
i ni

(1)

The ground calculated moments of the CODIF HS (High Sensitivity) data, limited to the MAG102

modes, as appropriate for the outer plasmasphere and plasmatrough regions, provide the ion103

density measurements. From this dataset, the inferred average ion mass measurements are ob-104

tained over the required time interval, although it should be noted that data from the Cluster105
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spacecraft C2 and C3 are not used (the CIS instrument is non-operational on C2 and there are106

instrumental issues with the CODIF sensor on C3).107

An important aspect concerning the CODIF dataset that should be considered is the back-108

ground contamination of the measurements due to penetrating energetic radiation belt particles.109

Although the effects of the background contamination are reduced due to the time-of-flight110

method of analysis used by CODIF, a visual inspection of the energy-time spectrograms indi-111

cates that the occurrence of data contamination is not negligible. Furthermore, the background112

contamination effect is mass dependent, such that it is stronger for the O+ ions [Mouikis et al.,113

2014]. This results in overestimated O+ densities, and therefore overestimated average ion mass114

values, for observations with significant background contamination. Further details on the ef-115

fect of the penetrating radiation belt particles on the CODIF measurements are described by116

Ganushkina et al. [2011], Kronberg et al. [2012], and Mouikis et al. [2014]. In order to identify117

where the CODIF data is significantly affected by the background contamination, a sample of118

representative passes through the radiation belt regions were assessed for signatures of contam-119

ination. This sample consisted of 38 passes in total, for a range of different seasons and orbit120

configurations. Figure 1 shows the frequency of contamination of the CODIF data in this sam-121

ple as a function of the spacecraft L value. It is clearly apparent that the contamination of data122

occurs more frequently at lower L values, where the spacecraft is more likely to encounter the123

radiation belts and the radiation belt particles are more energetic. Based on the inspection of the124

sample spacecraft passes, CODIF data obtained by the spacecraft at L values below 5.9 are not125

used in this study, due to the high occurrence of background contamination. Data obtained at126

L ≥ 5.9 is less likely to be contaminated. For example, between 5.9 ≤ L < 6.5, on average 4%127

of the data in the sample is contaminated compared to an average of 64% for 4.5 ≤ L < 5.9.128
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Therefore, restricting the CODIF data used to observations at L values at 5.9 or above will129

reduce the background contamination to a negligible effect.130

2.1. Comparison to RPA Observations

In order to examine how representative the average ion mass dataset is of the total plasma131

population in this region, the following analysis has been conducted. The CODIF instrument132

includes the RPA (Retarding Potential Analyser) device [Rème et al., 1997]. When CODIF is133

operating in the RPA mode, ion densities in the energy range of 0.7 - 25 eV/charge (relative to134

the spacecraft potential) are provided. Therefore, densities measured using the RPA mode, and135

the corresponding calculated average ion mass, represent the cold population of plasma, which136

may be significant population in this region. Figure 2 shows the correlation of ion density,137

ni, observations, and calculated average ion mass, mav0, values, for data obtained in the MAG138

modes, corresponding to higher energy particles (0.025 - 40 keV/charge), and the RPA mode,139

corresponding to lower energy particles (0.7 - 25 eV/charge). In total, 2419 values for the MAG140

modes and 236 values for the RPA modes are obtained over the full time interval, where the141

values correspond to data binned for position for each orbit and averaged (refer to section 2.2142

for details on the binning). The data is binned for L shell, using a binsize of 0.1, and the L shell143

of each bin is indicated by the colour of the point in Figure 2. Figure 2a, Figure 2b, and Figure144

2c show the correlation of ion densities of the key ion species (H+, O+, and He+, respectively)145

for the MAG mode and RPA mode of the CODIF instrument. It can be seen that the majority146

of the points for all of these panels (a,b,c) lie below the y = x line, indicating that the densities147

observed by the MAG mode are, in general, greater compared to the densities observed by the148

RPA mode. This feature is further demonstrated by Figure 2d, which shows the corresponding149

total ion densities (summed over all ion species) for the MAG and RPA modes. The total ion150
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density is observed to be increased for the MAG mode, representing the higher energy popula-151

tion, in comparison with the observed total ion density for the RPA mode, which measures the152

cold population. This indicates that, for the region considered here, the cold population, ob-153

served by the RPA mode of CODIF, is not the dominant population, and the hotter population,154

observed by the MAG mode constitutes a larger proportion of the total plasma. This is not un-155

expected as the population observed by the RPA mode, at these L shells located predominantly156

outside of the plasmasphere, are generally considered to correspond mainly to detached plumes157

and is not typically a major component of the plasma in this region [Dandouras et al., 2005;158

