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Abstract 
 

 
 We examine the evolution of the ring current during the main and early recovery phases 

of five geomagnetic storms, three driven by co-rotating interaction regions (CIRs) in the solar 

wind and two driven by interplanetary coronal mass ejections (ICMEs), also known as solar 

flares. The equatorial energy density profiles of 5–65 keV ions are calculated from deconvolved 

energetic neutral atom (ENA) images from the Two Wide-Angle Imaging Neutral-Atom 

Spectrometers mission. The energy density in the ring current is enhanced by almost a factor of 2 

and stretches from post-midnight to dusk immediately following injections identified by in situ 

measurements and increases in the auroral electrojet index. The energy density then drops back 

to pre-injection levels within 1–2 h. We also find that, for CIR-driven storms, there are often two 

peaks in the energy density following the injection, one at midnight and one close to dusk. We 

present the spectra for these peaks to show they contain different ion populations. For the ICME-

driven storms, only one peak is observed in the energy density near midnight. For all storms in 

this thesis, the equatorial peak in energy density is thought to be mostly observed through low 

altitude emissions, owing to the higher geocoronal density at lower altitude.  To better quantify 

where the peak in the ion distribution is being observed in the ENA images, we also show the 

equatorial pitch angle anisotropy in the ions for the ICME-driven storms. For both the CIR and 

ICME-driven storms, the asymmetry of the ring current observed is found to agree with previous 

in situ and simulation studies. 
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1. Introduction 

Geomagnetic storms during the declining phase of the solar cycle are predominately 

driven by corotating interaction regions (CIRs) originating at coronal holes on the Sun [Krieger 

et al., 1973; Tsurutani et al., 2006]. Due to the different driving mechanisms in the solar wind, 

these storms are inherently different than their interplanetary coronal mass ejection (ICME) 

counterparts. CIRs produce weak storms with recovery phases that typically last from several 

days to several weeks. These long recovery phases are due to nonlinear Alfven waves that follow 

the fast stream interface [Tsurutani and Gonzalez, 1987]. Protons are injected into the 

magnetosphere by these Alfven waves when the oscillating Bz component of the interplanetary 

magnetic field (IMF) becomes negative [Sandanger et al., 2005]. Tsurutani et al. [2006] found a 

one to one relationship between southward IMF Bz, decreases in Dst and AE increases during the 

recovery phase of a CIR storm, suggesting that the ring current is directly influenced by the 

interplanetary Alfven waves through High-Intensity Long-Duration Continuous AE Activity 

(HILDCAA) events.  Denton et al. [2006] and Borovsky and Denton [2006] use a superposed 

epoch analysis to study the different responses of the magnetosphere to these different drivers. 

Most notably, they find that geomagnetic storms driven by CIRs have a less dense, but hotter 

plasma sheet than that of ICMEs. 

The peak in ring current pressure is thought to reside in the dusk-midnight region. For 

example, Studemann et al. [1987] found that protons with energies up to ~140 keV are 

significantly enhanced in the dusk region as compared to dawn using in-situ data from a few 

hours after onset of a geomagnetic storm.  Using a statistical analysis of in-situ measurements 
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from ISEE, AMPTE/CCE and Polar, Le et al.[2004] and Lui [2003] also found  the same local 

time asymmetry with higher plasma pressures in the dusk-midnight region.  Korth et al. [1999],  

Denton et al. [2005] and Zhang et al. [2006] all used data from the magnetospheric plasma 

analyzer (MPA) instrument onboard LANL geosynchronous satellites to show this local time 

asymmetry also exists in proton density and temperature at geosynchronous orbit. Zhang et al. 

[2007] also observed an asymmetrical ring current using simulations of plasma pressure during a 

moderate storm. Linear inversions of ENA observations by Brandt et al. [2002], however, 

showed a peak in plasma pressure in the post-midnight region. The authors suggested this effect 

could be due to shielding electric field created in the ring current or by a skewed convection 

pattern due to IMF By. Ebihara and Fok [2004] used the Comprehensive Ring Current Model 

(CRCM) to show that this post-midnight peak in plasma pressure could be due to a deformation 

of the convection electric field due to shielding and/or due to the local time dependence of the 

plasma sheet density, as well as a skewed convection pattern due to IMF By.  More recently, 

Buzulukova et al. [2010] used CRCM to verify that overall convection strength and electric field 

skewing due to shielding are the most important factors behind post-midnight enhancements.  

Iyemori and Rao [1996] found that the recovery of Sym-H is accelerated just after 

substorm onset during the recovery phase of storms.  This is counterintuitive, as the substorm 

should inject fresh plasma into the ring current which should lead to a more intense ring current 

and decrease Sym-H. Both Lui et al. [2001] and Ohtani et al. [2005] showed that ring current 

ENA intensity increases after substorm onset, which is evidence of fresh plasma being injected. 

Siscoe and Petscheck [1997] suggested that the increase in Sym-H is due to the reduction of the 

cross tail current just after substorm onset. Ohtani et al. [2001] used a statistical study to show 

that the geosynchronous magnetic field tends to dipolarize near minimum Sym-H and the 
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subsequent recovery of Sym-H is due to the reduction of the cross tail current, as suggested by 

Siscoe and Petscheck [1997].  Ohtani et al. [2005] showed this same counterintuitive 

relationship between Sym-H and ring current strength using ENA intensities measured by the 

high-energy neutral atom (HENA) imager. 

