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Abstract Observations from the WHISPER (Waves of High frequency and Sounder for Probing of
Electron density by Relaxation) instrument on board Cluster, for the interval spanning 2001-2012, are
utilized to determine an empirical model describing the total electron density along closed geomagnetic
field lines. The model, representing field lines in the region of 4.5< L <9.5, includes dependences on L
and magnetic local time. Data verification tests ensured that the WHISPER data set provided unbiased
measurements for low-density regions, including comparisons with Plasma Electron and Current
Experiment and Electric Field and Waves observations. The model was determined by modeling variations
in the electron density along the field lines, which is observed to follow a power law distribution along the
geomagnetic field at high latitudes, with power law index values ranging from approximately 0.0 to 1.2.
However, a localized peak in electron density close to the magnetic equator is observed, which is described
using a Gaussian peak function, with the electron density peak ranging as high as 10 cm~3 above the
background power law dependence. The resulting model illustrates some key features of the electron
density spatial distribution. The role of the number density distribution, represented by the empirical
electron density model, in determining the total plasma mass density is also explored. By combining the
empirical electron density model with an empirical average ion mass model, the total plasma mass density
distribution is inferred, which includes contributions of both the number density and ion composition of the
plasma in the region.

1. Introduction

Plasma mass density is a fundamental parameter of the magnetosphere, and variations in the plasma mass
density provide information on magnetospheric morphology and dynamics. Furthermore, the mass density
plays a role in the determination of wave mode propagation, important for radiation belt energization and
decay [Meredith et al., 2003; O'Brien et al., 2003], as well as reconnection rates [Borovsky and Denton, 2006]. A
key motivation for developing magnetospheric mass density models is to estimate the frequencies of ultralow
frequency waves, corresponding to the response time of the magnetosphere to perturbations. The mass
density of the plasma is dependent on the number density of the electrons and ions, in addition to the ion
composition. A previous study developed an empirical model for the average ion mass, for closed field lines
in the range of 5.9 < L< 9.5, over all magnetic local time (MLT), describing the ion composition contribution
to the total plasma mass density. This study aims to determine a corresponding empirical model of the spa-
tial distribution of total plasma electron density for the closed magnetosphere, in a region covering the outer
plasmasphere, plasmatrough, and near-Earth plasma sheet. The resulting model will describe variations in the
electron density in the equatorial plane and along magnetic field lines.

Variations in electron density along closed magnetospheric field lines have often been assumed to follow a
power law dependence. Cummings et al. [1969] is an example of this case, where assuming a dipolar field and
hydrogen plasma, the electron density distribution along the geomagnetic field was modeled as a power
law function. This model states that the electron density, n,, at a radial distance R (R;), on a field line with a
maximum radial distance of L (R;) is given by

o=l L)

where n, is the electron density at R = L, and a is termed the power law index. This form implies that the
electron density is a minimum at the magnetic equatorial position along the field line and increases with

SANDHU ET AL.

MAGNETOSPHERIC ELECTRON DENSITY 11,042


http://publications.agu.org/journals/
http://onlinelibrary.wiley.com/journal/10.1002/(ISSN)2169-9402
http://dx.doi.org/10.1002/2016JA023397
http://dx.doi.org/10.1002/2016JA023397
http://creativecommons.org/licenses/by/4.0/

@AG U Journal of Geophysical Research: Space Physics 10.1002/2016JA023397

magnetic latitude toward the ionospheric ends of the field line, assuming that « is positive. The rate at which
the electron density increases depends on the magnitude of the power law index, a.

Previous work has produced empirical models describing the spatial variations in the total plasma electron
density for the closed magnetosphere [Carpenter and Anderson, 1992; Fung et al., 2001; Goldstein et al., 2001;
Sheeley et al., 2001; Denton et al., 2002, 2004], which are now briefly reviewed. These studies determine the
total electron density of the local plasma through measurements of plasma characteristic frequencies using in
situ spacecraft observations. Many empirical models, based on the electron density observations, are focused
on quantifying the distribution of electron density in the equatorial plane [Carpenter and Anderson, 1992; Fung
etal.,, 2001; Sheeley et al., 2001; Denton et al., 2004; Berube et al., 2005]. Fung et al. [2001] and Berube et al. [2005]
presented a model for plasma electron density, representing the region of 2 < L < 5, based on observations
from the Radio Plasma Imaging instrument, on board the IMAGE spacecraft, between May 2000 and May 2001.
Similarly, Denton et al. [2004] utilized upper hybrid resonance frequency measurements from PWI (Plasma
Wave Instrument) on board Polar obtained between March 1996 to September 1997, to determine an empir-
ical electron density model. The model covers 2.5 < L < 8.0. As well as limited temporal coverage of the data
sets, these models [Fung et al., 2001; Denton et al., 2004; Berube et al., 2005] do not quantify any variations in
electron density with MLT (magnetic local time). A study by Carpenter and Anderson [1992] developed a model
based on electron density values using measurements from the SFR (Sweep Frequency Receiver) instrument
on board ISEE (International Sun-Earth Explorer) 1, observed during 1977-1983. The model accounted for
some variations with MLT, comparing spatial distributions for 0000 < MLT < 0600 and 0600 < MLT <1500,
considering L values in the range of 2.25 to 8. However, full MLT coverage is not provided, and the equatorial
variations of electron density in the region of 1500 < MLT <0000 are not quantified. In contrast, Sheeley et al.
[2001] determined an empirical model for equatorial variations in electron density, for 3 < L < 7, including
variations in electron density with MLT. The model was based on observations by the SFR (Sweep Frequency
Receiver) instrument on board CRRES (combined Release and Radiation Effects Satellite) during July 1990 to
October 1991.

As well as describing variations in the equatorial plane, dependences along field lines of electron density
have been quantified by previous studies. Variations along closed geomagnetic field lines were examined in
a study conducted by Goldstein et al. [2001], where the gradient of electron density was empirically modeled
for 2.5 < L < 6.3. The model was based on observations of the upper hybrid frequency measured by PWI on
board the Polar spacecraft, obtained during March 1996 to September 1997. However, this study imposed an
assumption that the variations of electron density along the field line follow the simplistic power law depen-
dence (equation (1)). Furthermore, dependences on MLT were not included, the data set had relatively limited
temporal coverage, and equatorial variations in electron density were neglected. A subsequent study by Den-
tonetal.[2002], using the same data set as Goldstein et al. [2001], included both equatorial and variations along
the field lines, describing the spatial distribution of the total electron density for 3.5 < L < 7.8. Although this
study provides a useful description of the plasma number density, the key constraint of the empirical model
is that MLT dependences are neglected. Furthermore, the data set covers a short time interval, relative to the
solar cycle, thus restricting the model in terms of variations with solar phase.