Darrouzet et al., 2009]. On the other hand, the MAG mode observations generally represent the159

ring current, plasma sheet, and other energised populations [Dandouras et al., 2009; Yamauchi160

et al., 2014b, a], a significant proportion of the plasma for the considered L shells. An analysis161

of case studies where the CODIF instrument on-board one spacecraft was operating in MAG162

mode while the CODIF instrument on-board another spacecraft was operating in RPA mode163

allowed a comparison of these two corresponding populations at approximately the same time.164

Although details are not shown here for all case studies, an example is now briefly highlighted165

to support the findings.166

Figure 3 shows observations obtained by the CODIF instrument during a perigee pass through167

the dayside magnetosphere for the interval from 21:00 UT on 20 October 2002 to 02:00 UT on168

21 October 2002. The CODIF instrument was operating in MAG mode for Cluster 1 (blue),169

observing ions in the energy range of 0.025 - 40 keV/charge. Conversely, the CODIF instrument170

on-board Cluster 4 (red) was operating in RPA mode, where ion density observations correspond171

to the energy range of 0.7 - 25 eV/charge. Figure 3a shows the total ion density, ni, and Figure172

3b shows the H+ ion energy spectrogram, where both are observed by Cluster 1 in the MAG173
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mode. Figure 3c and Figure 3d show the corresponding ion density and H+ energy spectrogram,174

respectively, observed by Cluster 4 operating in RPA mode. The data have been binned for L175

value, using a bin size of 0.2, considering data from the inbound and outbound parts of the176

orbit separately. The observations in each bin are averaged, and plotted as a function of L. A177

comparison of the energy spectrograms shown in Figure 3b and Figure 3d appear to indicate that178

the cold population observed by the RPA mode is a continuation of the hot population observed179

by the MAG mode, with no separate cold population observed. This suggests that the cold and180

hot populations are of the same source. The corresponding spectrograms for He+ ions and O+
181

ions (not shown here) demonstrate the same feature. In order to directly compare ion density182

values for the L range of interest for this study, the observations shown in Figure 3a and Figure183

3c are shown in Figure 3e. Taking the inbound and outbound parts of the orbit together, the L184

profile is shown for an L range appropriate for the region considered by this study. As for Figure185

3a and Figure 3c, the data have been binned for L value using a binsize of 0.2, and observations186

in each bin are averaged. It can be clearly seen that the ion densities corresponding to the MAG187

mode of the CODIF instrument (blue profile) are greater than the ion densities observed in the188

RPA mode (red profile), by a factor of ∼ 2 − 6. For lower L values, outside of the range189

considered in Figure 3e, the low energy ion densities are observed to dominate, as expected.190

However, this case study provides evidence that in the L range considered in this statistical191

study (5.9 ≤ L < 9.5), the hotter ion population, observed by the MAG mode, is dominant192

relative to the colder ion population.193

Overall the total density observed by the MAG mode, with energies ranging between 0.025 -194

40 keV/charge, is the major population for this region. Figure 2e demonstrates that the average195

ion mass values measured in the MAG mode can also be reasonably used to represent the cold196
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population measured in the RPA mode. Figure 2e shows the correlation of average ion mass197

values calculated from ion density observations in the MAG mode with corresponding values in198

the RPA mode. It is clear from Figure 2e that, across all L values shown, the points lie very close199

to the y = x line. This indicates that the average ion mass values at lower energies, as measured200

by the RPA mode, are approximately equal to the average ion mass values measured in the MAG201

mode. Therefore, it appears that the ion composition of the plasma in the region examined is202

relatively uniform over the ion energies. This analysis has demonstrated that although CODIF203

is unable to observe some of the cold plasma population (due to spacecraft charging) and some204

of the hot plasma population (above the CODIF energy range), given the consistent values of205

average ion mass from the RPA mode energy range (0.7 - 25 eV/charge) and the MAG mode206

energy range (0.025 - 40 keV/charge), it is reasonable to consider that the average ion mass207

calculated from the MAG mode is generally representative of the total plasma population. It208

is important to recognise that there may be an additional cold plasma population in the plasma209

sheet at times, which cannot be observed due to spacecraft charging [Seki et al., 2003]. Due210

to the instrumental limitations of the CODIF instrument, the possible existence of an additional211

cold plasma sheet population cannot be accounted for in this study.212

2.2. Data Reduction

In order to examine the spatial variations in the average ion mass, the following technique is213

used. For each orbit, the data is binned by position into 0.5 × 0.5 × 0.5 RE bins, in the GSM214