The Two Wide-angle Imaging Neutral-atom Spectrometers (TWINS) mission is a 

mission of opportunity through the NASA Explorer program to simultaneously observe energetic 

neutral atoms (ENAs) created when positively charged ions charge exchange with cold neutral 

hydrogen (at high altitudes) and cold neutral oxygen (at low altitudes) in the magnetosphere. 

TWINS observes ENAs from 1-100 keV with a 4°x4° degree angular resolution and completes a 

single sweep image in just over a minute. A full description of the instrumentation can be found 

in McComas et al. [2009a; 2012]. 

Prior to attempting to extract the ion distribution, the TWINS images are statistically 

smoothed using a technique described in detail in Appendix A of McComas  et al. [2012] and 

previously applied successfully to ENA images from IBEX [McComas et al., 2009b] and 

TWINS [Valek et al., 2010].  The equation for the line-of-sight integral of the αth pixel of an 

ENA image can be expressed as:  

݀ఈ ൌ නනනܫሺݔ, ,ݒ  ݔሻ݀ଷݔሻܴఈሺݔሻ݊ሺܧ௘௫ሺߪሻݐ

Where dα is the ENA intensity, I(x,v,t) is the ion intensity, n(x) is the neutral hydrogen density, 

σex is the energy dependent charge-exchange cross section of protons with neutral hydrogen and 

neutral oxygen [Barnett, 1990], and Rα is the response function of the instrument.  For each point 

along the line-of-sight, the neutral hydrogen density is estimated using the model by Østgaard et 

al. [2003] and the geomagnetic field is modeled using Tsyganenko et al. [2005].  The ion 

intensities are then extracted from the ENA images using an inversion technique based on 
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Wahba [1990] in which the intensity is expanded in terms of tri-cubic B-splines [deBoor, 1978]. 

The expansion coefficients, ܽ௜,௝,௞, are defined by the expression  

,ݎሺܫ ߮, cos߰ሻ ൌ෍෍෍ܽ௜,௝,௞ ௜ܵሺݎሻ ௝ܲሺ߮ሻܵ௞ሺcos߰ሻ
௞௝௜

 

where Si(r) are the radial splines, Pj(φ) are periodic, angular (MLT) splines, and Sk(cosψ) are the 

cosine of the equatorial pitch angle splines are obtained by solving a set of integral equations 

obtained from the minimization requirement, 

ሺ߯ଶߜ െ ሻܲߣ ൌ 0 

The χ2, 

߯ଶ ൌ
1
ܰ
෍

ሺ݀ఈ െ ܿఈሻଶ

ఈଶߪ

ே

ఈୀଵ

 

where σα is the uncertainty in the αth pixel and cα is the ENA intensity in the αth pixel, 

ܿఈ ൌ෍෍෍ܦఈሼ௜,௝,௞ሽܽ௜,௝,௞
௞௝௜

 

imposes the constraint of fitting the data and the penalty function, P, requires that the solution be 

as smooth as possible.  The expression for P is given in Perez et al.[2001].  Qualitatively, it 

means the smallest possible second derivative while still fitting the data. Thus, the λ parameter 

represents the balance between fitting the data and smoothness of the data.  Dα,{i,j,k} is the design 

matrix for the αth pixel, 

ఈ,ሼ௜,௝,௞ሽܦ ൌ නනනߪ௘௫ሺܧሻ݊ሺݔሻܵሺݎሻܲሺ߮ሻܵሺcos߰ሻܴሺݔሻ݀ଷݔ 

To extract statistically significant information from the data, we then require that χ2=1. 

This technique, described in detail by Perez et al. [2012], allows us to calculate the equatorial 
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distribution of the ions producing ENAs in the ring current for each instrument with minimal 

prior information about the underlying ion distribution.  

In the next section of this thesis, we examine the evolution of the terrestrial ring current 

during three CIR-driven geomagnetic storms using 5-30 keV ion intensities deconvolved from 

the TWINS-1 ENA imager. The first event examined is during the main phase of a storm on July 

12, 2008, just prior to a dipolarization signature measured in the midnight region and 

subsequently near dusk by GOES magnetometers at geosynchronous orbit. The equatorial energy 

density for 5-30 keV ions peaks across the night side ring current in the time interval following 

the injection inferred by the dipolarization observed at geosynchronous orbit. Two hours after the 

injection, the energy density has dropped off significantly and is peaked near midnight. The ion 

spectra of this peak shows a Maxwellian peaked at 10 keV. The second event examined is during 

the early recovery phase of a storm on August 10, 2008. A dipolarization is observed by GOES-

11 near dusk just before being measured by GOES-12 near midnight. The equatorial energy 

density increases by a factor of two during the time frame following the presumed injection. The 

third event examined, September 4, 2008, is also during the early recovery phase. Data for this 

event includes Geotail observations of an earthward plasma injection in the plasma sheet, 

followed by GOES observations of a dipolarization signature near midnight.  Again, the 

deconvolved energy density increases by a factor of two immediately following the injection and 

then decreases. In each case during the early recovery phase, we observe two peaks in the energy 

density after the injection, the first being at midnight and the second towards dusk.  