From a survey of existing electron density models, it is apparent that no sufficiently detailed description of the
variations in the closed magnetosphere exist, with good spatial and temporal coverage. This study improves
on previous models by using a larger data set, providing statistically significant results with good spatial cov-
erage. In addition, both variations along magnetic field lines, including dependences with both L and MLT will
be included.

2. Instrumentation

This study utilizes data observed by the four identical Cluster spacecraft (C1, C2, C3, and C4). The four space-
craft, arranged in a tetrahedral configuration, have a polar orbit, allowing them to sample many key regions
of the magnetosphere [Escoubet et al., 1997a]. Therefore, Cluster is suitable for providing the necessary data
coverage required for this study. The electron density data set, obtained from the Cluster Science Archive,
covers the time interval of 2001-2012.

Electron density data are provided by the WHISPER (Waves of High frequency and Sounder for Probing of
Electron density by Relaxation) instrument on board all four of the spacecraft. This instrument was chosen
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Figure 1. Polar plots showing distributions in L-MLT space, where values are binned for field line L value (using a bin
width of 0.5) and MLT (using a bin width of 1 h). The plots show the average of values within each bin. (a) The fraction of
the total spacecraft passes where WHISPER data is available. (b) The distribution of total electron density, n, (cm™3), as
measured by WHISPER.

over the electron analyzer PEACE (Plasma Electron and Current Experiment) on board Cluster, as PEACE den-
sity estimates are sensitive to photoelectron contamination [Johnstone et al., 1997]. WHISPER is a resonance
sounder that measures the total electron density of the local plasma using its active mode [Décréau et al.,
19971. This involves identifying the frequency of the electron plasma frequency, f, allowing the electron
plasma density, n,, to be directly inferred [Trotignon et al., 2001, 2003], using the relation

€o/Me

2 1
ne = o2 (Zﬂfpe) :afse (2)

The frequency range covered by WHISPER restricts the electron density range of the measurements to within
0.25-80 cm~3 [Trotignon et al., 2001].

Laakso et al. [2002] note that the resonance sounding technique employed by WHISPER to measure the total
electron density may not be suitable for tenuous plasmas where the density is extremely low. For these
regions, such as in the polar cap, the plasma waves may not be identifiable from the spectra, and the total
electron density cannot be determined. Therefore, it is important to assess whether the WHISPER observa-
tions for the region considered in this study are systematically biased such that higher density measurements
are preferentially obtained. Figure 1a shows the fraction of observations obtained by the WHISPER instru-
ment binned for L value (refer to section 3 for the details on determining the L value corresponding to a
measurement) and MLT, with values within each bin averaged. The fraction of measurements is defined as the
fraction of spacecraft passes through an L-MLT bin where WHISPER observations of the total electron den-
sity are obtained. In order to assess whether there is a significant systematic bias related to the capability of
the WHISPER instrument to return measurements of the total electron density for nightside MLT sectors, the
fraction of WHISPER observations shown in Figure 1a can be compared to the electron density distribution,
as shown in Figure 1b. Figure 1b shows, using the same approach as Figure 1a, electron density observations
binned for L value and MLT, where values in each bin are averaged. Figure 1b clearly shows that the total
electron density observed by WHISPER shows reduced values on the dawnside compared to the duskside
(note that the details concerned with this feature will be discussed in section 5). A comparison between
Figure 1a and Figure 1b does not show any evidence of WHISPER preferentially returning observations for
high-density regions compared to low-density regions. This can be assessed further by considering the corre-
lation of the bins shown in Figures 1a and 1b, and the results show that the Pearson’s correlation coefficient for
WHISPER fraction as a function of electron density is —0.07. This indicates that there is an extremely weak cor-
relation between the two quantities (in fact, the sign of the correlation coefficient suggests increased WHISPER
fractions in low-density regions, opposite to the expected dependence). Therefore, there is no evidence for
any systematic bias in the WHISPER observations for the region considered in this study.
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Figure 2. WHISPER (green), PEACE (blue), and EFW (red) observations obtained by C1 during the perigee pass of orbit
745. Electron density, n, (cm™3) time series for the (a) WHISPER and (b) PEACE instruments. (c) The spacecraft potential,
Vs—Vp (V) time series. The spacecraft (d) L value and (e) Dst index (nT) variation. (f) For the observations of each
instrument, the data are binned for L value, using a bin size of 0.2, and averaged. The solid profiles correspond to electron
density, and the dotted profile corresponds to spacecraft potential. Electron density measurements for the EFW
instrument were inferred from spacecraft potential measurements using relations from Lybekk et al. [2012].
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Furthermore, to assess whether the spatial variations in electron density observed by WHISPER are representa-
tive of the plasma, comparisons with PEACE (Plasma Electron and Current Experiment) and EFW (Electric Field
and Waves) data have been performed for multiple case studies. The electron spectrometer, PEACE, provides
direct measurements of the electron density for particles with energies in the range of 0.59-9.45 eV
[Johnstone et al., 1997]. Conversely, the EFW instrument observes the spacecraft potential relative to the
plasma [Gustafsson et al., 1997, 2001], which can be related to the local electron density using relations deter-
mined by Lybekk et al. [2012]. The spacecraft potential technique for monitoring electron density is ideal for
tenuous plasma environments and has been previously employed to observe regions such as the cusp and
magnetotail lobes [Pedersen, 1995; Escoubet et al., 1997b; Laakso and Pedersen, 1998; Nakagawa et al., 2000;
Scudder et al., 2000; Pedersen et al., 2001; Laakso et al., 2002; Pedersen et al., 2008; Lybekk et al., 2012]. Figure 2
shows data obtained by C1 for the perigee pass of orbit 745, from the WHISPER, PEACE, and EFW instru-
ments, for a representative case study. Figures 2a and 2b show electron density observations from WHISPER
and PEACE, respectively, and Figure 2c shows spacecraft potential observations from EFW. The L value cor-
responding to the spacecraft position is indicated in Figure 2d, and the level of geomagnetic activity for the
interval is described by the Dst index time series in Figure 2e. The WHISPER, PEACE, and EFW data sets were
binned for L value, using a bin size of 0.2, averaged, and plotted as a function of L in Figure 2f, for the L range
of interest. The solid colored profiles show the electron density variation as measured by WHISPER (green),
PEACE (blue), and inferred values from EFW (red) using the Lybekk et al. [2012] relations. The dotted red pro-
file shows the spacecraft potential observed by EFW, from which electron density values were inferred. It is
noted that the magnitude of the spacecraft potentials observed here, representative for this region, are rel-
atively small compared to the range of values typically used for the spacecraft potential technique and lie
outside the range appropriate for inferring electron densities. This suggests that the WHISPER instrument is
more suitable, compared to the EFW instrument, for monitoring electron density for this region. Regardless,
a comparison of the electron density profiles indicates generally good agreement between each instru-
ment data set, with similar L gradients. As expected, the magnitude of electron density observed by PEACE,
corresponding to a restricted energy range, is lower than the total electron density measured by WHISPER.
Overall, the representative example shown in Figure 2 provides evidence that the WHISPER data set should
provide a valid electron density spatial distribution for the region considered in this study.