(Geocentric Solar Magnetospheric) coordinate system. The average value and average time of215

measurement for the observations in each bin of the orbit is determined, where the number216

of observations that are averaged in a bin typically ranges from between 10 and 100. From the217
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position of each bin, the corresponding MLT can also be found. Over all orbits, the total number218

of passes through each bin is typically of the order 100.219

The next step taken is to determine the L value for each position bin within each orbit, where220

the L value is the radial distance of the bin’s field line in the magnetic equatorial plane. This221

is done by tracing the field line corresponding to the bin’s position and average measurement222

time, as predicted by the T96 magnetic field model [Tsyganenko, 1996], and defining the T96223

magnetic equatorial position as the point of maximum radial distance along the field line. How-224

ever, for cases where the angular difference between the field line midpoint position and the225

point of maximum radial distance exceeds 10◦, then the field line midpoint of the field line226

is used instead. This technique accounts for the highly compressed dayside field lines, and it227

should be noted that the critical angular difference of 10◦ has been empirically chosen from an228

analysis of a variety of field line configurations. The T96 magnetic field model is parametrised229

by the solar wind dynamic pressure, IMF (Interplanetary Magnetic Field) By and Bz compo-230

nents, and the Dst index. The parameter values corresponding to the average measurement time231

of each bin was obtained from the NASA/Goddard Space Flight Center OMNI dataset through232

OMNIWeb, for the 1-min averaged solar wind parameters, and from the World Data Center for233

Geomagnetism (Kyoto) dataset, for hourly averaged Dst values.234

The procedure of determining the L values for each position bin allows any points where the235

field line is traced as open by the T96 magnetic field model to be discarded, as this study is236

concerned only with the closed magnetosphere. However, there are inevitably some measure-237

ments on open field lines inaccurately modelled as closed field lines, which would contribute238

to some discrepancies in values taken near the magnetopause. In order to remove points corre-239

sponding to open field lines, a method adapted from Clausen et al. [2009] is employed, which240
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will now be detailed. The top panel in Figure 4 shows an ion energy spectrogram obtained from241

CIS measurements using the HIA (Hot Ion Analyser) instrument [Rème et al., 1997], which242

illustrates the change in ion populations during a portion of the C1 spacecraft orbit. The space-243

craft passes from the cusp region, through the OCB (Open-Closed Boundary), into the closed244

dayside magnetosphere, through perigee and then into the northern cusp region via the OCB245

again. It is apparent that open field lines near the OCB are characterised by relatively high ion246

fluxes at approximately 0.2 keV energies (see fourth panel for the DEF (Differential Energy247

Flux) profile at 0.2 keV), which can be used to distinguish between open and closed field lines248

near the boundary. However, high ion fluxes at this energy range are also observed near perigee,249

which correspond to closed field lines, so the DEF profile of ions at 10.0 keV (third panel) is250

used to differentiate between these situations. This is done by identifying where the DEF of251

ions at 10.0 keV and 0.2 keV (third and fourth panel respectively) exceed empirically defined252

critical values (dashed horizontal lines), which are indicated as red lines in the corresponding253

plots. From a comparison, points are defined as being on closed field lines if they have a DEF254

of ions at 0.2 keV below the critical value of 1 × 107 keV cm−2 s−1 sr−1 keV−1 or a DEF of255

ions at 10.0keV above 6× 106 keV cm−2 s−1 sr−1 keV−1, which is demonstrated in the second256

panel, where red (black) points correspond to open (closed) field line measurements. Therefore,257

using HIA/CIS ion energy flux measurements, it can be determined whether the spacecraft is258

situated on open or closed field lines, where DEF profiles at two energies are used to distinguish259

between flux peaks for open field lines and at perigee. This method is applied to all points in260

the datasets, discarding any points identified to be on open field lines, and the resulting datasets261

demonstrate a reduction in the fluctuation of values close to the OCB, as expected. It should be262

noted here that whilst Clausen et al. [2009] used data from the PEACE (Plasma Electron and263
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Current Experiment) instrument on-board the Cluster satellite, we opted to use data from the264

HIA/CIS instrument instead, as this provides better data coverage over the required interval.265

The resulting average ion mass dataset, binned for position with corresponding MLT and266

L values determined, and all measurements corresponding to open field lines removed, is now267

examined. Variations with magnetic latitude and L value in the CODIF dataset can be examined268

from the average ion mass distribution in the X-Z plane of the SM (Solar Magnetic) coordinate269

system. The SM coordinate system is characterised by the geomagnetic dipole axis aligned with270

the Z axis, whereas the GSM coordinate system is defined such that the dipole axis is in the X-Z271

plane. Therefore, the SM coordinate system is more appropriate for assessing variations with272

magnetic latitude and L value, and is used in this case. A coordinate transformation is used to273

determine the position in the SM coordinate system corresponding to each bin’s position in the274

GSM coordinate system, taking bins over each orbit individually. The distribution of average275

ion mass is shown in Figure 5a in the X-Z plane, with the colour of each point representing276

the average value of the measurements at that position (note that all measurements are now277

averaged over the number of orbit passes through the position bin). The measurement positions278

have been azimuthally mapped into the noon-midnight meridian, such that the radial distance279

from the Z axis is represented as the magnitude of the X position, and averaged separately280

over the dayside and nightside MLT sectors. All measurements in the southern hemisphere are281

also mapped to the corresponding position in the northern hemisphere, as it is assumed that the282

distribution along the geomagnetic field is symmetric about the magnetic equator. Note that283

spatial distributions of the data shown are binned with a binsize of 0.5 RE.284

In order to give an indication of the statistical significance of this spatial distribution, Figure285

5b shows the equivalent spatial distribution of the number of measurements averaged over MLT286
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in the X-Z SM plane. It can be seen that there are sufficient measurements in the dataset to287

provide a reliable spatial distribution over a significant range of L shells. It is noted that the288

orbital coverage over each year for this time interval is similar, and therefore, solar cycle effects289

are not a significant systematic bias in coverage along the magnetic field lines.290

3. Average Ion Mass Distribution Along the Magnetic Field

Using the average ion mass dataset, the distribution along magnetic field lines can be exam-291

ined, comparing data at different MLT and L values. This involves determining the most ap-292

propriate functional form to describe the distribution of average ion mass along the field lines.293

Then, using a least-squares fitting method to determine the best fitting function parameters, a294

hierarchical modelling approach [Clark and Gelfand, 2006; Tabachnick and Fidell, 2006] is295

employed to define a model function that includes the dependences on L shell and MLT. As the296

function parameters vary on multiple levels (dependencies on the L shell of the field line and297

the MLT are expected), the hierarchical method separately fits to each of these levels. Therefore298

the resulting best fit represents variations in the dataset as a whole, as opposed to variations299

confined to one level.300

The average ion mass dataset, from measurements obtained by CODIF, provides sufficient301

spatial coverage along the field lines in the region spanning 5.9 ≤ L < 9.5. This corresponds to302

the outer heavy ion torus, plasmatrough, and near-Earth plasma sheet, which will be the reigion303

considered in the following analysis for the average ion mass distribution.304

The average ion mass data are binned for the field line L value and the normalised radial305

distance along the field line, Rnorm, which is the radial distance at which the measurement was306

obtained, R (RE), divided by the L value of the field line. The T96 magnetic field model is used307
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here to determine the field line corresponding to each position bin, and the data are also binned308

for MLT (Magnetic Local Time) in order to further examine the spatial dependence.309

An example plot showing the average ion mass as a function of normalised radius is shown in310

Figure 6 for an L shell of 7 (data are binned for L using a binsize of 1.). Logarithmic scales have311

been used in Figure 6, in order to linearise power law dependences. Each point represents the312

average value in the bin, where the normalised radius bin width is equal to 0.05, and the colour313

of the point corresponds to the number of averaged measurements in each bin, n. The vertical314

panels show the density data binned into 3 hour MLT intervals. The distribution of average ion315

mass values in each bin is indicated by the vertical grey line showing the range between the316

lower and upper quartile, with the short horizontal line representing the median value. As the317

profiles are smoothed using a boxcar function, with a width of 3 bins, some points are shifted318

relative to the grey lines. It can be seen from the example in Figure 6 that the average ion mass319

tends to maximise towards the magnetic equator and decreases off-equator, in agreement with320

results of previous studies [Takahashi et al., 2004; Denton et al., 2006].321

To describe this dependence along the field line, a power law form is chosen, as shown in322

equation 2a:323

mav = mav0Rnorm
−β (2a)

mav0 = 16.4− 1.32L+ (7.12− 0.665L) cos (15MLT + 32) (2b)