 In section 3 of this thesis, we examine the evolution of the terrestrial ring current during 

two ICME-driven geomagnetic storms using 5 - 65 keV ion intensities deconvolved from the 

TWINS-1 and TWINS-2 ENA imagers. The first event shown is during the late main and early 
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recovery phases of a storm on March 11, 2011. A substorm signature is inferred by an increase 

(to greater than 1000 nT) in the AE index towards the end of the main phase of the storm. This 

peak in AE index corresponds to a peak in the asymmetric component of the ring current as 

observed through the ASym-H index. The equatorial plasma energy density is strongly 

asymmetric, with a peak near midnight. This peak corresponds to a field aligned distribution 

observed in the equatorial pitch angles. The field aligned distribution is likely the result of the 

spacecraft viewing geometry. The second event shown in section 3 is during the early recovery 

phase of a storm on May 28, 2011. Again, we infer substorm by a peak in the AE index. 

Interestingly, while the 15 keV ENA intensities peak during the beginning of the observations, 

the 5-65 keV equatorial energy density tends to follow the AE index. Also interestingly, a drop-

off in low altitude emissions observed emanating from the southern hemisphere is found to 

correspond to a less symmetric ring current during the latter part of the interval. This asymmetry 

is found to agree with a ~50 nT increase in the asymmetric component of the ring current as seen 

in the ASym-H index.  As with CIR-driven storms, the peak in energy density tends to follow the 

substorm signatures. 
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2. Geomagnetic Storms Driven by Co-rotating Interaction Regions (CIRs) 

 The geomagnetic storms presented in this section occurred during three successive 

months and are due to a 27-day recurring CIR structure in the solar wind. The structure in the 

solar wind can be further identified by the Alfven waves following the stream interface which 

drive the oscillating Bz component of the interplanetary magnetic field.  The interval of time for 

these events was chosen at times of highest geomagnetic activity so as to have the highest counts 

into the instrument. The storms driven by this CIR structure are only small to moderate sized 

storms as defined by Gonzalez et al. [1994]. 

2.1 The 12 July 2008 Event 

 Figure 1 shows 5-min averages of IMF By, Bz, the auroral electrojet index (AE) and Sym-

H index provided by OMNI for the day of July 12, 2008 (left). The oscillatory nature of IMF Bz 

about zero is clear in the recovery phase late in the day. The vertical lines on the left plot indicate 

the time interval observed by TWINS-1 and we zoom in on this interval using 1-min OMNI data 

on the right.  The IMF conditions are time shifted to the magnetopause by OMNI.  IMF By is 

mostly negative for the entire interval, with slight positive excursions around 0335 UT and 0530 

UT. IMF Bz is also mostly negative for this interval, with a 10-min northerly excursion at 0430 

UT. The AE index is elevated for the interval, with peaks around 900 nT at 0330 UT and 0545 

UT. Sym-H shows that the time of interest is at the beginning of the main phase of the storm and 

goes from positive to negative at 0400 UT, dropping to almost -30 nT for the interval.  
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Figure 1: The IMF By, Bz and AE, Sym-H indices for July 12, 2008 (left) and 0330 UT-0545 UT (right). 
  

 Figure 2 shows the 10 keV ENA images for 0330 UT - 0545 UT. The images are 24 

sweep, 33 minute averages projected onto a skymap view with dipole field lines at McIlwain L 

shells of L=4 and L=8. The red and purple L-shells indicate the sunward and duskward 

directions, respectively. During 0330-0404 UT, the TWINS-1 spacecraft is at R= ~5 Re, 52 

degrees latitude and is viewing from post-dawn in the northern hemisphere.  Strong low altitude 

emissions are observed just off the Earth's limb from both the northern and southern 

hemispheres. High altitude emissions are observed at midnight around the L=4 dipole L-shell. 

From 0404-0437 UT, TWINS-1 has moved to R=5.6 Re , 57 degrees latitude. The ENAs 

produced at low altitude have decreased by ~25% and are still observed emanating from both 
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hemispheres. By 0438-0511 UT, the spacecraft has moved to R=6.1 Re, 60 degrees latitude and 

no longer sees the low altitude emissions from the southern hemisphere. Both high altitude and 

low altitude ENAs have increased by ~10%. From 0511-0545 UT, the spacecraft is at R=6.5 Re, 

63 degrees latitude. Low altitude emissions have increased by another ~15%, almost reaching the 

ENA flux observed during the 0330-0404 UT period.  

 

Figure 2: TWINS-1 10 keV ENA flux for July 12, 0330-0545 UT. 
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Figure 3: GOES-12 and GOES-11 geomagnetic field data for July 12, 2008. 
 

 GOES-11 (right) and GOES-12 (left) magnetometer data are presented in Figure 3, with 

GOES equatorial positions shown in Figure 4. A dipolarization signature, a sharp increase in Bz, 

is measured at GOES-12 in the pre-midnight region just before 0300 UT. The dipolarization 

signature is then measured by GOES-11 near dusk at 0330 UT. A second, much smaller 

dipolarization signature is measured by GOES 12 close to 0445 UT. Both GOES-11 and GOES-

12 continue to observe dipolarization signatures on the night side for several hours after the 

interval of interest.  

 

Figure 4: GOES equatorial spacecraft locations for 0330 UT - 0545 UT on July 12, 2008. 
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Figure 5: Equatorial intensity averaged over pitch angle for 5-30 keV ions on July 12, 2008, 0511UT - 
0545UT. 

  

 As an example of the energy dependent global images during this period, the 

deconvolved 5-30 keV equatorial ion intensities for 0511-0545 UT are presented in Figure 5.  

The sunward direction is to the left in all images. We observe a single peak in ion intensity at 10 

keV near midnight. The peak in ion intensity at lower energies is slightly more dawnward than 

the peak in higher energies, consistent with gradient and curvature drift of the ions [Ejiri et al., 

1980; Fok et al., 1996; Kistler and Larson, 2000]. Though, detailed analysis of the drift 

dynamics is beyond the scope of this paper.  

 In Figure 6, we present the time evolution of the spectra of the distribution at its peak 

intensity (R=5.3 Re, MLT=0.0) through the entire interval. The spectra at midnight does not have 

a clear peak during the first period (0330-0404 UT), when the dipolarization is observed at 

geosynchronous. From 0404-0545 UT, the tail of the spectra gradually increases in slope, finally 

settling to a Maxwellian-like distribution during the final period (0511-0545 UT). 
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Figure 6: Evolution of intensity spectra at R=5.3, MLT=0.0 (0330 UT - 0545 UT) on July 12, 2008. 
  

 In Figure 7, we present equatorial energy density (5-30 keV) profiles calculated from the 

deconvolved ion intensities for this interval. The peak in energy density of the ring current 

begins in the pre-midnight region during 0330-0404 UT and spreads out in MLT during 0404-

0437 UT. By 0437-0511 UT, the peak in ring current energy density has decreased in magnitude 

and spatial extent slightly and now extends from midnight to dusk. The energy density continues 

to fall in the next time interval and peaks at midnight. The magnitude of the peak in the energy 

density between 5 and 30 keV does not increase with falling Sym-H but rather rises and falls 

following dipolarization events observed at geosynchronous orbit. 
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Figure 7: Equatorial 5-30keV energy density profiles for July 12, 2008. 
 

2.2 The 10 August 2008 Event 

 Five minute averages of IMF By, Bz, AE and Sym-H provided by OMNI for the day of 

August 10, 2008 are presented in Figure 8 (left). Again, the vertical lines indicate the time 

interval observed by TWINS-1, and we zoom in on this interval using 1-min resolution OMNI 

data on the right. There are two large negative IMF By regions in the interval, the first occurring 

between 0520 UT and 0600 UT and the second between 0620 UT and 0730 UT. IMF By is also 

slightly negative for 15 minutes just after 0600 UT. IMF Bz is negative for most of the interval, 

with slight northerly excursions between 0600 UT and 0620 UT. AE peaks between 0520 UT 

and 0545 UT, reaching over 900 nT at times. AE then falls off to slightly above 200 nT before 

the end of the interval. Sym-H increases by 20 nT over the interval and is relatively flat during 

0500-0530 UT and 0540-0620 UT. Both AE and Sym-H seem to be controlled by southward 

IMF Bz.  Note that the time of interest is in the early recovery stage of the storm just after the 

minimum in Sym-H. 
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Figure 8: The IMF By, Bz and AE, Sym-H indices for August 10, 2008 (left) and 0500 UT-0715 UT (right). 
  

 The 10 keV ENA images for 0500-0715 UT are shown in Figure 9. Again, we use 24 

sweep, 33 minute averages projected onto a skymap with the red and purple L shells indicating 

sunward and duskward directions. The TWINS-1 spacecraft is at R=7.1 Re, 65.6 degrees latitude 

during 0500-0533 UT, viewing from dawn in the northern hemisphere. It progresses to R=6.7 Re, 

62.8 degrees latitude throughout the interval. During 0500-0533 UT, TWINS-1 observes the 

majority of 10 keV ENAs being produced as low altitude emissions. The ENAs from low altitude 

emissions peak during 0533-0607 UT and then fall off gradually until the end of the interval.  

We also observe a gradual increase in high altitude emissions directly from ring current ions 
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between midnight and dawn during 0500 UT and 0640 UT.  The high altitude emissions appear 

to drop off during the 0640-0715 UT interval.  

 

Figure 9: TWINS-1 10 keV ENA flux for 0500 UT - 0715 UT on August 10, 2008. 
 

 Figure 10 shows the geomagnetic field at geosynchronous orbit measured by GOES-12 

(left) and GOES-11 (right) on August 10, 2008. The locations of the geosynchronous spacecraft 
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are shown in Figure 11. GOES-11 observes a dipolarization signature at 0500 UT near dusk. 

GOES-12 observes a similar signature at 0530 UT just dawnward of  midnight.  

 

Figure 10: GOES-12 (left) and GOES-11 (right) geomagnetic field data for August 10, 2008. 
 

 

Figure 11: GOES equatorial spacecraft locations for 0500 UT - 0715 UT on August 10, 2008. 
 

 As an example of the energy dependent global images during this period, the 5-30 keV 

equatorial ion intensities for 0640-0715 UT are shown in Figure 12.  We observe two peaks in 

the 10 keV ion intensity, one near midnight between L=3 and L=5 and one near dusk between 

L=6 and L=7. The spectra for these two peaks are shown in Figure 13.  From the spectra, we 
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observe that these two locations contain different plasma populations. The spectra at midnight 

peaks at 10 keV while the spectra near dusk peaks at 15 keV.  

 

Figure 12: Equatorial intensity averaged over pitch angle for 5-30 keV ions on August 10, 2008, 0640 UT - 
0715 UT. 

 

 

Figure 13: August 10, 2008, 0640 UT - 0715 UT (a) 5-30 keV intensity spectra at R=4.5, MLT=0.0 and (b) 
R=6.5, MLT=18. 
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Figure 14: 5-30keV equatorial energy density profiles for 0500 UT - 0715UT on August 10, 2008. 
 

 The 5-30 keV equatorial energy densities are shown in Figure 14. The energy density is 

initially peaked in the pre-midnight region between L=3 and L=5 Re. During 0533-0606 UT, the 

energy density increases by a factor of two as a result of the plasma injection inferred from 

geosynchronous measurements. This evolves into two peaks during 0607-0640 UT, one near 

midnight between L=3 and L=5 Re and one near dusk between L=6 and L=7 Re. Both peaks then 

decrease in magnitude over the next hour while maintaining their spatial structure. Again the 

strength of the energy density between 5 and 30 keV seems to follow dipolarization. 

2.3 The 4 September 2008 Event 

 Figure 15 (left) shows the IMF By and Bz, as well as the AE and Sym-H indices for the 

day of September 4, 2008. The time of interest is marked by vertical lines and expanded on the 

right using 1-min resolution OMNI data.  IMF By is positive for the majority of the interval, with 

negative excursions at the beginning of the interval and from 0450-0520 UT. IMF Bz is negative 

for most of the interval with a single northerly excursion at 0515 UT. The AE index is elevated 

for the entire interval, but steadily decreases from 1400 nT at 0325 UT to 500 nT. Sym-H 

reaches -67 nT just before 0400 UT, making this the strongest storm studied in this paper. Note 

that the time of interest is again in the early recovery phase of the storm. 
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Figure 15: The IMF By, Bz and AE, Sym-H indices for September 4, 2008 (left) and 0313 UT-0527 UT (right). 
 

 The geomagnetic field measured by Geotail in the plasma sheet (x=~-17 Re) is shown in 

Figure 16 (left). The ion number density and ion bulk flow velocity measured by the Solar Wind 

Analyzer (SWA) instrument are shown on the right of Figure 16. A bursty bulk flow (BBF) 

[Angelopoulos et al., 1994] is identified at 0418 UT by the large Earthward Vx component of the 

ion bulk flow velocity and the positive turn in Bz. The large Bx component of the geomagnetic 

field measured by Geotail prior to the injection shows the field stretching until the dipolarization 

is observed. Figure 17 shows the geomagnetic field at geosynchronous orbit measured by GOES-

12 (left) and GOES-11 (right). The GOES spacecraft locations for this interval are shown in 

Figure 18. Both GOES spacecraft see the dipolarization just prior to 0430 UT. 
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Figure 16: Geotail geomagnetic field data (left) and ion density, Vx and Vy (right) for 0300 UT - 0600 UT on 
September 4, 2008. The dashed vertical line indicates the dipolarization and plasma injection at 0418 UT. 

 

Figure 17: GOES-12 (left) and GOES-11 (right) geomagnetic field data for September 4, 2008. 
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Figure 18: GOES equatorial spacecraft locations for 0313 UT - 0527 UT on September 4, 2008. 
 

 The 10 keV ENA images from TWINS-1 for 0313-0527 UT are shown in Figure 19. 

TWINS-1 is near apogee (R=7.12 Re), viewing from dawn at the beginning of the observations. 

Low altitude emissions are clearly visible throughout the entire interval. They first peak during 

0313-0346 UT, drop off during 0346 UT, come back during 0420-0454 UT and then drop off 

again. High altitude emissions from dawn to midnight are also visible at all times, and gradually 

increase from 0420-0454 UT to 0454-0527 UT.   

 As an example of the energy dependent global images during this period, the 

deconvolved equatorial ion intensities for 5-30 keV ions during 0347-0420 UT are shown in 

Figure 20. Prior to the plasma injection, a single peak is observed at midnight between L=3 and 

L=5 Re.  
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Figure 19: TWINS‐1 10 keV ENA flux for 0313–0527 UT on 4 September 2008. 
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Figure 20: Equatorial intensity averaged over pitch angle for 5-30 keV ions on September 4, 2008, 0347 UT - 
0420 UT. 

 

 Figure 21 shows the evolution of the energy spectrum in the peak at midnight throughout 

the entire time period (0313-0527 UT). The peak in ion intensity appears to be at an energy 

higher than 30.0 keV both prior to and after the injection. We compare the ENA intensity 

calculated from the result of the inversion to the measured ENA intensity for 0454-0527 UT in 

Figure 22 (10 keV) and Figure 23 (20 keV). The bright emissions from the outer pixels beneath 

the sun line in the measured intensity are due to instrumental effects and are not reproduced by 

the deconvolved ion intensity. The ENA intensity calculated from the ion distribution produces 

the same overall features as in the measured ENA intensity, indicating that the ion distribution 

the inversion technique produces well explain the measured ENA intensity. 
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Figure 21: Evolution of 5-30 keV ion intensity spectra at L=4, MLT=0.0 on September 4, 2008, 0313 UT - 
0527 UT. 

 

Figure 22: 10 keV measured ENA intensity (left) and calculated ENA intensity (right) for 0454 - 0527 UT on 
September 4, 2008. 
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Figure 23: 20 keV measured ENA intensity (left) and calculated ENA intensity (right) for 0454 - 0527 UT on 
September 4, 2008. 

 

 

Figure 24: 5-30keV equatorial energy density profiles for 0313 UT - 0527 UT on September 4, 2008. 
 

 The equatorial energy densities calculated from the deconvolved ion distribution for the 

entire interval are shown in Figure 24. The energy density in the ring current peaks slightly 

duskward of midnight during 0313-0420 UT. It then increases in two locations, one between L=3 

and L=5 Re which is still slightly in the post midnight region and one at L=6 Re with its peak 

reaching from dusk to midnight. The energy density in the ring current then drops off again 
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during 0454-0527 UT. The peak at midnight remains in the same location while the peak 

between dusk to midnight has disappeared. The strength of the energy density between 5 and 30 

keV appears to be driven by an injection associated with a dipolarization observed at 

geosynchronous and deeper in the tail rather than following Sym-H. 
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3. Geomagnetic Storms Driven by Interplanetary Coronal Mass Ejections (ICMEs)   

The geomagnetic storms presented in this section occurred during early 2011 and are due 

to interplanetary coronal mass ejections (ICMEs), also known as solar flares. The storm drivers 

were identified by a sharp increase in the 1-8 Angstrom and 0.5-4.0 Angstrom solar X-ray flux 

observed by the GOES spacecraft 1-2 days prior to the ICMEs reaching Earth. The storm drivers 

can further be identified by a prolonged negative excursion in IMF Bz and the relatively quick 

storm recovery time [Borovsky and Denton, 2006].  Like to the CIR-driven storms in the 

previous section, the storms in this section are only small to moderate sized as defined by 

Gonzalez et al. [1994]. 

The 11 March 2011 Event 

Figure 25 shows the 1-minute averages of the By and Bz components of the interplanetary 

magnetic field (IMF), as well as the auroral electrojet (AE), Sym-H (symmetric) and ASym-H 

(anti-symmetric) indices provided by OMNI for the days of March 10-12, 2011. In this section, 

we focus on the late main and early recovery phases of the storm identified by the thick vertical 

lines drawn during the first half (0100 UT to 1030 UT) of March 11, 2011.  The By component 

of the IMF is slightly positive during the first half and slightly negative during the latter half of 

the interval of interest, while IMF Bz is negative throughout the entire interval. As with the 

previous section, the IMF conditions are time shifted to the magnetopause by OMNI. The AE 

index remains elevated throughout the interval and peaks slightly above 1000 nT in the late main 

phase of the storm. For the interval of interest, Sym-H begins at approximately -60 nT at 0100 

UT and dips to nearly -90 nT just after 0500 UT. As with the CIR-driven storms, this negative 

excursion of Sym-H between 0100 UT and 0500 UT indicates the main phase of the storm. After 
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0500 UT, Sym-H begins to recover and nearly reaches -60 nT by the end of the interval at 1030 

UT.  The anti-symmetric component (as observed through the ASym-H index) of the ring current 

remains elevated throughout the interval and peaks just slightly before the end of the main phase 

between 0400 UT and 0500 UT.  

 

 

Figure 25: The IMF By, Bz and AE, Sym-H, Asym-H indices for March 10-12, 2011. 
 

Figure 26 shows the 15 keV energetic neutral atom (ENA) flux observed by TWINS-2 

between 0100 UT and 0430 UT and TWINS-1 between 0500 UT and 1030 UT. Note that, unlike 

the previous section, here we chose to use data for the first 30 minute interval of each hour so as 

to cover a larger portion of the storm; the ENA images for the latter 30 minutes of each hour are 
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very similar to the first 30 minutes. The ENA images in this section are 25 sweep, approximately 

30 minute averages. The slight difference in integration time between this section and the 

previous section are due to a change in the amount of time used in buffering between sweeps 

made to the instruments in July, 2009. Like the ENA images in the previous section, dipole field 

lines are drawn at L=4 and L=8 Re, with the red and purple field lines indicating the sunward and 

duskward directions, respectfully.  The TWINS-2 spacecraft is located on the dayside at R=7 Re, 

55.6 degrees latitude at an MLT of approximately 10. Over the course of the interval 0100 UT – 

0430 UT, TWINS-2 moves towards dusk, eventually ending its observations at R=6 Re, 49 

degrees latitude and 13.5 MLT. TWINS-1 begins its observations at 0500 UT on the dawnside 

(5.2 MLT), at R=5.8 Re, 58.6 degrees latitude. After going through apogee, TWINS-1 and ends 

its observations at 1030 UT, close to noon (11 MLT) at R=6.3 Re, 59 degrees latitude.  The 

maximum on the color bar for all images is set to the maximum for the entire interval, which 

occurs during 0400-0430 UT in TWINS-2. As with the previous section, the maximum occurs in 

pixels attributed to low altitude emissions (LAEs) just off Earth’s limb.  
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Figure 26: TWINS-2 15 keV ENA flux for 0100-0430UT and TWINS-1 15 keV ENA flux for 0500UT-1030UT 
on 11 March 2011. 

 

The deconvolved 5-65 keV equatorial energy density profiles for 0100 UT to 1030 UT on 

March 11, 2011 is presented in Figure 27. The peak in energy density is found to be in the 

midnight region between L=5 – 7 Re.  Despite the peak in ENA intensity being at 0400 UT - 

0430 UT, the peak in the deconvolved energy density is found to be at 0330 UT – 0400 UT. This 

difference in the timing can be explained by the fact that the ENA intensity is taken at a single 

energy (15 keV) and the energy density is integrated over a much more broad energy range (5-65 

keV).  The energy density remains anti-symmetric throughout the entire interval, moving slightly 

into the pre-midnight region after minimum Sym-H.   
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Figure 27: 5-65 keV equatorial energy density profiles for (a) TWINS-2 at 0100UT-0430UT and (b) TWINS-1 
at 0500-1030UT on March 11, 2011. 

 

The equatorial pitch angle anisotropy for March 11, 2011, taken at 15 keV, is shown in 

Figure 28. To calculate the pitch angle anisotropy, we adopt the method similar to that used by 

Chen et al [1998], 

ܣ ൌ
ܫୄ െ ∥ܫ2
ܫୄ ൅ ∥ܫ2
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ଵ
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Using this definition, -1 represents a field aligned pitch angle distribution and +1 

represents a perpendicular distribution. From Figure 28, the pitch angle distribution is isotropic 

and nearly uniform in the equatorial plane throughout the interval, with the exception of L=5.5 to 

L=8 Re on the night side from 0100 UT to 0830 UT; in this region, the pitch angle distribution is 
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much more field aligned. It is important to note that this region is also where the peak in the 

distribution is observed in Figure 27.  

 

 

Figure 28: Pitch angle anisotropy at 15 keV for (a) TWINS-2 at 0100UT-0430UT and (b) TWINS-1 at 0500-
1030UT on March 11, 2011. 

 

 The 28 May 2011 Event 

Figure 29 shows the 1-minute averages of the By and Bz components of the IMF, as well 

as the auroral electrojet (AE), Sym-H (symmetric) and ASym-H (anti-symmetric) indices 

provided by OMNI for the days of May 27-29, 2011.   In this section, we focus on the early 

recovery phase of the storm, again identified by the thick vertical lines during the middle of the 

day (1100 UT to 1530UT) on May 28, 2011.   The IMF By is strongly negative throughout the 

entire interval, reaching approximately -10 nT around 1400 UT. The Bz component of the IMF 

begins the interval strongly negative, but goes positive around 1330 UT. As with before, these 

interplanetary conditions are time shifted to the magnetopause by OMNI. The AE index begins 
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the interval elevated and peaks above 1000 nT just before 1300 UT, then quickly drops towards 

the end of the interval.  It should be noted that the timing of the drop in AE towards the end of 

the interval is correlated to the positive excursion of the Bz component of the IMF towards the 

end of the interval.  The Sym-H index reaches a minimum of approximately -85 nT at 1200 UT, 

then quickly jumps nearly 20nT to -60 nT by 1300 UT. The ASym-H index is elevated 

throughout the interval, again indicating an anti-symmetric ring current configuration. It should 

be noted that while it is elevated throughout the entire interval, the ASym-H index varies greatly, 

jumping and dropping approximately 50 nT in around an hour at 1400 UT. 

 

 

Figure 29: The IMF By, Bz and AE, Sym-H, Asym-H indices for May 27-29, 2011. 
 



 34

 

Figure 30: TWINS-1 15 keV ENA flux for 1100-1530UT on 28 May 2011. 
 

The 15 keV TWINS-1 ENA intensities for 1100 UT – 1530 UT on May 28, 2011 are 

shown in Figure 30. As with the March 11, 2011 case, we only show the first 30 minutes (again, 

25 sweeps) of each hour so as to cover a larger portion of the storm. Also, as with the previous 

cases, the purple and red L-shells indicate the duskward and sunward directions. At 1100 UT, 

TWINS-1 is at R=5.5 Re, 47 degrees latitude and is observing ENAs from the pre-midnight 

region (~21.5 MLT). The spacecraft goes through apogee around 1400 UT and is eventually in 

the post-midnight region (MLT=2) at R=6.8 Re, 57 degrees latitude at 1500 UT. The peak in 

ENA intensity is observed in the LAEs during the 1100 UT – 1130 UT interval, then drops to 

less than half its peak value at 1400 UT – 1430 UT. The ENA intensity then jumps slightly 

during the 1500 UT – 1530 UT interval. Unlike the previous (March 11) case, there are 

considerable high altitude emissions observed in addition to the low altitude emissions.  

 

 

Figure 31: 5-65keV equatorial energy density profiles for TWINS-1 at 1100UT-1530UT on May 28, 2011. 
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The deconvolved 5-65 keV equatorial energy density for 1100 UT – 1530 UT on May 28, 

2011 is shown in Figure 31. Throughout the observation period, the peak in energy density is 

found to be between L=3 and L=5 Re on the night side.  The peak, approximately 22 keV/cc, 

occurs during the 1200 UT - 1230 UT interval (again, correlated with the ~1000 nT peak in the 

AE index). As with the March 11, 2011 case, the peak in energy density is does not occur during 

the same interval as the peak in ENA intensity; we can again explain this by the fact that energy 

density is integrated over 5-65 keV, while the ENA intensity is taken at 15 keV. It should be 

noted that the energy density is much more symmetric during the 1100 UT – 1330 UT interval 

than the 1400 UT – 1530 UT interval. The timing of the change in symmetry correlates with the 

50 nT jump in the ASym-H index seen in Figure 29.   

 

Figure 32: Pitch angle anisotropy at 15 keV for TWINS-1 at 1100UT-1530UT on May 28, 2011. 
 

Figure 32 shows the TWINS-1 pitch angle anisotropy at 15 keV for 1100 UT – 1530 UT 

on May 28, 2011.  As with the previous case, the equatorial distribution is nearly isotropic and 

uniform in the equatorial plane. The slight perpendicular distribution near L=7 Re during the 

1200 UT – 1230 UT interval is likely the result of low data in that region (see Figure 31).  Unlike 

the previous (March 11, 2011) case, the peak in the distribution is nearly isotropic.  
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4. Discussion 

One important aspect of analyzing the ENA images presented in this thesis is in 

understanding the impact of geocoronal density at different altitudes.  Due to the higher 

geocoronal density at low altitudes, precipitating particles tend to dominate the ENA emissions. 

These low altitude emissions typically belong to a ring current plasma population on the opposite 

side of Earth, and are viewed just off Earth’s limb [Roelof, 1987; Bazell et al., 2010]. These 

emissions are clear in Figures 2, 9, 19, 26 and 30. It should be noted that the link between 

sources in the ring current intensity and the low altitude emissions depends upon the use of the 

thick target approximation, as described by Bazell et al. [2010], and the magnetic field mapping.  

The higher energy density in the pre-midnight sector shown in Figure 7 is believed to be 

the source of the precipitating particles creating the low altitude emissions seen off the Earth's 

limb in Figure 2. Note that the low altitude emissions are observed from both hemispheres 

throughout 0330-0511 UT.   The low altitude emissions in Figure 9 are also clearly observed just 

off the Earth's limb.  These are believed to originate from the duskward peak in ring current 

energy density in Figure 14. We observe low altitude emissions emanating from both 

hemispheres again for the September 4 storm in Figure 19. Again, these are believed to have 

their sources in the duskward peak in energy density in Figure 24. In Figure 30, the low altitude 

emissions are again observed from both hemispheres for 1100 UT to 1430 UT. It is extremely 

interesting to note that the LAEs emanating from the southern hemisphere for the May 2011 

event disappear toward the end of the interval of interest. This corresponds to a less symmetric 
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ring current observed during these later times (1400 UT to 1530 UT) in Figure 31.  For each 

CIR-driven storm, ENA intensity increases after the dipolarization signature is seen at 

geosynchronous. For the ICME-driven storms, ENA intensity increases after substorms are 

inferred from increases in AE index. These observations, i.e., ENA intensity following substorm 

activity, are consistent with previous observations by Lui et al. [2001] and Ohtani et al. [2005].  

As with the CIR-driven storms, the peak in energy density in the ICME-driven storms 

seen in Figure 27 is believed to be due to the low altitude emissions observed in Figure 26. Due 

to the viewing geometry in this case (March 2011), the observed plasma is field aligned. This is 

confirmed by the pitch angle anisotropy in Figure 28, where the peak in energy density from 

Figure 27 is more field aligned during 0100 UT to 0730 UT. It is important to note that this is 

thought to be primarily due to viewing geometry of the spacecraft, which is observing the night 

side distribution primarily through the LAEs just off the Earth’s limb; that is, there may be a 

more isotropic or more perpendicular distribution which cannot be seen by the spacecraft at this 

location.  

Due to the lack of availability of high resolution GOES magnetometer data at 

geosynchronous orbit during the ICME-driven storms in 2011, confirming depolarization 

signatures during these storms is more difficult. Nevertheless, substorm activity can still be 

inferred by peaks in the AE index [Newell and Gjerloev, 2011].  Dipolarization signatures are 

observed near minimum Sym-H for the August 2008, September 2008, March 2011 and May 

2011 events, which is consistent with previous geosynchronous observations [Iyemori and Rao, 

1996; Ohtani et al., 2001]. The immediate increase in Sym-H following the substorm injection is 

believed to be due to a reduction of the cross tail current [Siscoe and Petscheck, 1997].  We find 

that just after a plasma injection during CIR-driven storms, there are often two peaks in the 5-30 
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keV ring current plasma energy density, one near midnight between L=3 and L=5, and one 

between dusk and midnight between L=5 and L=7.  During the ICME-driven storms, only one 

peak is observed in the plasma energy density. The peak in 5-65 keV energy density tends to be 

located primarily in the pre-midnight region, which is consistent with the in-situ observations of 

the ring current shown by Le et al. [2004] and Lui [2003], as well as the in-situ geosynchronous 

MPA observations [Korth et al., 1999; Denton et al., 2005; Zhang et al., 2006] and simulations 

of plasma pressure in the ring current [Zhang et al., 2007].   

To summarize, we have shown global images of trapped ring current particles with 

energies between 5 and 65 keV during the main phase and early-recovery phase of CIR and 

ICME-driven storms.  For the CIR-driven storms, we also have shown the energy spectra as a 

function of time.  Of particular interest is the fact that during the early recovery phase of the 

strongest CIR-driven storm, where Sym-H dips below -65 nT and AE is greater than 1000 nT, 

the peak of the ion intensity in the ring current is greater than 30 keV. On the other hand, during 

the main and early recovery phases of the smaller storms, the peak of the ion intensity is around 

10-15 keV. For the ICME-driven storms, we have shown the pitch angle distribution is nearly 

isotropic and uniform in the equatorial plane; the one exception to this is the peak in plasma 

energy density during the March 11, 2011 event, where a more field aligned distribution is 

observed. This anisotropy is thought to be due to spacecraft viewing geometry. These 

relationships between the storm conditions (both interplanetary and magnetospheric) and the ring 

current energy density do not appear to be casual, and detailed modeling analysis is needed to 

further understand the specifics of the spatial distribution and the energy spectra in context of the 

storm conditions. However, all five events used in this study show that the energy density of 5-
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65 keV ions in the ring current does not follow Sym-H, but rather is directly and significantly 

enhanced by injections during both the main and early recovery phases of geomagnetic storms.    
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