3. Data Reduction

In order to examine the spatial variations in the electron density, the same technique is used as for the previous
study [Sandhu et al., 2016], which will now be briefly summarized here for completeness. Considering each
orbit individually, the data are binned by position in 0.5 X 0.5 X 0.5 R bins, where the GSM (Geocentric Solar
Magnetospheric) coordinate system is employed. The observations in each bin, typically ranging between 10
and 102, are used to determine the average value and average time of measurement. In addition, the position
of the bin is used to identify the corresponding MLT. Over all orbits used in this study, the total number of
passes through each position bin is typically of the order 102

For each position bin, the corresponding L value is determined. The L value is defined as the radial distance
that the bin’s field line crosses the magnetic equatorial plane. As described by Sandhu et al. [2016], the T96
magnetic field model [Tsyganenko, 1996] is used to trace the field line corresponding to the bin’s position and
the average measurement time. The T96 magnetic field model is parameterized by the solar wind dynamic
pressure, IMF (Interplanetary Magnetic Field) B, and B, components, and the Dst index, and the parameter
values corresponding to the average measurement time of each bin were used in the field line tracing. Hourly
averaged Dst values were obtained from the World Data Center for Geomagnetism (Kyoto) data set, and 1 min
averaged solar wind parameters were obtained from the NASA/Goddard Space Flight Center OMNI data set
through OMNIWeb.

As this study aims to consider only the closed region of the magnetosphere, any points where the cor-
responding field line is traced as open by the T96 magnetic field model is removed from the data set.
However, due to occasional inaccuracies in the T96 magnetic field model, some measurements located on
an open field line may by traced as closed. It was identified that this effect contributed to some discrep-
ancies in the data set, particularly for points located close to the dayside magnetopause. In order to verify
whether a bin’s field line is closed, a method adapted from Clausen et al. [2009] is used, which is now briefly
described. Full details on the method are described by Sandhu et al. [2016]. Using DEF (Differential Energy Flux)
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Figure 3. Spatial distribution of (a) average electron density (cm=3) and (b) the number of measurements obtained by WHISPER 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.

measurements obtained by the Hot lon Analyzer instrument [Réme et al., 1997] on board Cluster, empiri-
cally defined thresholds are used to identify plasma with DEF values characteristic of magnetosheath plasma.
Points are defined as being on closed field lines if they have a DEF of ions at 0.7 keV below the critical value of
1% 107 keV cm=25~" sr=' keV~' or a DEF of ions at 0.02 keV above 6 x 10% keV cm=2s~" sr=" keV™". By apply-
ing the method to all points in the data set, any points identified to be on open field lines are discarded, and
a reduction in discrepancies located close to the OCB (Open-Closed Boundary) is observed.

The resulting electron density data set, where values have been binned for position and the correspond-
ing MLT and L values evaluated, is now presented. Using the same approach as Sandhu et al. [2016], a
coordinate transformation is applied to determine the bins’ position in the SM (Solar Magnetic) coordinate
system, considering each orbit individually. The distribution of average electron density values in the X-Z
SM plane is shown in Figure 3a, illustrating variations in the WHISPER data set with magnetic latitude and
L value. The color of the points represent the average values over all orbits, binned spatially with a bin size
of 0.5 R.. Measurement positions have been azimuthally mapped about the Z axis into the noon-midnight
meridian, averaging over dayside and nightside MLT sectors separately. Furthermore, measurements in the
Southern Hemisphere are mapped to the corresponding position in the Northern Hemisphere, assuming that
the distribution along the geomagnetic field is hemispherically symmetric.

Figure 3b shows the corresponding spatial distribution of the number of measurements in each position bin,
mapped to the X-Z SM plane. It can be seen that the WHISPER data set contains a sufficient number of mea-
surements over a range of L values in order to provide a statistically significant and reliable description of the
electron density spatial distribution.

4. Electron Density Distribution Along the Magnetic Field

The electron density data set, from measurements obtained by WHISPER, provides sufficient spatial coverage
along field lines in the region spanning 4.5 < L < 9.5. This corresponds predominantly to the outer plas-
masphere, plasmatrough, and near-Earth plasma sheet. The following analysis considers the distribution of
electron density along magnetic field lines in this region, including a comparison of data at different L and
MLT values.

In order to determine the distribution of electron density along field lines, the same approach as used by
Sandhu et al. [2016] is applied to the electron density data set, with a summarized description provided
here. The method involves identifying an appropriate functional form to represent the distribution of elec-
tron density along the geomagnetic field. A hierarchical least squares fitting technique [Clark and Gelfand,
2006; Tabachnick and Fidell, 2006] is used to obtain a model function, where the function parameters include
dependences on L and MLT.
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Figure 4. Electron density, n, (cm~3) plotted as a function of normalized radius, Rno;m, for 8.5< L < 9.5 at 3 h MLT

intervals, where the color of each point indicates the number of WHISPER measurements, n, averaged in each bin. 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 vertical dashed line indicates the boundary between the power law and
Gaussian dependences. The blue line represents the best fitting power law dependence, where the dashed blue line is
the extrapolated dependence. The green line represents the best fitting Gaussian function.
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Similarly to Sandhu et al. [2016], the electron density data are binned for the field line L value using a bin size
of 1, binned for MLT using a bin size of 3 h, and binned for the normalized radius, R, using a bin size of 0.05.
The normalized radius is defined as the radial distance at which a measurement was obtained, R (R;), divided
by the L value of the field line. An example plot showing the electron density as a function of normalized radius
is shown in Figure 4 for binned data corresponding to an L shell of 9. Each point represents the average elec-
tron density value in the bin, and the color of the point corresponds to the number of averaged measurements
in each bin, n. The vertical panels show the density data for each MLT bin. The interquartile range of electron
density values in each bin is indicated by the vertical grey lines, which extend from the lower quartile to the
upper quartile. The median value of each bin is indicated by the short horizontal grey line. It is noted here that
the profiles are smoothed using a boxcar function with a width of three bins, and consequently, some points
are shifted relative to the grey lines. Figure 4 shows that at higher magnetic latitudes (equivalently, lower
R orm Values), the distribution tends to resemble that of the expected power law (see equation (1), previously
discussed in section 1), as evidenced by the blue curve, which represents a power law best fit described in
more detail in the following subsection. However, at lower magnetic latitudes (higher R, values), close to
the magnetic equatorial plane, a peak in electron density is often observed, which appears to have an MLT
dependence. To account for the different dependences observed, the distribution along field lines is sepa-
rated into two regions, where the boundary between these regions is indicated by the vertical dotted line
in Figure 4. The value of the normalized radius at the boundary between the two dependences is defined
as R, = 0.8, which is determined from the mean value of R, where the average electron density is at a
minimum for the field line distribution.

4.1. Power Law Model

For the high magnetic latitude region, a power law dependence is apparent, so the functional form of
equation (1) is chosen to describe the distribution along the magnetic field. Using a least squares fitting
method, weighted by the number of measurements in each bin, the best fit parameters (n,, and ) in
equation (1) are determined for each distribution. The least squares fitting has been weighted by the num-
ber of measurements in each bin, as the electron density is known to be variable in this region. Therefore, the
weighting is estimated from the number of measurements in order to avoid the fit being distorted by values
that are not representative of the typical distribution. Variations in the best fit parameters are then quantified
to include dependences with L and MLT, providing a hierarchical model for a power law distribution along
field lines. The resulting power law model is shown below in equation (3), with model parameters given by
equations (3c) and (3d):

ne = neORnorm_a Rnorm S 0.8 (3a)
R —10)\?

=aexp [—% (%) ] +ng Rnorm > 0.8 (3b)

Ny = 35.0 — 3.35L 4 (9.38 — 0.756L) cos (15MLT + 76.0) (30)

a=-0.173+0.113L + 0.412 cos (15MLT + 81.9 + 16.0L) (3d)

a=—1.24+ 0.944L + 2.92 cos (15MLT + 40.0) (3e)

This power law model is shown as the solid blue line in Figure 4, and the model has also been extrapolated
into the lower latitude region for comparison, as illustrated by the dashed blue line. Due to the hierarchical
technique used here, the model fits shown in Figure 4 are results of a fit to the data set as a whole, accounting
for variations with L and MLT, as opposed to an individual L-MLT bin. As such, some MLT sectors may not
appear to represent a least squares fit for the individual profiles (e.g., Figure 4, first panel). This approach was
employed here as the modeling technique provides a description of the global, large-scale spatial variations
in the data set, accounting for dependences with L and MLT.

The functional form used for all model parameters combines a sinusoidal function, to represent the MLT
dependence, with an offset to represent the mean value across MLT variations. Further details on the form
of the functions are described by Sandhu et al. [2016]. The sinusoidal component includes a phase term,
describing the MLT location of peak parameter values, and an amplitude term to describe the magnitude
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Figure 5. Spatial distribution in the X-Z SM plane using the model for electron density (cm~3). The distributions using
both (a) the extrapolated power law form and (b) Gaussian function for the low-latitude electron density dependence
are shown for comparison. Note that the scales have been adjusted relative to the data plots (Figure 3) 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 2 nPa.

of MLT asymmetries. The phase, amplitude, and offset terms are defined as linear functions of L, unless a clear
dependence on L was not identifiable from the parameter variations.

The key features of the power law dependence, and the variations with L and MLT, are discussed in section 5.

4.2. Gaussian Model

The localized peak in electron density in the lower latitude region indicates that a power law dependence is
not an appropriate form to describe the variations in this region, as can be seen from the difference between
the extrapolated power law model and observed electron density in Figure 4 close to the magnetic equator
(at R,orm > 0.8). For this region, a Gaussian function is chosen to represent the electron density peak. The width
of the peak is fixed to 0.1 and the position to R, = 1.0 (i.e., at the magnetic equatorial plane), in order to
reduce the number of free parameters in the fitting. An offset, equal to n,, from the power law model defined
in equation (3c¢), is added to the Gaussian function. This is done so that the electron density given by the
Gaussian function is representing an enhancement compared to the background power law model, extrapo-
lated into the lower latitude region. This region is modeled by fitting a Gaussian function to the distributions
along the field line, using a least squares method weighted by the number of measurements in each bin,
and quantifying the parameters’ dependence on L and MLT. The resulting model for this region is shown
in equation (3b), where n,, and a (peak height above n,,) are defined in equations (3c) and (3e). Further
discussion of the dependences present in this model are included in section 5.

The power law and Gaussian models can now be combined to form the model for the electron density dis-
tribution along field lines, with dependences on L and MLT included, as summarized in equation (3). The
azimuthally mapped spatial distribution (averaging separately over dayside and nightside MLT sectors) pre-
dicted by the resulting model is shown in Figure 5 in the X-Z SM plane, including the distribution where
the equatorial peak is neglected by using the extrapolated power law form for the lower latitude region
(Figure 5a). A comparison of the two forms of the model show that the inclusion of the Gaussian function
to represent the localized peak results in significant enhancements in electron density at low latitudes, as
expected, particularly for large L values with the effect being stronger on the nightside.

The spatial distribution in the T96 magnetic equatorial plane predicted by the electron density model is shown
in Figure 6, illustrating MLT and L dependences. Figure 6a corresponds to the extrapolated power law model
and Figure 6b corresponds to the combination of the power law and Gaussian functions. A comparison of
the distributions further illustrate how the use of the Gaussian function, accounting for the localized peak in
electron density, results in increased values overall compared to the extrapolated power law form.
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Figure 6. The spatial distribution of electron density (cm™3) in the T96 magnetic equatorial plane, in the same format as
Figure 5.

5. Discussion

An empirical model describing variations in electron density along the magnetic field, including dependences
on both L and MLT, has been obtained (section 4). The key features of the model are now discussed in fur-
ther detail, providing information on the processes influencing the electron density spatial distribution in the
considered region of the closed magnetosphere.

5.1. Electron Density

A comparison of the equatorial electron density values observed here to results from previous studies indi-
cate some important differences, which are now briefly summarized. Many previous results appear to observe
lower electron densities [Denton et al., 2004; Lointier et al., 2013; Takahashi et al., 2014; Sheeley et al., 2001];
however, there are several significant factors that may account for the apparent discrepancies. The study con-
ducted by Sheeley et al. [2001] quantified electron density variations for the plasmasphere and plasmatrough
regions. Whereas the empirical model developed here determined an electron density value of 25.3 cm—
at L = 5 for the midnight meridian, the results of Sheeley et al. [2001] suggest that values should be around
120 cm3 for the plasmasphere region and approximately 12 cm™3 for the plasmatrough region. A closer
agreement is observed for other MLT sectors. The difference in equatorial electron density values can be
attributed to the method employed in this study, where plasmasphere and plasmatrough are not separated.
Results may also be compared to the findings of Denton et al. [2004], where plasmatrough measurements
indicate significantly lower equatorial electron densities compared to the values obtained in this study. Specif-
ically, atan L value of 6, Denton et al. [2004] observed an equatorial electron density of ~10 cm~3, compared to
~19 cm™3 for the empirical model presented here, averaging over all MLT to allow an equivalent comparison.
A key feature of the Denton et al. [2004] methodology is the assumed power law distribution along field lines,
which was combined with off-equatorial measurements of the electron density using the PWI instrument
on board the Polar spacecraft. Therefore, the low-latitude equatorial region was not sampled, neglecting the
equatorial enhancement in electron density and underestimating the equatorial electron density. Comparing
results with our empirical model using an extrapolated power law, thus neglecting the equatorial enhance-
ment, provides an equatorial electron density of ~15 cm~3 and is in closer agreement with the Denton et al.
[2004] value. Furthermore, the results of Denton et al. [2004] represent solar minimum conditions, correspond-
ing to lower electron density values due to relatively decreased ionization, whereas these results presented
here represent a wider range of solar activity levels. Following studies, in particular, Lointier et al. [2013] and
Takahashiet al.[2014], also observed lower equatorial electron densities compared to the results of this empir-
ical electron density model. However, similarly to Denton et al. [2004], Takahashi et al. [2014] assumed a power
law distribution along field lines, neglecting any equatorial enhancement. The data set employed by Lointier
et al. [2013] exhibits a lack of data coverage near the equator, and Lointier et al. [2013] emphasize that the
values mapped to the equatorial plane have not accounted for variations in electron density along the field,
and therefore do not represent true equatorial values. Consequently, it can be expected that values will be
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underestimated, due to the presence of an enhancement localized at the magnetic equator. Overall, differ-
ences between the empirical model values of equatorial electron density and the results of previous studies
[Denton et al., 2004; Lointier et al., 2013; Takahashi et al., 2014; Sheeley et al., 2001] can mainly be attributed to
the methods employed by the previous studies, which neglect the presence of an equatorial peak in electron
density. The key features of the empirical electron density model are now presented, discussing dependences
of the model parameters on L and MLT.

Cummings et al. [1969] first modeled the electron density distribution along field lines as a power law form
(equation (1)), as discussed in section 1, assuming a dipolar field and hydrogen plasma. The power law index,
@, is an important parameter, as it determines the rate at which electron density increases toward the iono-
spheric ends of the field line. For a diffusive equilibrium model, where the hydrostatic approximation is
assumed, the number density along a flux tube is proportional to the magnetic field strength, which implies
a power law index within the range of 0.5-1.0 [Takahashi et al., 2004]. This diffusive equilibrium model is
appropriate for high-density regions, such as the plasmasphere, where the hydrostatic approximation is valid.
Low-density regions, such as the plasmatrough, can be suitably represented by a collisionless plasma model,
which corresponds to a power law index of approximately 4 [Takahashi et al., 2004]. Observational evidence
of a power law dependence for the electron density distribution along field lines in the plasmatrough shows
that the variation has a form between that predicted by the diffusive equilibrium model and that predicted
by the collisionless model [Goldstein et al., 2001; Denton et al., 2002, 2004]. For example, Denton et al. [2002]
observed a power law index of 1.6-2.1 for the plasmatrough.

It can be seen from equation (3d) that the power law index, a is modeled to include the observed dependences
on both MLT and L. These variations are illustrated in Figure 7a, which shows the value of « as a function
of MLT and L. Equation (3d) and Figure 7a show that « is assumed to have a linear dependence on L with a
sinusoidal variation, where the amplitude is independent of L. However, the phase has an L dependence, such
that the peakin a moves from approximately noon toward dawn with increasing L. Dependences of the power
law index with MLT have also been reported from previous studies, such as Denton et al. [2002]. This result is
consistent with the assumption that the power law form models the loading of electron density along field
lines from the ionosphere. Due to electron outflows from photoionization at the ionosphere by incident solar
radiation, the electron density is at a maximum at the ionospheric ends of the field line and decreases away
from this region toward the equator. Therefore, the electron outflow will be greater on the dayside field lines,
compared to the nightside field line footprints with reduced insolation, so the density at the footprints will
be greater on the dayside. Consequently, this results in an increased magnitude of the gradient in electron
density from the ends of the field line toward the magnetic equator for dayside field lines, so the observed «
value should be greater for the dayside MLT sector. This is consistent with the determined value for the model
a parameter.

Another feature of the a parameter is that the mean value of the variation is modeled to represent the
observed increase of a with L, in agreement with previous findings [Denton et al., 2002]. This is expected to
be due to an increase in flux tube volume with L, such that the total electron density across the field lines is
reduced. Therefore, for increased L values, the gradient in electron density from the end of a field line toward
the magnetic equatorial plane will be increased in magnitude (i.e., a greater decrease in electron density
moving away from the ionosphere), resulting in an increased « value. This feature of the « dependence is
demonstrated in Figure 7a, where it can be seen that the magnitude of a increases with L. For the region mod-
eled, « is approximately 0.4-1.0, which is markedly lower compared to other results previously mentioned
[e.g., Denton et al., 2002].

It is also assumed that n,q has a sinusoidal MLT variation, with the amplitude of the variation dependent on
L, as illustrated by Figure 7b showing n,, as a function of MLT and L. In this case the phase of the sinusoidal
variation was observed to be independent of L. The MLT dependence of n,, is found to have a maximum at
approximately 1800 MLT, which is expected to be due to the “plasmaspheric bulge” [Carpenter, 1966; Chappell
et al., 1970]. This MLT dependence results in generally increased electron densities toward the duskside
(in agreement with Sheeley et al. [2001]), which is clearly identified in Figure 7b as well as Figure 6a. However,
it should be noted that our model is based on the full data set, averaged over all solar wind and geomagnetic
conditions. This results in a blurring of the MLT variations presented in the equatorial distributions, as the plas-
maspheric bulge shape and location is highly variable and dependent on various processes [Carpenter, 1970;
Chappell, 1972; Carpenter and Anderson, 1992; Gallagher et al., 2000; Lointier et al., 2013].
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Figure 7. Contour plots showing the variation of the electron density parameters (as defined in equation (3)) with L
value and MLT.

The amplitude of the MLT variation of n,, decreases with L shell, shown by Figure 7b and equation (3c).
As mentioned above, the MLT dependence is due to the plasmaspheric bulge. Therefore, at increased L shells,
further away from the plasmasphere boundary, the amplitude of the MLT variation is reduced.

In addition, the mean value of n,,, averaged over sinusoidal variations, is found to decrease with the L value
of the field line (apparent in Figure 7b), as previously observed [Carpenter and Anderson, 1992; Goldstein et al.,
2001; Sheeleyetal., 2001; Denton et al., 2002, 2004; Berube et al., 2005; Ozhogin et al., 2012]. This could be a result
of increased flux tube volume with increasing L value, such that the electron refilling from the ionosphere is
distributed over a greater volume and results in generally decreased electron density values. The flux tube
length is also increased so, due to the average lifetime of the electrons, the flux tube will take longer to be
fully replenished by the ionospheric source, and on average will contain fewer electrons close to the magnetic
equator. This is in agreement with Denton et al. [2004], where results indicated that the time associated with
flux tube refilling is increased with increasing L shell.

However, as discussed in section 4, the power law model is not an appropriate description of the density
close to the magnetic equator. Instead, a Gaussian function, with an offset of n,, is chosen to represent the
distribution in this region, where the peak height a varies with L and MLT. As with the previous parameters,
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the peak height relative to the background power law distribution, g, is assumed to have a sinusoidal variation,
with a constant phase, as shown by Figure 7c. It can be seen that a increases with L, such that the contribu-
tion of the Gaussian distribution at the magnetic equatorial plane increases for larger L. The MLT dependence
of a is such that the equatorial enhancement is strongest toward nightside field lines. Figure 7d shows the
dependences of the total peak height, a + n,y, on L and MLT. The peak of this variation is located at approxi-
mately 1800 MLT, due to the MLT dependence of the n,, parameter (compare Figures 7b and 7d). It can also
be seen from Figure 7d that the average value of the total peak height, a + n,,, decreases with increasing L
value, where the decrease is dominated by the n,, dependence previously discussed.

It is important to consider that the equatorial region at high L values, corresponding to observations of the
equatorial peak, is only sampled in the later half of the time period covered by the WHISPER data set. This is
due to variations in the orbital configuration, as the perigee gradually moved to higher latitudes throughout
the time period considered in this study. In order to assess whether the observed equatorial enhancement is a
consequence of the temporal variation in coverage, the field line distribution of electron density is examined
further in Figure 8. Figure 8 (top) presents an example of the equatorial enhancement, observed for data
within 8.5 < L < 9.5 and 06 + 1.5 MLT, and this L-MLT bin was chosen as a suitable case for further analysis.
Figure 8 (middle) shows PEACE observations of the electron DNF (Differential Number Flux). The energy-pitch
angle spectrogram shows an average of DNF observations obtained by the PEACE instrument on board the
Cluster 1 spacecraft for the full time interval (2001-2012), for positions corresponding to R, > 0.8 within
the L-MLT bin. Therefore, the results describe electrons in the equatorial enhancement region. It can be seen
that for a given energy bin, the DNF distribution is not isotropic, and values are peaked for pitch angles close
to 90°. This is known as a pancake pitch angle distribution, and referring to the particle distribution function
for a collisionless plasma, implies that the number density of particles increases for decreasing magnetic field
strength. This implies that the electron density approaches a maximum at the equatorial point of a field line,
where the magnetic field is weakest, in agreement with the peaked distribution along the magnetic field
observed in the WHISPER data set. As the pitch angle distribution shown in Figure 8 (middle) is based on
complete energy-pitch angle spectrograms obtained by PEACE, the peaked distribution of electron density
along the field lines can be attributed to an intrinsic property of the plasma, and therefore, the result provides
support for the validity of the observed equatorial enhancement.

The distribution of electron density along the geomagnetic field can be further tested by separating the data
set into two intervals, depending on the time of observation. The first interval covers the time period prior
to October 2004, and the second interval covers observations obtained following October 2004. Therefore,
the later time period corresponds to an interval during which the equatorial regions at high L values were
sampled, unlike the earlier time period. The reason for selecting October 2004 as the boundary between
the two time periods is that the first interval corresponds to the temporal coverage of the CODIF data set.
Figure 8 (bottom) shows the variation in electron density along a field line for the two intervals, where the
first interval is indicated by the plus symbols and the second interval corresponds to the cross symbols. It
can be concluded that the two profiles exhibit similar values in the region where there is concurrent data
coverage, and in addition, the peaked distribution remains for the second time interval. Therefore, the equa-
torial enhancement, apparent in Figure 8 (top), is not a consequence of averaging data from different times,
and the analysis indicates that the peaked distribution close to the magnetic equator is a valid feature. It is
also important to note that the same features were present in the other L-MLT bins as for the case shown in
Figure 8. Furthermore, the variations in the prominence of an equatorial enhancement with MLT and the initial
decrease in electron density moving away from the magnetic equator forming a peaked distribution, would
be unexplained assuming that the peak was a false result due to temporal variations in spatial coverage.

A possible explanation for the observed electron density peak near the magnetic equator in this data set
could be the contribution of solar wind-magnetosphere coupling as an electron source (e.g., plasma entering
the closed magnetosphere in the equatorial region, via the plasma sheet, through nightside reconnection
processes). This peak is observed for the upper L values of the considered region, where the electron input by
photoionization at the ionosphere becomes comparable to the solar wind-magnetosphere coupling source.
The density peak becomes increasingly prominent with increasing L value, toward the plasma sheet region,
due to the decreased background power law densities (representing a decreasing ionospheric contribution).
This explanation also supports the MLT dependence of the height of the peak, as the ionospheric electron
source is correlated with solar illumination, and so the dominance of the plasma sheet source is expected
to be apparent for nightside field lines, where the plasma sheet becomes an important plasma source.

SANDHU ET AL.

MAGNETOSPHERIC ELECTRON DENSITY 11,054



@AG U Journal of Geophysical Research: Space Physics

10.1002/2016JA023397

Electron Density, n, (cm?)

Electron Density, n, (cm?)

L

=9

o
o
<
=
_l

20 [ | T I | | I
L [ _]
- | —
15 — | —
— [ _
- | ]
10 — |
— |
— |
B |
5 — |
o | | | | | [T .
0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
Normalised radius, R,
108
o
Z
M
o
Bn
107 -
@
g
5
<
Oo 106J
(e 0]
— 10" 10 10°® 10* 10°
20 =] | ] | ]
: [ _]
— | —
15 — [ —
— [ _
- | |
10 — : —
L | _]
— | ]
— | ]
S | —
o | | | | | | | | | L]

0.5

0.6
Normalised radius, R

0.7

norm

Figure 8. Data corresponding to 8.5 < L < 9.5 and 06 + 1.5 MLT. Figure 8 (top and bottom) show the averaged WHISPER
observations of electron density, n,, plotted as a function of normalized radius, R, Using the same format as Figure 4.
Figure 8 (top) corresponds to averaged values over the full WHISPER data set, reproduced for convenience from Figure 4.
Figure 8 (bottom) shows the profile along the field line for data obtained before October 2004, represented by the plus
symbols, and data obtained following October 2004, represented by the cross symbols. Figure 8 (middle) shows the
average electron DNF (Differential Number Flux), cm~2 571 ster~! keV~!, observed by the PEACE instrument onboard
the Cluster 1 spacecraft, in an energy-pitch angle spectrogram. The radial and angular position of a given bin
corresponds to the energy and pitch angle, respectively.

SANDHU ET AL.

MAGNETOSPHERIC ELECTRON DENSITY

11,055



@AG U Journal of Geophysical Research: Space Physics 10.1002/2016JA023397

Flux tubes on the nightside are observed to have a decreased ionospheric plasma contribution due to reduced
solar illumination, and plasma entry into the closed magnetosphere by reconnection primarily occurs on the
nightside, increasing the contribution of the plasma sheet population.

Previous studies examining the electron density distribution along field lines in the plasmatrough region have
observed a power law dependence with a density minimum at the magnetic equator [Décréau et al., 1986;
Olsen et al., 1987; Olsen, 1992; Denton et al., 2002, 2004], in contradiction with the results of this data set. It is
important to note that these studies have limitations due to orbital configuration that may have inhibited the
detection of an equatorial enhancement. The studies conducted by Décréau et al. [1986], Olsen et al. [1987],
and Olsen [1992] were based on measurements from the DE-1 (Dynamics Explorer 1) instrument, which did
not provide observations of the electron density distribution along field lines above L ~ 6. Denton et al. [2002]
and Denton et al. [2004] used observations from the Polar spacecraft, which provide a lack of coverage at low
latitudes for large L values. The empirical model presented here indicates that the localized enhancement in
electron density is prominent at large L values, close to the magnetic equatorial plane, suggesting that some
previous studies may have been unable to observe deviations from the expected power law dependence due
to data coverage limitations. However, Gallagher et al. [2000] reported an increase in the sum of the H™ and
He* densities within approximately 20° of the magnetic equator, which, assuming quasi-neutrality, implies a
corresponding maximum in electron density. This assumes that the contribution of other ion species in terms
of number density is negligible, which is reasonable for the higher L shells [see Sandhu et al., 2016, Figure 8].
A possible localized peak was also examined by Denton et al. [2006], who concluded, from an analysis of CRRES
plasma wave data, that there is no convincing evidence for a local peak in electron density near the magnetic
equator. However, the results show insufficient data at low latitudes for large L shells. In addition, Denton et al.
[2006] noted a small peak for L = 8—-9 but argued that at this range the magnetic latitude coverage is not com-
plete, the magnetic field model is unreliable, and large statistical errors are present. In contrast to the evidence
suggesting an electron density minimum, a case study conducted by Denton et al. [2009] observed a plasma-
trough field line distribution of electron density with a localized peak at the magnetic equator, decreasing to
a minimum value at a magnetic latitude of approximately 12.5°, then increasing steeply away from the mag-
netic equator. This appears to be the only conclusive observation of a peaked distribution in agreement with
this empirical model.

5.2. Mass Density

The plasma number density is an important contribution to determining the total plasma mass density. This
section will now explore how combining the empirical electron density model, representing the number den-
sity, with the average ion mass empirical model of Sandhu et al. [2016], describing the ion composition, can
provide an estimation of the total plasma mass density distribution in the closed magnetosphere. Using the
same approach as for the empirical electron density model, observations of ion densities from the CODIF
instrument on board Cluster provided measurements of the average ion mass for the local plasma, which
were empirically modeled by Sandhu et al. [2016]. The resulting empirical model for the distribution of aver-
age ion mass along field lines, included dependences on L and MLT, covering all MLT sectors for the region
of 5.9 < L < 9.5. The key features of the model are the power law dependence used to describe variations
along magnetic field lines, such that the average ion mass values maximize toward the magnetic equato-
rial plane, and enhanced values toward the nightside at lower L values, mainly attributed the contribution of
high-latitude heavy ion outflows convecting to the inner magnetosphere.

To estimate the total plasma mass density, for the region represented by both the empirical electron density
model and the empirical average ion mass model, the following approach is taken. Using the spatial distri-
butions of electron density, n,, and average ion mass, m,,, a corresponding spatial distribution of the total
plasma mass density, p, can be inferred from the relation

av’

p=n.my, (4)

which assumes that the magnetospheric plasma is quasi-neutral and the electron mass is negligible in com-
parison to the ion mass. In order to represent the full particle energy distribution of the magnetospheric
plasma, this method of independently determining the number density and the average ion mass is chosen.
This is because the resonance sounding technique used by the WHISPER instrument provides measurements
of the total electron density for the plasma. The average ion mass determined from measurements by the
CODIF instrument may be taken to represent the total plasma, reasonably assuming that the average ion mass
is not a strong function of ion energy for the regions considered, as discussed by Sandhu et al. [2016].
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Figure 9. The spatial distribution of total plasma mass density (amu cm~3) in the X-Z SM plane, corresponding to the
electron density distributions shown in Figure 5.

The total plasma mass density is estimated using equation (4), and, from the range of L shells covered by both
the electron density and average ion mass empirical models, the inferred empirical model for the total plasma
mass density represents 5.9 < L < 9.5. The resulting mass density empirical model includes contributions of
the plasma number density and ion composition to the spatial variations. First, the combination of the elec-
tron density and average ion mass models to provide the mass density distribution in the X-Z SM plane is
presented in Figure 9, where all values have been azimuthally mapped and averaged over MLT. As for the cor-
responding electron density distribution (Figure 5), both forms of the electron density model at low latitudes
are considered for comparison. It can be seen from Figure 9b that the contribution of the localized electron
density peak at the magnetic equatorial plane results in a clear enhancement of mass density compared to
the case where this is neglected (Figure 9a), particularly at larger L values.

The corresponding mass density distribution in the T96 equatorial plane is shown in Figure 10, demonstrating
dependences with L and MLT. As expected, the use of the Gaussian function to represent the electron density
equatorial peak results in comparatively enhanced mass density values. It can also be noted here that the
contribution of the ion composition in this region is also an important factor in determining the mass density
distribution, as shown by a comparison of Figure 5 with Figure 9, and Figure 6 with Figure 10.

The variations of mass density in the equatorial plane are worthwhile discussing. Figure 10 illustrates the
L dependence of the inferred mass density model, with high mass density plasma present at low L values,
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Figure 10. The spatial distribution of total plasma mass density (amu cm~3) in the T96 magnetic equatorial plane,
corresponding to the electron density distributions shown in Figure 6.
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due to the average ion mass enhancement and high number density plasma. The mass density decreases with
L value, which is attributed to decreasing plasma number density as a result of larger flux tube volume and
length. The composition of the plasma also becomes less Ot dominated, resulting in decreasing mass density.
In general, the decrease in mass density with L is in agreement with previous models [Takahashi et al., 2004;
Denton et al., 2006; Maeda et al., 2009; Min et al., 2013; Takahashi et al., 2014].

Figure 10 demonstrates the MLT dependence of the mass density model. It can be seen that the equatorial
mass density approaches a maximum in the evening sector. By considering the electron density enhance-
ment at approximately 1900 MLT, due to the duskside plasmaspheric bulge region, and the average ion mass
enhancement due to the plasma sheet population present for nightside field lines [Sandhu et al., 2016], it is
clear that the mass density enhancement in this region is due to a combination of both features. Therefore, the
variation in mass density with MLT is due to contributions from both the number density and ion composition.

Furthermore, it is also of interest to consider variations along the geomagnetic field in the total mass density.
Previous studies suggest that the dependence along field lines of mass density is expected to have a relatively
flat profile (small positive power law index) for lower L values [Takahashi et al., 2004; Denton et al., 2006; Maeda
et al., 2009]; whereas at larger L values, previous studies find that the distribution is locally peaked at the
magnetic equatorial plane, decreases off equator, and then increases again toward the ionospheric ends of
the field lines [Takahashi et al., 2004; Denton et al., 2006; Takahashi and Denton, 2007; Denton et al., 2009].
The distribution of the inferred mass density along field lines and variations with L value and MLT are now
discussed, considering the high latitude and equatorial regions separately.

By combining the electron density and average ion mass empirical models, the profiles of mass density
along field lines are determined. Examples of the profiles of mass density are shown in Figure 11. Figure 11
(left column) shows profiles for L=6, and Figure 11 (right column) shows profiles for L=9. Figure 11 (top row)
shows profiles for 1200 MLT, and Figure 11 (bottom row) shows profiles for 0000 MLT. A comparison of these
panels illustrate the dependences of the mass density distribution along the geomagnetic field with MLT and
L. The corresponding profiles predicted by the electron density (defined by equation (3)) and average ion
mass models (defined by equation 2 in Sandhu et al. [2016]) are also included in Figure 11, which illustrate
the contributions of the plasma number density and ion composition to the mass density distribution along
magnetic field lines.

The results indicate that the high-latitude region (at R,,,,,, <0.8) generally demonstrates a power law depen-
dence of mass density along the geomagnetic field. For dayside field lines (see Figure 11, top row) the
off-equator high-latitude region shows an increasing mass density toward the ionospheric ends of the field
line, indicating a power law dependence with a positive power law index, similar to the electron density dis-
tribution. As for the electron density, the power law index is shown to become more positive for larger L
values on the dayside (note that a comparison of Figure 11 (top row) does not clearly illustrate this feature,
as the power law index actually represents the logarithmic gradient and linear axes have been used here),
corresponding to steeper mass density profiles in the high-latitude region, in agreement with previous stud-
ies [Denton et al., 2006; Maeda et al., 2009]. The close correlation of the mass density field line distribution form
with the observed electron density indicates that the mass density distribution at high latitudes along closed
dayside field lines is dominated by the number density.

In contrast, the high-latitude region of the nightside field lines exhibits differing features. Referring to
Figure 11 (bottom row), the field line profile at lower L values show the mass density decreasing toward the
ends of the field line, represented by a negative power law index similarly to the average ion mass distribution.
Moving to larger L values, the profile becomes flatter, as the power law index increases and becomes positive
for this region. This results in a distribution where the mass density increases slightly toward the ionospheric
ends of the field lines, in agreement with the observed electron density field line distribution. Therefore, it can
be inferred that the nightside mass density distribution at high latitudes is dominated by the ion composition
atlower L values and becomes increasingly dominated by the number density at larger L values. As for the day-
side field lines, the increase in the power law index is roughly consistent with previous studies [Denton et al.,
2006; Maeda et al., 2009], although these studies constrain the power law index to be positive. This approach
considers negative power law index values to account for the effects of the centrifugal force on heavy ions.

The consideration of the profiles shown in Figure 11 indicate that the number density is generally the domi-
nant factor in determining the high-latitude distribution of mass density along field lines. An exception to this
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Figure 11. Panels showing the mass density, p (amu cm™3), electron density, n, (cm™3) as defined by equation (3), and average ion mass, m,, (amu) as defined
by equation 2 in Sandhu et al. [2016], plotted as a function of normalized radius, R,q,m. The panels show profiles for (left column) L = 5, (right column) L =9,
(top row) 1200 MLT, and (bottom row) 0000 MLT. The vertical dashed line on each panel indicates the boundary between the power law and Gaussian
dependences, corresponding to the electron density model.

is at lower L values on nightside MLT sectors (see Figure 11, bottom left), where the ion composition appears to
be the dominant contribution to the mass density. This is expected to correspond to the presence of the aver-
age ion mass enhancement at the lower L values, and the average ion mass field line profile is steepest (most
negative power law index) with a peak in the equatorial average ion mass at approximately 2100-2200 MLT
[Sandhu et al., 2016]. Therefore, in the nightside region at lower L values, the plasma is relatively O* rich and
the ion composition has a significant contribution to the mass density. Moving away from this average ion
mass enhancement, the relative concentration of O ions decreases and the field line profiles become flatter,
resulting in a decreased contribution of the ion composition.

The resulting mass density distribution along the field lines also presents some notable features for the
low-latitude equatorial region (at R, > 0.8), illustrated in the example profiles shown in Figure 11. The
combination of the localized electron density peak with the average ion mass, which approaches a maxi-
mum toward the magnetic equatorial plane, provides a peaked mass density distribution at the equator, as
expected. The low-latitude peak, in comparison to the expected low-latitude distribution extrapolated from
the high-latitude region, is observed to become increasingly prominent at larger L values, in agreement with
previous findings [Takahashi et al., 2004; Denton et al., 2006; Takahashi and Denton, 2007; Denton et al., 2009].
This can be attributed to the contribution of the plasma number density, as the localized electron density
peak height (relative to the background power law distribution) increases with L, which is illustrated by a com-
parison of the predicted mass density distributions shown in Figure 9. It can be seen that the mass density
distribution corresponding to the use of the Gaussian function at low latitudes, as opposed to the extrap-
olated power law dependence, results in noticeably increased values near the magnetic equatorial plane at
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larger L values. This contradicts previous studies [Takahashi et al., 2004; Denton et al., 2006; Takahashi and
Denton, 2007], where the equatorial mass density peak has predominantly been associated with a low-latitude
enhancement of heavy ions, under the assumption that the electron density follows a power law depen-
dence. Whereas the results of this study appear to indicate that a localized peak in the number density is also
a significant factor to the mass density in this region.

6. Conclusions and Further Work

This study has determined an empirical model for the distribution of electron density along closed geo-
magnetic field lines, including dependences on L shell and MLT. The empirical model is based on obser-
vations obtained by the WHISPER instrument on board Cluster, for a time interval spanning approximately
2001-2012. A key result obtained is the presence of a localized peak in electron density close to the magnetic
equator in the electron density model, unaccounted for by many previous models. The spatial variations in
electron density provide useful insight into the plasma loading processes occurring in this region, and their
dependencies with L and MLT. A key features of this model, compared to previous empirical models, is the size
and coverage of the underlying data sets. Furthermore, the observed localized enhancement in the plasma
number density close to the magnetic equatorial plane is accounted for. Future developments of the empiri-
cal electron density model include considering variations in the spatial distribution with different parameters
and indices, representing solar wind and geomagnetic dependences.

This study also considered how the combination of the empirical electron density model with an empiri-
cal model for the average ion mass can be used to infer the spatial distribution of the plasma mass density
between 5.9 < L <9.5.The results illustrate how the contributions of plasma number density and ion compo-
sition determine the total plasma mass density and how the relative contributions are spatially dependent.
An area of future work includes the application of this mass density model to examine the properties of stand-
ing Alfvén waves on closed geomagnetic field lines using a time-of-flight technique, continuing the study of
Wild et al. [2005]. This will provide information on how plasma mass loading of the magnetic field lines
influences Alfvén pulsation frequencies.
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