β = −2.13 + 0.223L+ (2.26− 0.218L) cos (15MLT + 219) (2c)

where mav0 is the average ion mass at the magnetic equatorial point of the field line, and β is324

the power law index. The power law index, β, is required to be negative, which results in a325
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distribution where the average ion mass is a maximum at the magnetic equator and decreases326

towards the ionospheric ends of the magnetic field lines, as desired.327

Using a least-squares fitting method, weighted by the number of measurements in each bin,328

the best fit parameters (mav0 and β) are determined for each field line distribution. Variations in329

the best fit parameters are then quantified to include dependences with L and MLT, providing a330

hierarchical model for a power law field line distribution. The resulting power law model (equa-331

tion 2a, with model parameters given by equations 2b and 2c) is shown as the solid blue line332

in Figure 6. Although some MLT sectors do not appear to represent the best fit with minimum333

deviations from the data (e.g. second panel in Figure 6), this is due to the hierarchical technique334

employed. As mentioned previously, the model fits shown are results of fits at multiple levels,335

accounting for variations with L and MLT, as well as Rnorm.336

The functions used for all model parameters are chosen to include a sinusoidal term, so that337

the circular form describes the MLT dependence. The phase term of the sinusoidal compo-338

nent indicates the location of the peak of the parameter in degrees of MLT eastwards from the339

midnight meridian, and an amplitude term is included to determine the magnitude of the MLT340

dependence. Both the phase and amplitude terms are linear functions of L. An offset, which341

is also a linear function of L, is added to the sinusoidal term, to represent the mean value of342

the parameter across all MLT. The functional forms chosen to represent the MLT and L depen-343

dences have been chosen as they were the simplest forms that described the observed variations344

in the data, minimising the number of free parameters. Note that when fitting for the model345

parameters, if no clear L dependence in the data was observed, the L dependence was removed346

from the relevant functional form. The key features of the parameters, and the variations with347

L and MLT, are discussed in further detail in section 4.348

D R A F T February 4, 2016, 2:43pm D R A F T



X - 18 SANDHU ET AL.: MAGNETOSPHERIC ION COMPOSITION

Equation 2, representing the average ion mass distribution along magnetic field lines, is used349

to examine the azimuthally mapped spatial distribution in the X-Z SM plane. This is shown in350

Figure 7. In addition, the spatial distribution in the T96 magnetic equatorial plane, predicted by351

the average ion mass model, is also shown in Figure 8.352

4. Discussion

The empirical model for the average ion mass distribution along the field lines, presented in353

section 3, includes dependences on both L and MLT. The features apparent in the model will354

now be discussed in further detail, providing information on the processes influencing the heavy355

ion loading of field lines in the outer heavy ion torus, plasmatrough, and near-Earth plasma sheet356

regions of the closed magnetosphere.357

The resulting variations along the field lines for average ion mass, presented in section 3,358

models the distribution to be a maximum towards the magnetic equator, and decreasing off-359

equator. Although there are no models (to our knowledge) describing the distribution of aver-360

age ion mass along the geomagnetic field in quantitative detail, previous studies of the plasma361

mass density distribution along magnetic field lines suggest that the average ion mass should be362

locally peaked at the magnetic equator [Takahashi et al., 2004; Denton et al., 2006, 2009], in363

agreement with our field line distribution. The preferential concentration of heavy ions at the364

magnetic equatorial plane is expected due to the centrifugal force acting more effectively on365

heavier ions [Denton et al., 2006, 2009], assuming similar temperatures for the ion species, and366

was described by Lemaire and Gringauz [1998] in terms of an effective gravitational potential367

well at the magnetic equator.368

A key source of heavy ions in the region covered by the dataset, determining the variations369

of the average ion mass distribution along the field line with L and MLT, is the plasma sheet370

D R A F T February 4, 2016, 2:43pm D R A F T



SANDHU ET AL.: MAGNETOSPHERIC ION COMPOSITION X - 19

population. It is known that enhanced ionospheric outflows of heavy ions occur in the cusp and371

nightside auroral regions [Shelley et al., 1972, 1982; Lockwood et al., 1985; Chappell et al.,372

1987; Chappell, 1988; Andre and Yau, 1997; Yau and Andre, 1997; Peterson et al., 2008; Liao373

et al., 2010]. This plasma, which has an increased relative concentration of heavy ions, is374

convected into the plasma sheet and then Earthwards, populating the closed magnetosphere375

[Chappell et al., 1987; Chappell, 1988; Yau and Andre, 1997; Cully et al., 2003; Dandouras376

et al., 2005; Kistler et al., 2010; Liao et al., 2010; Mouikis et al., 2010; Haaland et al., 2012b;377

Haaland et al., 2013; Kronberg et al., 2012]. The plasma sheet particles enter the inner mag-378

netosphere on the nightside region, acting to increase the average ion mass for nightside MLT379

sectors. Therefore, it is expected that the plasma sheet population contributes to the average380

ion mass distribution, and the convection of plasma sheet ions into the considered region acts to381

preferentially enhance the average ion mass in the nightside closed magnetosphere.382

The distribution of average ion mass along the field lines is modelled using a power law form383

(equation 2a), with a negative power law index, β, to represent a maximum in average ion mass384

at the magnetic equatorial plane, as discussed in section 3. Figure 9a (showingmav0 as a function385

of MLT and L) illustrates the dependences of the empirically modelled equatorial average ion386

mass parameter, mav0, as defined by equation 2b. The equatorial average ion mass parameter,387

mav0, (equation 2b) combines a linear function in L with a sinusoidal component. Equation 2b388

shows that the mean value of mav0, averaged over all MLT sectors, decreases linearly with L389

value. The decrease of the equatorial average ion mass with increased L values is illustrated by390

Figure 8 and Figure 9a. This feature of the average ion mass distribution is in agreement with391

previous observations [Mouikis et al., 2010; Ohtani et al., 2011; Maggiolo and Kistler, 2014],392

and is thought to result from the mass dispersion of outflowing ionospheric ions. The heavy393
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ions in the closed magnetosphere predominantly originate from ionospheric outflows at high394

latitudes. As the plasma is convected into the plasma sheet, mass dispersion occurs, such that395

low energy O+ ions enter the closed magnetosphere at lower L values compared to lighter ions396

[Lockwood et al., 1985; Chappell, 1988; Andre and Yau, 1997; Yau and Andre, 1997; Haaland397

et al., 2009; Maggiolo and Kistler, 2014]. This results in an L gradient of O+ concentration,398

such that the average ion mass increases towards lower L values. Therefore, the observed L399

shell dependence of mav0 (see Figure 9a) is a consequence of the plasma sheet properties.400

Equation 2b includes a sinusoidal component for the model parameter mav0, which describes401

variations of equatorial average ion mass with MLT. Figure 8 and Figure 9a clearly show that the402

MLT dependence is such that mav0 approaches a maximum at approximately 2200 MLT, so the403

equatorial average ion mass is higher in the evening sector compared to the morning sector. This404

feature can be attributed to plasma sheet convection into the inner magnetosphere. Plasma sheet405

particles convect into the considered region from the nightside, such that the corresponding406

average ion mass enhancement will be predominantly localised to nightside MLT sectors.407

The function describing the model parameter mav0 (equation 2b) also includes an observed L408

shell dependence for the amplitude of the MLT variation. It can be seen from Figure 9a, that409

the amplitude of the MLT variation decreases with L value. As the MLT asymmetry arises as a410

consequence of heavy ions originating from the plasma sheet, the MLT dependence is expected411

to be most significant in the region of enhanced heavy ion concentration. This occurs towards412

the lower L values, as previously mentioned.413

Equation 2c defines the power law index, β, which includes a linear function, describing the414

dependence of the power law index (averaged over all MLT sectors) on L, and a sinusoidal415

component representing the MLT variations. The dependences on L and MLT are illustrated in416
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Figure 9b. It can be seen that β linearly becomes less negative for increased L values, mov-417

ing away from the average ion mass enhancement. More negative β values at lower L values418

indicate a steep decrease in average ion mass values away from the magnetic equatorial plane,419

which is expected to be due to the large enhancement in heavy ions at the magnetic equator due420

to the effects of the centrifugal force acting on the ions. An additional consideration for de-421

creasing β values with increasing L value is the corresponding increase in the flux tube volume422

and length. Considering ionospheric ions with similar lifetimes, the increased flux tube volume423

and length means that fewer heavy ions will be concentrated at the magnetic equatorial plane,424

resulting in flatter distributions along the field line.425

The sinusoidal MLT variation of the power law index, β, shown by equation 2c, indicates426

that the most negative values are located at approximately 2100 MLT, which is clearly shown in427

Figure 9b. This is due to a decreased up-welling of ionospheric O+ ions on the nightside field428

lines, as a result of reduced photoionisation from solar radiation [Young et al., 1982; Lennarts-429

son, 1989; Stokholm et al., 1989]. This causes the values to decrease more rapidly from the430

equatorial enhancement towards the ionospheric ends for nightside field lines, thus causing a431

steeper distribution along the field line, represented by a more negative power law index.432

Furthermore, the plasma sheet contribution acts to increase the gradient along nightside field433

lines, relative to the dayside. As previously discussed, the average ion mass enhancement due434

to both this feature is greatest for nightside MLT sectors compared to the dayside (see Figure 8435

and Figure 9a). The increase in the relative concentration of heavy ions in the equatorial region436

of flux tubes in the nightside region corresponds to an increased gradient in average ion mass437

along the field line. The result is a more negative power law index, β, value on nightside field438

lines than dayside field lines, where the average ion mass is reduced.439
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The discussion of the average ion mass distribution has mainly focused on the contribution of440

the plasma sheet population, which is convected into the closed magnetosphere. However, an441

additional source of heavy ions, which will influence the average ion mass of the plasma in this442

region, is the heavy ion torus. The heavy ion torus is a region of enhanced O+ densities located443

just outside the plasmasphere, with no corresponding enhancement for the densities of light ions444

[Chappell, 1982; Horwitz et al., 1984, 1986; Roberts et al., 1987; Comfort et al., 1988; Berube445

et al., 2005; Darrouzet et al., 2009; Nosé et al., 2011, 2015]. The increased O+ concentration446

will clearly correspond to an increase in the average ion mass of the plasma in the heavy ion447

torus. The expected L value position of the heavy ion torus typically ranges from L ∼ 4.5−6.5448

[Nosé et al., 2011], with decreasing heavy ion enhancements, indicating the outer edge of the449

torus, observed at L ∼ 6 − 8 [Lee and Angelopoulos, 2014]. It has been proposed that the450

heavy ion torus is the result of the interaction between the plasmasphere and the ring current451

[Horwitz et al., 1986; Roberts et al., 1987; Nosé et al., 2011]. This interaction is expected to452

be most intense in the evening region, just beyond the duskside bulge region [Roberts et al.,453

1987; Burch et al., 2001]. As only the outer edge of the heavy ion torus coincides with the454

L range considered by this study, it is expected that the heavy ion torus contribution is minor455

in comparison with the plasma sheet contribution for this region. Nevertheless, the heavy ion456

torus acts to increase the average ion mass at lower L values in the dusk MLT sectors, further457

intensifying the average ion mass enhancement shown in Figure 8.458

5. Conclusions and Further Work

This study has obtained an empirical model describing the distribution of average ion mass459

along closed geomagnetic field lines, including dependences with L shell and MLT. This in-460

volved using observations obtained by the CODIF instrument on-board Cluster, for a time inter-461
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val spanning approximately 2001 - 2005, between 5.9 ≤ L < 9.5. A key result obtained is the462

inclusion of the observed enhancment of heavy ions, located at low L values in the evening MLT463

sector, expected to originate from high-latitude ionospheric outflows, in the average ion mass464

model. The resulting model provides an important insight into the heavy ion loading processes465

occurring in this region, and their dependences on L and MLT. Notable differences between466

this model and previous empirical models are the size and coverage of the underlying datasets,467

and that variations along the field lines have been considered, as opposed to only considering468

equatorial variations.469

This study is to be furthered by examining variations in the spatial distribution of average ion470

mass with different parameters and indices, quantifying solar wind and geomagnetic activity471

dependences [Young et al., 1982; Kistler et al., 2010; Mouikis et al., 2010; Ohtani et al., 2011;472

Kronberg et al., 2012; Ozhogin et al., 2012; Maggiolo and Kistler, 2014; Maes et al., 2015].473

This will provide information on the processes occurring with varying conditions, and how they474

influence the resulting average ion mass distribution in the closed magnetosphere.475

