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Abstract

During geomagnetic storms, charge exchange between neutral hydrogen (H) atoms in the terrestrial exosphere and H+ and

O+ ions in the ring current serves to dissipate magnetospheric energy through the generation of energetic neutral atoms

(ENAs), which escape Earth’s gravity on ballistic trajectories. Imaging of the resulting ENA flux is a well-known technique

to infer the ring current ion distribution, but its accuracy depends critically on the specification of the exospheric H density

distribution. Although measurements of H airglow emission exhibit storm-time variations, the H density distributions used in

ENA image inversion are typically assumed to be static, and the current lack of knowledge regarding global exospheric evolution

during storms represents an important source of error in investigations of ring current dynamics. In this work, we present a

new technique to reconstruct the global, 3D, and time-dependent H density distribution from observations of its optically thin

emission at 121.6 nm (Lyman-α) acquired from the Lyman-alpha detectors onboard the NASA TWINS satellites. The technique

is based on our recent development of a robust tomographic inversion algorithm, which is modified to incorporate the temporal

dimension via Kalman filtering. We present the first time-dependent reconstructions of exospheric structure during geomagnetic

storms, which exhibit pronounced dayside density enhancements and a strong anti-correlation with the DST index.
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Conclusions
TWINS observes exospheric H density increase abruptly in 
response to the geomagnetic storm on 15 June, 2008, with the 
onset of the increase, its rate and its magnitude varying with 
distance from Earth.  In general, density increases begin soonest 
in the innermost exospheric region in the reconstruction (3.325 
Re) and reach a peak density fastest there.  Overall density 
enhancements of ~10% are observed at 3.325 Re, while much 
larger ~30% enhancements are seen at 4.125 Re and beyond (not 
shown).  Recovery to pre-storm values is very slow, on 
timescales of days.  
s

TWINS’ preferential sampling of the dayside Northern 
hemisphere, its temporal intermittency, and the likely cross-
calibration error between TW1 and TW2, all serve to severely 
limit the LOS coverage available for accurate tomographic 
density reconstruction to highly localized and globally sparse 
regions.
s

Measurement of truly global exospheric variability in response to 
geomagnetic storms, as well as identification of its physical 
drivers, requires more complete sampling of both the optically 
thin and thick regimes of scattered Ly-a emission.  Wide-field, 
high-resolution, and high-sensitivity imaging from a distant 
vantage beyond the exosphere itself is the ideal means to obtain 
the data needed to understand the role of ion-neutral coupling in 
mediating storm recovery and to interpret ENA images acquired 
during storms
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[2] Zoennchen et al. (2017), The Response of the H 
Geocorona between 3 and 8 Re to Geomagnetic Disturbances 
studied using TWINS stereo Lyman-alpha data, Annales 
Geophysicae, 35, 171 - 179.

(1) Discretize region into J 
spherical voxels.
(2) Project unknown density 
function onto J orthonormal 
basis functions.
(3) Rewrite ith measurement 
of intensity and cast 
measurment ensemble as a 
matrix equation.

Inverse problem and regularization: "Static Tomography"
Since the observation matrix L  is not full rank, a regularization 
technique must be used to solve the system. We have selected the 
technique known as Robust, regularized, positive estimation 
(RRPE), defined as follows:

Setting up the geometry
During geomagnetic storms , charge exchange between neutral 
hydrogen (H) atoms in the terrestrial exosphere H+ and O+ in 
the plasmasphere and the ring current serves to dissipate 
magnetospheric energy [Ilie, et al. 2013], influence the rate of 
plasmaspherci refilling [Krall et al., 2018], and enhance the 
loss of H beyond its quite-time thermal evaporation into space 
[Hodges et al, 1981].
s

Remote sensing of  solar Lyman-alpha ("Ly-a", at 121.6nm) 
photon scattering by exospheric H atoms is the only means 
available to infer H density over such  a vast region and thus 
quantify the role of ion-neutral coupling in geomagnetic storm 
recovery and atmospheric evolution.
s

At radial distances beyond 4RE exospheric H density is 
sufficient low that solar photons scatter only once before being 
detected - this optically thin condition results in a linear 
relationship between the measured emission radiance (I) and 
the unknown H density (nH) integrated along the viewing line-
of-sight (LOS)

