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Figure 72.  LAD-2 measured intensities for 11 June 2008 (black), 22-24 July 2008 
(blue), 15-17 August 2008 (green), and 1-13 September 2008 (red) versus the geocentric 
distance of each line-of-sight closest approach to the Earth, ݎ௅ைௌ. 

 

Since the geocorona exhibits a transition from optically thick to optically thin 

around 3 RE [Østgaard et al., 2003; Zoennchen et al., 2010], the distribution is split into 

2 segments: (A) for r < 3 RE and (B) for r > 3 RE.  Segment (A) was chosen to be 

consistent with segment (B) by having nearly the same H number density of 800 cm-3 at 

the 3 RE interface to provide a smooth transition. 
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Segment (A): < 3 RE 

 
For geocentric distances r < 3 RE, no LAD data was used to obtain the H density 

distribution because of the optically thick conditions.  Instead, a simple r-dependent 

density profile was developed, similar to the approach used by Carruthers et al. [1976], 

where two coefficients ݌ and ݇ were best fit, 

 

݊ுሺݎሻ ൌ  , (68)	௞/௥݁݌

 

to a Chamberlain [1963] distribution with critical satellite altitude 2.5 RE, resulting in 

numerical values 70.005 = ݌ and ݇ = 7.5498 between 1000 km altitude and r < 3 RE. 

 

Segment (B): > 3 RE 

 
For geocentric distances r > 3 RE, a process of forward modeling fit a simplified 

version of the expansion in Equations 42 through 55 to the LAD observational data 

using a least squares curve fitting.  The simplifications set all ܤ௟௠ = 0, forcing dawn-

dusk symmetry, and additionally setting ܣଶଵ = 0 to minimize ecliptic north-south 

asymmetry.  Additionally, isotropic scattering of Lyman-α photons on H atoms was 

assumed. 

The corresponding parameter values in Equations 53 – 55 are listed in Table 3, 

where ݊ு is in cm-3 and r is in RE. 
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Table 5.  Parameters of the simplified operational model for solar minimum conditions 
(Equations 53 – 55) obtained using TWINS-1 LAD data from June to September 2008 in 
Geocentric Solar Ecliptic (GSE) coordinates; ݊ுis in cm-3 and r is in RE. 

Radial and 
Angular 
Parameters 

June to September 
2008 

 104 × 2.23647 ݌

݇ -2.99318 

ܽଵ଴ -3.7311 × 10-2 

ܾଵ଴ 1.7820 × 10-2 

ܽଵଵ -1.85094 × 10-1 

ܾଵଵ 5.0944 × 10-2 

ܿଵଵ 0 

݀ଵଵ 0 

ܽଶ଴ 1.59213 × 10-1 

ܾଶ଴ -3.0911 × 10-2 

ܽଶଵ 0 

ܾଶଵ 0 

ܿଶଵ 0 

݀ଶଵ 0 

ܽଶଶ -1.40919 × 10-1 

ܾଶଶ 3.6105 × 10-2 

ܿଶଶ 0 

݀ଶଶ 0 
 

Figure 73 shows that the radial dependence for both segments (A) and (B) on the 

dayside and nightside of the obtained distribution.  The density profiles are consistent 

with but somewhat higher than the average profiles obtained by Østgaard et al. [2003] 

and Rairden et al. [1986]. 

 

 



 
124 

 

Figure 73.  Comparison of different H number density profiles including segments (A) 
and (B) of the TWINS simplified operational exospheric model for solar minimum 
conditions (solid line), Rairden et al. [1986] (circles), and Østgaard et al. [2003] for 
solar zenith angle 90° (long dashed line). 

 

The three-dimensional asymmetry, visible in Figure 74, is an advancement from 

the commonly used (by ENA modelers) distributions of Rairden et al. [1986] and 

Østgaard et al. [2003].  The global distribution is essentially cylindrically symmetric 

about the Sun-Earth line, exhibiting an enhancement in the antisolar direction that is 

consistent with the location of a geotail.  The asymmetry does not, however, reflect 



 
125 

spatial and temporal variations that occur over shorter time scales than the selected data 

set. 

 

 

Figure 74.  Contour plots of the exospheric H number density distribution for the 
TWINS simplified operational model for solar minimum conditions: (left) an ecliptic 
(XY plane) cross section and (right) a meridional (XZ plane) cross section.  Also shown 
are the definitions of the angles ϕ and θ.  Contours are lines of constant neutral hydrogen 
number density (cm-3); the color bar is for the contour lines; the yellow dots are the 
direction to the Sun; the filled shaded circle represents the region with radius 3 RE; and 
the grid of shaded concentric circles for r > 3 RE, with a 1 RE step, highlights the 
asymmetry of the distribution. 

 

The estimated uncertainty in the obtained H density distribution is nearly 

constant at 15% to 20% from 3 RE to 7 RE, but then rapidly increases up to a factor of 2 

at 10 RE.  For lower geocentric distances r < 3 RE (within the region of the Chamberlain 

[1963]-like density profile), a relative error of 5 – 20% is assumed.  It is recommended 
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that the model be restricted to within these ranges or otherwise used with appropriate 

caution and error analysis. 

 

7.5   Example Application, Ring Current Modeling 

 
The TWINS mission enables three-dimensional visualization of large scale 

structures and dynamics of the magnetosphere.  The observational geometry is ideal for 

investigation of the ring current, shown in Figure 75, which circles Earth in the 

equatorial plane.  The ring current is generated by the longitudinal drift of energetic (10 

– 200 keV) charged particles trapped on field lines between geocentric distances of 2 RE 

and 7 RE. 

 

 

Figure 75.  The TWINS mission stereoscopically images features of the magnetosphere 
from two satellites in widely spaced Molniya-type orbits, ideal for imaging ENAs that 
originate in the ring current (J. Goldstein). 
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Knowledge of the spatial distribution of exospheric hydrogen atoms limits 

accuracy of the reconstruction of ENA fluxes, and subsequently of energetic ion 

populations in the ring current.  For example, long-term ring current decay is primarily 

due to collisions of charged particles with neutral atoms in the upper atmosphere.  Ilie et 

al. [2011] simulated ion densities in the ring current during a geomagnetic storm that 

occurred on 22 July 2009 using five different H density distributions:  Rairden et al. 

[1986], Hodges [1994], Østgaard et al. [2003], Zoennchen et al. [2011], and the 11 June 

2008 distribution from this work.  For high energy H+ ions (≥ 100 keV), the H density 

distributions each predict similar decay rates of the ring current ions.  However, for low 

energy ions, the decay rate and location of the ENA enhancements are highly dependent 

on the chosen exospheric H density distribution.  Figure 76 shows the decay rate as a 

function of energy for an H+ ring current ion at a geocentric distance of 5 RE.  Hodges 

[1994] predicts the highest overall H densities and thus results in the fastest decay rate.  

The decay rate predicted using the Zoennchen et al. [2011] distribution is closer to that 

of Hodges [1994] than of Rairden et al. [1986], Østgaard et al. [2003], and the 11 June 

2008 distribution.  The latter 3 have similar H density profiles and thus predict similar 

charge exchange decay rates as a function of ring current H+ energy.  The percentage 

difference between the 11 June 2008 distribution and Hodges [1994] predicted decay 

rates varies from 46% for equatorially mirroring particles to 53% for particles with an 

equatorial pitch angle of α = 30°. 
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Figure 76.  Variation of the charge exchange decay rate of ring current H+ ions with 88° 
(top), 60° (middle), and 30° (bottom) equatorial pitch angle, at a radial distance of 5 RE 
at midnight (ϕ = 0°, left column) and dawn (ϕ = 90°, right column) obtained using H 
density distributions from Rairden et al. [1986] (black), Hodges [1994] (blue), Østgaard 
et al. [2003] (red), the 11 June 2008 distribution [Bailey and Gruntman, 2011] (green), 
and Zoennchen et al. [2011] (light blue) [Ilie et al., 2011]. 

 

The reconstructed ENA images rely on a line-of-sight integration of the ENA 

flux from the TWINS-2 position to the boundary of the HEIDI simulation domain, 

 

݆ாே஺ ൌ න ݆௜௢௡	ߪு,ுశ	݊ு	݈݀	, (69) 

 

 where ݆௜௢௡ corresponds to the H+ ion differential flux from the HEIDI model, ߪு,ுశ is 

the charge exchange cross section of an H+ ion with an exospheric H atom, and ݊ு is the 

exospheric H number density distribution.   
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Figure 77 shows an ENA image of the 12 keV passband (6 – 18 keV) fluxes 

observed by TWINS-2 (top left) as well as reconstructed ENA images calculated from 

the Hot Electron Ion Drift Integrator (HEIDI) ion fluxes using the five different H 

density distributions.  The limb of the Earth and the dipole field lines for geocentric 

distances of 4 RE and 8 RE are shown at four magnetic local times: noon (red lines), dusk 

(pink lines), midnight (black lines), and dawn (white lines). 
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Figure 77.  TWINS-2 observation of ENA fluxes in the 6 – 18 keV energy range (top 
left) and reconstructed ENA images using 5 different H density distributions: Rairden et 
al. [1986] (top right), Hodges [1994] (center left), Østgaard et al. [2003] (center right), 
Zoennchen et al. [2011] (bottom left), and the 11 June 2008 distribution [Bailey and 
Gruntman, 2011] (bottom right) [Ilie et al., 2011]. 
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Ilie et al. [2011] concluded that changing the H density distribution used to 

obtain  ݊ு can have a significant impact on the reconstruction of ENA fluxes.  For 

example, the TWINS-2 observation (Figure 77, top left) shows an enhancement in the 

midnight-dawn sector and weak ENA fluxes from noon-to-dusk during the 22 July 2009 

storm.  This spatial variation is only closely reproduced when using the 11 June 2008 

distribution, which is an indication that allowing for dawn-dusk asymmetry in 

exospheric H density distributions may be essential for the reconstruction of certain 

magnetospheric features. 
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Chapter 8: Conclusions 

 
A process for preparing TWINS data such that LAD measurements can be used 

to obtain global H density distributions with three-dimensional asymmetries above 3 RE 

has been extensively described.  Two considerations must be addressed when using the 

presented methodology to obtain distributions for days beyond the summer months of 

2008.  First, the majority of dayside measurements are excluded for having lines-of-sight 

that are pointed at < 90° from the solar direction.  Second, the relative cross calibration 

ratio between LAD-1 to LAD-2 changes with time. 

LAD measurements from TWINS-1 on an example day of 11 June 2008 were 

used to obtain a global exospheric H density distribution for geocentric distances from 3 

RE to 8 RE.  The radial dependence of the spherically symmetric distribution is in 

agreement with the density profiles obtained by Rairden et al. [1986], Hodges [1994], 

and Østgaard et al. [2003].  For geocentric distances r > 4.5 RE, their density profiles, as 

well as the 11 June 2008 distribution, decrease more rapidly than that obtained by 

Zoennchen et al. [2010].  The 11 June 2008 distribution confirms the existence of an H 

density enhancement on the dayside, a feature previously reported by Tinsley et al. 

[1986] and Hodges [1994].  The 11 June 2008 distribution also exhibits an enhancement 

on the nightside, consistent with the location of a geotail, in agreement with the day-

night asymmetry described by Østgaard et al. [2003], but less pronounced than reported 

by Zoennchen et al. [2010].  Another prominent asymmetry exists in the north-south 

direction, with larger densities in the Southern Hemisphere, similar to the Hodges [1994] 
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solstice distributions for similar seasonal conditions.  The dawn-dusk asymmetry is less 

prominent, but visible with densities slightly higher on the duskside.   

A sequence of three global distributions with three-dimensional asymmetries 

using LAD data from TWINS-1 on 18-22 June 2008, 18-22 July 2008, and 18-22 

August 2008 was obtained to investigate seasonal variations.  All three distributions 

exhibit asymmetry that appears oriented with respect to the solar-antisolar direction such 

that there are enhancements on the dayside and nightside that are remarkably consistent 

with the spatial variation in the Hodges [1994] solstice distributions and Carruthers et 

al. [1976] images. 

A sequence of 55 density profiles was obtained using TWINS-1 LAD data from 

August and October in 2011 as a way of investigating a possible response of the 

exosphere to geomagnetic variations because four magnetic storms occurred during this 

time period.  Preliminary results suggest that exospheric H densities increase by 5% to 

15% for the time period of a day or less in response to a magnetic storm. 

For larger distances, uncertainty in the derived distributions accuracy increases 

for two reasons.  First, the observational geometry is limited by a geocentric distance for 

an LAD line-of-sight closest approach to the Earth, ݎ௅ைௌ, that does not exceed 6.5 RE.  

Second, accurate knowledge of the interplanetary glow becomes increasingly important 

as, above 8 RE, it dominates the observed intensities. 

The obtained asymmetries may be of particular interest to magnetospheric ENA 

imaging, which heretofore has largely relied on the spherically symmetric distribution of 
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Rairden et al. [1986].  An operational distribution for solar minimum conditions was 

collaboratively developed with the Bonn group and is now available for ENA modelers. 

An analysis was summarized that demonstrates the importance of exospheric H 

density distributions for reconstructing images in ENA fluxes and obtaining ring current 

ion densities.  Allowing dawn-dusk asymmetry in exospheric H density distributions 

may be essential for the reconstruction of certain magnetospheric features.  

The unprecedented observational coverage of the LADs on TWINS opens the 

possibility for advancing scientific understanding of exospheric physics, including 

source and loss processes as well as more accurate details about the ballistic, orbital, and 

escaping populations of H atoms.  The current rise to the next solar cycle (~ 11 year) 

maximum will offer a unique opportunity to investigate the response of the exosphere to 

enhanced solar activity.  It is also anticipated that prediction capability for higher 

geocentric distances (r > 8 RE) will eventually become possible. 
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