An area of future work involves determining a corresponding empirical model describing the476

total electron density distribution along closed geomagnetic field lines. By combining the model477

with the empirical average ion mass model presented here, the total plasma mass density spatial478

distribution can be estimated for the region considered. This is a key motivation, as variations479

in the total plasma mass density provide information on the morphology and dynamics of the480

magnetosphere, and has significant implications for a variety of magnetospheric processes (e.g.481

propagation of wave modes implicated in radiation belt energisation and decay, and magnetic482

reconnection rates).483
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Figure 1. Histogram showing the percentage of cases where contaminated CODIF measurements,

due to energetic radiation belt particles, were observed as a function of L shell. This is based on a

representative sample of 38 passes through the radiation belt region. The vertical dashed line at L = 5.9

indicates the lower L shell boundary of CODIF data used in this study.
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Figure 2. Plots showing correlations of CODIF measurements in the RPA (corresponding to 0.7 - 25

eV/charge energy range) and MAG (0.025 - 40 keV/charge energy range) modes. All data are binned for

L value (represented by the colour of the points), with a binsize of 0.1, and the horizontal and vertical

bars on each point correspond to the statistical standard error of the data in the L value bin. The dashed

lines on each panel indicates y = x. Panels (a,b,c): correlation of H+, O+, and He+ ion densities,

nH+, nO+, and nHe+, (cm−3) respectively, measured by CODIF in the RPA and MAG modes. Panel (d):

correlation of the total ion density, ni, (cm−3) measured by CODIF in the RPA and MAG modes. Panel

(e): correlation of average ion mass, mav, (amu) values calculated from CODIF measurements in the

RPA and MAG modes.
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Figure 3. CODIF ion observations during a perigee pass for the interval from 21:00 UT on 20 October

2002 to 02:00 UT on 21 October 2002, for Cluster 1 (blue) and Cluster 4 (red). Panel (a) and panel

(b) show the total ion density, ni, and H+ energy, E, spectrogram, respectively, observed by Cluster

1, where the CODIF instrument was operating in MAG mode. Panel (c) and panel (d) show the ion

density and energy spectrogram, respectively, observed by Cluster 4, where the CODIF instrument

was operating in RPA mode. Data in panels (a-d) are plotted as a function of L value, considering the

inbound and outbound parts of the orbit separately, as labelled. Panel (e) shows the ion density variation

with L, corresponding to the observations shown in panel (a) and panel (c) for 5.9 ≤ L < 9.5, taking

the inbound and outbound parts of the orbit together.
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Figure 4. HIA/CIS ion energy flux data measured by C1 on 5 September 2002 (case study of Clausen

et al., 2009). First panel: ion energy flux spectrogram. Second panel: DEF (Differential Energy Flux)

profile for 0.2 keV ion energies, with the red line corresponding to field lines close to the magnetopause

that have been identified as open. Third and fourth panels: DEF profiles corresponding to ion energies

of 10.0 keV and 0.2 keV, respectively, where the red line indicates where the values exceed a threshold

(indicated by horizontal dashed lines). Fifth panel: L values of the spacecraft position.
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Figure 5. Spatial distribution of (a) average ion mass (amu) and (b) the number of measurements

obtained by CODIF in the X-Z plane (SM coordinate system). The grey lines show reference T96

model magnetic field lines in the noon and midnight meridian planes, corresponding to spring equinox

with a solar wind dynamic pressure of 2 nPa, for L values of 6, 8, and 10.
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Figure 6. Average ion mass, mav, (amu) plotted as a function of normalised radius, Rnorm, for 6.5 ≤

L < 7.5 at 3 hour MLT intervals, where the colour of each point indicates the number of CODIF

measurements, n, averaged in each bin. Note that a single CODIF measurement corresponds to an

average of observations through a given position bin for one orbit. The upper and lower quartiles of the

distribution of points averaged in each bin is shown by the grey line, intersected by a short horizontal

line at the median value. The blue line represents the best fitting power law dependence.
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Figure 7. Spatial distribution in the X-Z SM plane using the average ion mass model. Note that the

scales have been adjusted relative to the data plot (Figure 5) to focus on the most relevant regions. The

grey lines show reference magnetic field lines in the noon and midnight meridian planes, for L values

of 6, 8, and 10. The T96 magnetic field model used in this case corresponds to spring equinox, with a

solar wind dynamic pressure of 2nPa.
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Figure 8. The spatial distribution of average ion mass in the T96 magnetic equatorial plane, in the

same format as Figure 7.
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Figure 9. Contour plots showing the variation of the average ion mass model parameters (as defined

in equation 2b and equation 2c) with L value and MLT.
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