Conventional parametric estimation of the global, 3D 
exospheric H density distribution from measurements of its 
optically-thin Ly-a emission are based on fits to spherical 
harmonic that adopt ad hoc assumptions regarding its radial 
decay and require a long time averaging that precludes 
assessment of storm-time variability [Bailey and 
Gruntman2011, 2013; Zoeenchen et al., 2011, 2013, 2015,  
2017].
s

Here, we present a new technique to reconstruct the global, 3D 
and time-dependent H density distribution beyond 4 Re from 
optically thin emission data using a robust tomographic 
inversion algorithm developed for static reconstructions [3] 
that we have modified to incorporate temporal variability via 
Kalman filtering.
s

This poster describes the first application of this new technique 
to optically-thin exospheric Ly-a emission data acquired by 
NASA’s TWINS satellites during a geomagnetic storm which 
occurred on 15 June, 2008.

Data

TWINS mission: Comprised of two (2) satellites which enable 
stereoscopic sensing of the magnetosphere. Each satellite has 
two (2) Lyman-alpha detectors (LADs) that acquired Ly-alpha 
(121.6 nm) scattered emission from neutral hydrogen. The data 
used in this study is from June 13, 14, 15 and 16 of 2008 where 
a -39 nT geomagnetic storm ocurred.

Example of LOS 
density profile for two 
radii. These plots are 
for the total LOSs for 
both LAD1/2 in 
TWINS1 for the period 
5am-9am on June 15, 
2008

Orbits (in black line)
for both TWINS1/2.
Line-of-sight LOS 
from LAD1 in orange 
and LAD2 in purple. 
Earth's shadow zone 
modeled as a cylinder.
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Previous related work

[1] Butala et al. (2009), "Tomographic Imaging of Dynamic 
Objects with the Ensemble Kalman Filter", IEEE Trans. on 
Image Processing, 18, 1573 - 1587.  

ZGSE ZGSE

XGSE XGSE
YGSE YGSE
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(1) Analysis of TWINS data in [2] has depicted Hydrogen 
density variations during geomagnetic storms, however, the 
analysis is based only on several LOS directions.
(2) Our previous work [3] demostrated the feasibility of a 
tomographic approach for exospheric atomic hydrogen
estimation based on optically thin emission data from 
TWINS.

R
 =

 4
.1

25
 R

E
R

 =
 6

.3
75

 R
E

The 1-day averaged tomographic reconstruction from our previous 
work. The  first column presents the line-of-sight LOS density per 

voxel for two different radii. The second column shows the 
reconstructed hydrogen densities for the same radial shells

Where:

R = 3.375 RE
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Static Tomography:

Legend
Disturbance index (DST), 
1-hour averaged measurement.

Ap index,  3-hour averaged  
measurement.

Results: Time-dependent Tomographic Hydrogen Density Estimation

Data Validation: Analysis of estimated error covariance matrix Relative residual error

With:

Space-state framework approach: "Dynamic Tomography"

Main Objective: We propose to analyze a storm-time event through the generation 
of dynamic tomographic reconstructions and focus on the hydrogen structure in the 
magnetospheric ring current region

Measurement equation:

Model evolution equation:

Measurement update:

Time update:

As exospheric H densities are prone to 
be dynamic during storm-time, we use 
the state-space model as a means for 
time-varying estimation: 

Kalman Filter as solver

Inclusion of regularization terms

Dynamic tomographic estimation connected to the LMMSE estimation

(a)

(b) (c) (d) (e) (f)

L
at

it
ud

e

0

90

45

40

-90

L
at

it
ud

e

0

90

45

40

-90

Local Time
0 6 12 18 24

(a) TW1 Quiet  Time
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(f) TW2 Storm Recovery
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(e) TW2 Storm Recovery
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(c) TW2 Storm Time

L
at

it
ud

e

0

90

45

40

-90

L
at

it
ud

e

0

90

45

40

-90

Local Time
0 6 12 18 24

(d) TW2 Storm Time
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(b) TW2 Quiet  Time

Data used for Static Time-
dependent reconstruction.

Sunward pointer in Geocentered 
Solar Ecliptic (xGSE) coordinates.
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R = 4.125 RE
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Dynamic Tomography:
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H density number evolution for the subsolar point (12 LT, 0 Latitude)

Colorbar for tomographic reconstructions:


