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Abstract19

We analyze a database of Dynamics Explorer-1 (DE-1) Retarding Ion Mass Spectrome-20

ter (RIMS) densities and temperatures to yield the �rst explicit measure of how cold ion21

concentration depends on temperature. We �nd that cold H+ and He+ concentrations have22

very weak dependence on temperature, but cold O+ ion concentration increases steeply as23

these ions become warmer. We demonstrate how this result canaid in analyzing com-24

position data from other satellites without spacecraft potential mitigation, by applying25

the result to an example using data from the Van Allen Probes mission. Measurement of26

light ion concentrations above 1 eV are a reasonable proxy for the concentrations of colder27

(sub-eV) ions. Warmer O+ ion concentrations may be extrapolated to colder temperatures28

using our �t to the statistical distribution versus temperature.29

1 Plasmaspheric Ion Composition30

The plasmasphere carries the majority of magnetospheric mass�tens to hundreds31

of metric tons�and ion composition is an important factor controlling this mass (Ap-32

pendix A: ). Most knowledge of plasmaspheric ion composition comes from measure-33

ments by the Dynamics Explorer-1 (DE-1) Retarding Ion Mass Spectrometer (RIMS)34

[Chappell et al., 1981;Giles, 1994]. DE-1 �ew in a 7.5-hour, 1.8RE� 4.6 RE polar orbit35

from 3 August 1981 to 28 February 1991. RIMS measured energy and mass-per-charge36

of low-energy ions (< 50 eV) from 1 to 40 amu/Z. To partially compensate for positive37

spacecraft potential, RIMS could apply a negative bias (of up to � 8 V) to its aperture.38

RIMS measurements have fueled numerous investigations of cold ion dynamics and39

composition.Horwitz et al.[1984] analyzed DE-1 RIMS observations from �ve orbits40

through the duskside plasmasphere, and found similar density pro�les for light ions (H+
41

and He+): dense inner regions, with the plasmapause gradient in thesame location for42

both these light ions. The O+ pro�les were found to exhibit a di�erent morphology, with43

a pronounced enhancement near the light-ion plasmapause.Comfort et al.[1985] used DE-44

1 RIMS data to show that H+ density is generally inversely proportional to temperature,45

and that H+ and He+ have similar temperature pro�les.Roberts et al.[1987] analyzed46

nearly 600 plasmasphere passes of DE-1 RIMS data, and found a64% occurrence of den-47

sity enhancements of heavy ions (O+, O++ , N+) in the vicinity of the plasmapause, at all48

local times.Comfort et al.[1988] reported average H+ temperatures and densities from49

100 passes of DE-1 through the evening and morning sectors. They also found average50
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composition ratios (relative to H+) for He+ , O+ , He++ , and O++ . Comfort [1996] reviewed51

these average observations and compared them to model calculations, to study the spatial52

and activity dependence of ion temperature.Horwitz et al.[1990] used DE-1 RIMS H+53

and He+ densities to determine the average shape of the plasmapauseL versus magnetic54

local time (MLT) and categorize di�erent types of density pro�les (steep gradient, gradual55

ramp, multiple plateaus, other complex structure).Craven et al.[1991] analyzed 20,00056

DE-1 RIMS measurements to �nd that H+ temperature generally increases withL, from57

sub-0.5-eV to above 1 eV.Craven et al.[1997] used DE-1 RIMS observations from 198158

through 1984 to determine the He+ to H+ composition ratio versus geocentric radius (r ),59

L, and solar EUV proxy (P). Recently,Gallagher et al.[2016] revisited the DE-1 RIMS60

data set to study the density and temperature structure of H+ , O+ , and O++ versus location61

(L, MLT) and geomagnetic activity.62

There is a general pattern in all these previous DE-1 RIMS-based studies [Gal-63

lagher et al., 2016]. The light ions (H+ and He+) have similar temperatures (sub-eV to64

few eV), and similar density structure (plasmapause location, mesoscale density features,65

etc.), with an average ratio of He+ to H+ of 10% to 20%. The O+ and O++ ions are gen-66

erally warmer (few eV to tens of eV) and have distinctly di�erent density structure, with67

pronounced enhancements at or near the light-ion plasmapause.68

The extensive body of previous DE-1 RIMS data analysis does not yet include an69

explicit determination of how cold ion concentration depends on temperature. This miss-70

ing analysis is important for two reasons. First, temperature dependences o�er clues to71

the mechanisms responsible for transporting ions from the ionosphere to the plasmasphere72

[Comfort et al., 1985;Comfort et al., 1988;Craven et al., 1991;Gallagher et al., 2016].73

The second reason is a practical one: in situ measurement of cold ions can be limited by74

spacecraft potential. Emission of photoelectrons inducespositive charging that can bias75

a spacecraft to several volts in the plasmasphere [Pedersen, 1995;Scudder et al., 2000;76

Sarno-Smith et al., 2016a]. The DE-1 RIMS aperture was negatively biased to compen-77

sate for this charging, and permit cold ions to enter. Unbiased plasma instruments such as78

the Helium Oxygen Proton Electron (HOPE) spectrometer onboard the Van Allen Probes79

[Funsten et al., 2013;Sarno-Smith et al., 2015, 2016b,c;Genestreti et al., 2017] cannot80

compensate for spacecraft potential, and thus cannot measure the coldest ions. However, if81

total electron densities (ne) are available, one can derive partial ion densities (ni ) from the82

observed ion fractional concentrations (fi � ni •
Í

i ni ) by simple multiplication (ni = fi ne).83
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This method only works if the ion concentrations above the spacecraft potential are ap-84

proximately equal to the concentrations of the coldest ions, or if we can reasonably infer85

the concentrations below the spacecraft potential.86

In this paper we analyze a database of DE-1 RIMS densities andtemperatures to87

yield the �rst explicit measure of how cold ion concentration depends on temperature. We88

�nd that H+ and He+ concentrations have very weak dependence on temperature, but O+
89

ion concentration increases steeply as these ions get warmer. This result provides a means90

for reasonably estimating the concentration of O+ ions below the spacecraft potential (or91

inferring its signi�cance). We demonstrate the analysis ofcomposition data from satellites92

without spacecraft potential mitigation by showing an example using Van Allen Probes93

data.94

2 Statistical Analysis of DE-1 RIMS Data95

2.1 Database96

The database used in this study includes 4809 individual iondensity (nH+ , nHe+ ,97

nO+ ) and temperature (TH+ , THe+ , TO+ ) moments spanning 21 October 1981 to 6 May 1982.98

The spatial and temporal coverage of the data set are given inAppendix B: . The majority99

of the measurements are from quiet to moderately disturbed conditions during the declin-100

ing phase of solar cycle 21:Kp from 0.5 to 3.5, andDst from � 63 nT to 13 nT. Temper-101

atures were computed by �tting ion data to a �owing Maxwellian passing through an in-102

�nitessimally thin potential sheath about the spacecraft [Comfort et al., 1985]. DE-1 RIMS103

measurements span nearly a full decade, from October 1981 toMarch 1991. Our� 0.5104

year database was chosen for its convenience and availability. The database is the result105

of a synoptic study of DE-1 RIMS data, limited to times for which simultaneous moments106

are available for 5 ion speces (H+ , He+ , He++ , O+ , and O++ ). These data are available at107

https://plasmasphere.nasa.gov/rims/.108

An aperture bias of 0 V was used inside the plasmasphere torus, away from the109

plasmapause. In this region the spacecraft potential was found to be small with minimal110

in�uence on calculation of density and temperature. Our study therefore does not calcu-111

late the error in temperature as a function of aperture bias.We believe most of the error112

in temperature comes from sources other than the lowest energies of the distribution being113

�4����Š�‹�•���ƒ�”�–�‹�…�Ž�‡���‹�•���’�”�‘�–�‡�…�–�‡�†���„�›���…�‘�’�›�”�‹�‰�Š�–�ä�����Ž�Ž���”�‹�‰�Š�–�•���”�‡�•�‡�”�˜�‡�†�ä
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Figure 1. Statistical distributions of ion density, temperature, and composition ratio. Previous similar

results labeled at bottom of each panel according to legend at the bottom.(a, b, c)2D histograms (samples

per bin) versus density andL for H+ , He+ , and O+ . Colorbars in lower-left corner. Thick black lines give per-

L median and standard deviations. Bin dimensions:»� L � � log10 ni ¼= »0:25 � 0:1¼. (d, e, f)2D histograms

versus temperature andL. Bins: »� L � � log10Ti ¼= »0:25 � 0:04¼. (g, h) 2D histograms versus composition

ratio (ci � ni /nH+ ) andL. Bins: »� L � � log10 ci ¼= »0:25� 0:03¼. Purple circles: Cr97 polynomial �t [Craven

et al., 1997].
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excluded due to spacecraft potential, such as Poisson counting error and aliased �uctuation114

in particle �ux due to external in�uences.115

2.2 Ion Density, Temperature, Composition Ratio116

Figure 1 contains statistical distributions of ion density, temperature, and composi-124

tion ratio (relative to H+), obtained from the 4809-point database. Each panel is a 2D his-125

togram of samples per bin. The horizontal axes are allL shell. The vertical axes are den-126

sity ni (top row), temperatureTi (middle), or composition ratio (bottom). The thick black127

lines are the per-L median and standard deviations. The DE-1 RIMS densities have been128

mapped to the equator assuming a �eld-aligned dependence/ r � � , where� = 0:7 [Gold-129

stein et al., 2001]. (For coverage in latitude and radius see Appendix B:.) Distributions130

similar to Figure 1 have all been previously reported, either in case studies or statistical131

analyses. At the bottom of each panel is a list of published similar results.132

Consistent with earlier �ndings, light ions (H+ and He+) have very similar density133

distributions (Figures 1a and 1b) and temperature distributions (Figures 1d and 1e). Both134

light ion density distributions exhibit a very cold and dense main torus region at lower135

L, and less cold, less dense outer plasmasphere region at higher L. ThenHe+ distribution136

is, on average, about 10% to 20% ofnH+ , but otherwise with similar morphology. The137

TH+ andTHe+ distributions are quantitatively congruent; both increase with L, from sub-138

eV to above 1 eV. Light ion temperatures do not exhibit a signi�cant MLT dependence139

(Appendix B: ).140

Also consistent with earlier work, the O+ density and temperature (Figures 1c and141

1f) are strikingly di�erent from the light ions. At the innermostL values, deep within the142

light-ion main torus,nO+ falls very steeply withL. From L = 3 to 5 (i.e., the outer light-143

�5����Š�‹�•���ƒ�”�–�‹�…�Ž�‡���‹�•���’�”�‘�–�‡�…�–�‡�†���„�›���…�‘�’�›�”�‹�‰�Š�–�ä�����Ž�Ž���”�‹�‰�Š�–�•���”�‡�•�‡�”�˜�‡�†�ä
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ion plasmasphere) there is an outer �dense O+ torus� region containing signi�cantly en-144

hancednO+ , as well as increased variability innO+ (i.e., vertical scatter in the histogram).145

The O+ temperature distribution is also separated into inner and outer (dense torus) re-146

gions, and values ofTO+ range from� 1 eV to tens of eV, that is, signi�cantly warmer (on147

average) than the light ions. O+ ion temperatures also lack a signi�cant MLT dependence148

(Appendix B: ).149

Figures 1g and 1h show statistical distributions of the ion composition ratio rela-150

tive to H+, that is,ci � ni •nH+ . In Figure 1g, thecHe+ distribution exhibits a mild in-151

crease withL that is consistent with previous results. For example, the purple dots at152

L = »2; 3; 4; 5¼plot the polynomial �t of Craven et al.[1997], with geocentric radial dis-153

tancer = 3 and solar proxyP = 250. Figure 1g is also consistent with thecHe+ composi-154

tion ratios ofComfort et al.[1988], not shown here. In Figure 1h, thecO+ distribution falls155

steeply to a minimum atL � 2, then rises withL � 3. This distribution is consistent with156

the evening-sectorcO+ pro�le of Comfort et al.[1988], although their minimumcO+ was157

not as low.158

To map all ion densities (ni ) to the equator we used� = 0:7, that is, density decreas-159

ing weakly along the �eld line. This� value was found for total electron density (ne) by160

Goldstein et al.[2001]. The use of an� value derived fromne is reasonable for the light161

ions, since H+ typically dominates (nH+ � ne) and He+ generally follows H+ at 10�20%162

concentration. However, given that O+ density and temperature distributions are so di�er-163

ent from those of the light ions, usage of� O+ = 0:7 may not be entirely realistic. To test164

the sensitivity to this parameter, we varied� O+ (keeping� = 0:7 for light ions) from� 3165

(concentrated at the equator) to 3 (concentrated at the ionosphere) in integer steps. The166

speci�c values ofnO+ andcO+ in Figure 1c and Figure 1h do change (especially in the167

outer plasmasphere), increasing with� O+ < 0 and decreasing with� O+ > 0. However, the168

comments (throughout this section) concerning light-ion similarity and O+ dissimilarity169

are not altered.170

2.3 Ion Concentration versus Temperature171

We herein de�ne the ion concentrationfi as the ratio of partial ion density (ni ) to175

total ion density (
Í

i ni = nH+ + nHe+ + nO+ ). This de�nition of ion concentration is distinct176

�6����Š�‹�•���ƒ�”�–�‹�…�Ž�‡���‹�•���’�”�‘�–�‡�…�–�‡�†���„�›���…�‘�’�›�”�‹�‰�Š�–�ä�����Ž�Ž���”�‹�‰�Š�–�•���”�‡�•�‡�”�˜�‡�†�ä
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Figure 2. Ion concentration versus temperature.2D histograms of fractional ion concentration

fi = ni •¹nH+ + nHe+ + nO+ º versus temperature (Ti ). Thick line is a �t to histogram peaks (open circles);

�t parameters shown at top.(a) fH+ , (b) fHe+ , (c) fO+ .

172

173

174

from the composition ratio relative to H+ ions (ci = ni •nH+ ) that is shown in Figures 1g177

and 1h for comparison with prior DE-1 RIMS studies that useci .178

Figure 2 plots statistical distributions of ion concentration ( fi ) versus temperature.179

In each panel, the open circles (barely discernible in some cases) mark the per-Ti peaks180

of the 2D histogram, for samples per bin above»6; 12;18¼, respectively for»H+; He+; O+¼.181

The thick line is a �t of these peak values to the function 10ATi
B , with the �t parameters182

annotated at the top of the plot. The �t parameterB quanti�es the steepness of the aver-183

age temperature dependence of ion concentration.184

The H+ concentration (Figure 2a) barely changes with temperature(TH+ ) in the185

range 0.3 eV to 3 eV, as evident in the �at distribution peakedbetween 80% and 90%,186

and in the �t parameterBH+ = � 0:03 that is nearly zero. The He+ concentration (Fig-187

ure 2b) also has an extremely weak dependence on temperature(THe+ ) in the range 0.3 eV188

to 3 eV. Though there is considerable relative scatter in thedistribution, mostfHe+ values189

lie between 0.1 and 0.2, and the �t parameterBHe+ = � 0:1 is small compared to 1.190

In contrast to the light ions, the O+ concentration (Figure 2c) depends strongly on191

temperature in the range 0.6 eV to 20 eV. The �t parameterBO+ = 1:1 is an order of mag-192

nitude larger than that of the light ions. Although there is signi�cant (factor-of-ten) scatter193

in the distribution,fO+ generally increases withTO+ , and the distribution is� normal about194

the �t.195

As done for the results of Section 2.2, we tested the sensitivity to the choice of the196

�eld-aligned O+ density parameter� O+ by varying it from� 3 to 3 in integer steps. The197

steepness of thefO+ versusTO+ curve decreases with� O+ > 0 and increases with� O+ < 0.198

Speci�cally, as� O+ varies from� 3 to 3, the �t steepness parameterBO+ decreases from199

1:9 to 0:2. Over this range of� O+ the average steepness isBO+ = 1:1 � 0:5.200

The results in Figure 2 are explicitly new, but not inconsistent with previous work.201

The composition ratiocHe+ has been shown to be typically nearly constant versusL across202

a range ofTHe+ [Comfort et al., 1988;Craven et al., 1997]. Multiple studies have also ob-203
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served in the outer plasmasphere an enhancement in O+ density orcO+ ratio [Horwitz204

et al., 1984;Roberts et al., 1987;Comfort et al., 1988], possibly associated with a heat205

source that raises the ionospheric heavy ion scale height atlarger L shells. As already206

noted several times, there is substantial scatter in our histogram plots (Figure 1 and Fig-207

ure 2), which is not very surprising given that our data set covers a wide range of spatial,208

magnetic, and solar conditions, and no attempt has been madeto separate data from high209

and low altitude.210

As shown in Appendix A: , O+ ion concentrations� 5% can equal or exceed the211

plasmaspheric mass contribution from H+ . From Figures 1f and 2c it is clear that the pop-212

ulation of warmer (above a few eV), dense O+ ions can indeed exceed 5%. The dense O+
213

torus can thus make a major or even dominant contribution to total mass in the outer plas-214

masphere.215

As noted earlier, the majority of our database measurementsare from quiet to mod-216

erately disturbed conditions. The speci�c results in Figure 2 are not strictly valid for strongly217

disturbed conditions, but the methodology used herein should be easily applicable to a218

larger database with more big storms. Moreover, given the weak temperature dependences219

of fH+ and fHe+ we assume these results may be approximately valid for lightions dur-220

ing stronger storms. A future study with an enlarged database (including stronger storms)221

should test this assumption for light ions, and also examinewhether a steeper tempera-222

ture dependence offO+ is obtained for stronger storms. Future work using an enlarged223

database should also separate data by spatial, geomagneticactivity, and solar conditions.224

In this respect our result represents a proof-of-concept study to demonstrate that this ap-225

proach can be repeated and re�ned in future work.226

2.4 Example of Ion Density Adjustment227

The results of the previous section provide a means for deriving adjusted partial ion235

densities (ni ) from the observed ion fractional concentrations (fi ), if total electron den-236

sity (ne) is available. An example of this adjustment is depicted in Figure 3 and described237

below, using previously published Van Allen Probes A data from 15 January 2013 [Gold-238

stein et al., 2014;Genestreti et al., 2017]. During the selected interval (0029 to 0412 UT)239

conditions were very mildly disturbed:Kp = 2, andDst = � 4:8 nT. Total electron density240

(ne) was obtained from upper hybrid resonance measurements by the Electric and Mag-241

�8����Š�‹�•���ƒ�”�–�‹�…�Ž�‡���‹�•���’�”�‘�–�‡�…�–�‡�†���„�›���…�‘�’�›�”�‹�‰�Š�–�ä�����Ž�Ž���”�‹�‰�Š�–�•���”�‡�•�‡�”�˜�‡�†�ä
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Figure 3. Example adjustment of ion densityusing Van Allen Probes A data from 15 January 2013.

Data are from previous published work [Goldstein et al., 2014;Genestreti et al., 2017]. Total electron density

ne (in cm� 3) from EMFISIS upper hybrid measurement (black). Ion densities from HOPE:nH+ (red),nHe+

(green),nO+ (blue). Temperature of O+ ions,TO+ in eV (purple). Shaded regions (blue fornO+ , purple for

TO+ ) indicate range of upper and lower limits (see text).(a) Partial ion densities measured by HOPE above the

spacecraft potential, plotted withne andTO+ . (b) ne and adjusted ion densities.(c, d, e)Orbital ephemeris:

L, MLT (hours), and latitude (degrees).
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234

netic Field Instrument Suite and Integrated Science (EMFISIS) suite [Kletzing et al., 2013;242

Kurth et al., 2015]. Partial ion densities were derived from measurements by the Helium,243

Oxygen, Proton, and Electron (HOPE) instrument [Funsten et al., 2013]. The spacecraft244

potential� sc (used below in theTO+ estimate) was measured by the Electric Field and245

Waves (EFW) instrument [Wygant et al., 2013]. The ad-hoc adjustment procedure is out-246

lined now.247

1. Initial HOPE estimate. The initial estimate for the set of ion densities (nH+ , nHe+ ,248

nO+ ) in Figure 3a is obtained from HOPE measurements above the minimum en-249

ergy " 0
HOPE;min � 1 eV+ � sc [Genestreti et al., 2017]. Initial estimates for fractional250

concentrationsfi = ni •
Í

i ni are also computed. It is evident that a major portion of251

the ambient cold ion population is not measured by HOPE (i.e., below" 0
HOPE;min),252

because the sum of the ion partial densities (
Í

i ni , approximately equal tonH+ ) is253

10 to 100 times smaller thanne.254

2. Adjust O+ concentration. Figure 2 �ts the average ion concentration versus tem-255

perature asfi = 10ATi
B . For this example calculation we assumeB � 0 for the256

light ions; that is, we assumefH+ � f 0
H+ and fHe+ � f 0

He+ are independent of temper-257

ature. Here primed (unprimed) quantities are adjusted (notadjusted). For O+ ions258

BO+ = 1:1, and we must extrapolate the O+ concentration below" 0
HOPE;min. To do259

this we require 2 estimates for the temperature.260

(a) The �rst valueTO+ is the temperature measured by HOPE above" 0
HOPE;min. We261

obtainTO+ by two methods. The �rst method is the partial energy number den-262

sity (PEND) method ofGenestreti et al.[2017]:263

TO+ =

p
2

�
" 0

HOPE;min � " bulk

�

erf� 1
h
1 � nO+

0:01ne

i : (1)264
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assuming instrument-frame bulk energy of 8mpu2, wheremp is the proton mass,265

andu is bulk velocity, equal to strict corotation minus spacecraft motion. We266

use the PEND technique for intervals where" 0
HOPE;min > 1:25" bulk, that is, after267

0254 UT in Figure 3.Genestreti et al.[2017] showed that errors in the PEND268

temperature grow large near" 0
HOPE;min � " bulk. Therefore, earlier than 0254 UT269

we use a second method: numerical integration of HOPE O+ phase space den-270

sity (F ):271

TO+ =
pO+

nO+
�

16mp
¯

F ¹vºv2dv
¯

F ¹vºdv
: (2)272

HerepO+ is the pressure. Since HOPE measures all but the very coldestions, it273

is assumed thatTO+ represents the upper limit of O+ temperature.274

(b) The second value is the �true� temperatureT0
O+ in the ambient plasma. We ob-275

tain an order-of-magnitude estimate usingT0
O+ = 0:27TO+ . The factor 0.27 is276

obtained from the DE-1 RIMS statistical distribution of O+ temperature in Fig-277

ure 1f: 0.27 is the mean ratio of the lower-to-upper standarddeviations (thick278

black lines). ThereforeT0
O+ is the lower limit to the most probable range of tem-279

perature rather than a true absolute lower value.280

In Figure 3aTO+ andT0
O+ are given respectively by the upper and lower edges of281

the purple shaded region. With these assumptions we get the adjusted concentration282

f 0
O+ = ¹T0

O+ •TO+ º1:1 fO+ .283

3. Scale by electron density.With each fractional ion concentration (f 0
i ) determined,284

we compute each partial ion density:285

n0
i =

f 0
iÍ

i f 0
i

ne: (3)286

That is, the adjusted density is computed as the adjusted fractional concentration287

( f 0
i ) times the total electron density (ne) and divided by

Í
i f 0

i , which is a normal-288

ization factor that ensures quasineutrality (
Í

i n0
i � ne).289

The adjusted ion densities (n0
i ) obtained by this procedure are shown in Figure 3b. The290

adjusted total ion density (
Í

i n0
i ) is identically equal tone (the black curve), and the ad-291

justed single-species pro�les are reasonable and consistent with expected behavior. The292

light ion density pro�les (n0
H+ , n0

He+ ) have a morphology that closely resembles that ofne.293

The resultingn0
O+ is morphologically di�erent than the light ions, and the slight increase294

in n0
O+ just inside the light ion plasmapause (at� 0400 UT) is consistent with a very weak295

O+ torus (Section 1).296
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The computedn0
O+ spans a range of values; the upper and lower edges of the shaded297

blue region di�er by a factor of� 4 (= 0:27� 1:1). The upper edge (larger blue dots) is298

the density corresponding to the upper limit temperatureTO+ . These upper edge values299

use the unadjusted O+ concentration,fO+ from Step 1 above. The lower edge corresponds300

to the adjusted concentrationf 0
O+ obtained from Step 2 using the lower-limit temperature301

T0
O+ . Thus, taking the temperature dependence offO+ into account can make a signi�cant302

(in this example, factor of� 4) di�erence. As shown in Appendix A: , this factor of� 4303

di�erence has a signi�cant e�ect on the estimated mass contribution from O+ ions.304

3 Summary305

We have shown that fractional H+ and He+ ion concentrations have extremely weak306

dependence on temperature, in the range 0.3 eV to 3 eV. For plasma instruments without307

spacecraft potential mitigation, measurement of light ionconcentrations above 1 eV are a308

reasonable proxy for the concentrations of colder (sub-eV)ions. We �nd, in contrast, that309

fractional O+ ion concentration increases with temperature. Values offO+ measured above310

several eV may be extrapolated to order-of-magnitude estimates at colder temperatures311

using our �t to the statistical distribution offO+ versusTO+ .312

A: Mass of the Plasmasphere313

This appendix estimates the total mass of the plasmasphere,assuming axisymmetry314

and constant density along dipole magnetic �eld lines. The latter assumption is reasonable315

for most of the �eld line, but belowr � 2 RE, density of light ions increases steeply. The316

�eld-aligned distribution of O+ is less known, but assuming an ionospheric source it is317

reasonable to assume a zero-order dependence that does not decrease at lower altitudes.318

Therefore our computation gives a lower-limit estimate forthe mass of H+ and He+ , and319

probably for O+ as well. This total massM is:320

M = 2� RE
2 mp¹FH+ + 4FHe+ + 16FO+ º

¹ L p

1
L dL ne¹Lº � dip¹Lº; (A.1)321

whereRE is the Earth radius,mp is proton mass,»FH+; FHe+; FO+ ¼are the fractional con-322

centrations (Fi � ni •ne) of the three major plasmaspheric ion species,Lp is the plasma-323

pauseL value, andne is the electron number density. The function� dip � ¹ 2:76L � 2ºRE324

is the approximate length of a dipole �eld line [Schulz and Lanzerotti, 1974;Goldstein,325

2000]. FollowingGoldstein et al.[2018], we assume the CA92 equatorial electron density326
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Figure A.1. Top Panels:Mass of the plasmasphere for two assumed values of constant O+ ion concen-

tration (see text). At each location, each curve gives mass enclosed by thatL surface. Solid blue curves:

nO+ along entire �eld line. Dashed blue curves:nO+ only within � 30� latitude to approximate O+ concen-

trated near equator.(a) FO+ = 0:01. (b) FO+ = 0:05. Bottom Panels:Number density (ni ), concentration

( fi ), and total mass enclosed for the example of Van Allen Probesdata from Figure 3.(c) Lower limit using

temperature-adjusted concentrationf 0
O+ (cf. Section 2.4).(d) Upper limit with unadjustedfO+ .

347

348

349

350

351

352

[Carpenter and Anderson, 1992], and fractional ion concentrations are derived fromthe327

Cr97 empirical determination of the composition ratiocHe+ � nHe+ •nH+ [Craven et al.,328

1997]:329

log10 cHe+ = � 0:35L � 0:02 (A.2)330

331

FH+ =
1 � FO+

1 + cHe+
(A.3)332

333

FHe+ =
¹1 � FO+ º
1 + cHe+

cHe+ (A.4)334

335

FO+ = constant: (A.5)336

This mass model is implemented in Figures A.1a and A.1b, which plot (versusL) the to-337

tal mass enclosed by eachL surface. The estimated massM of the plasmasphere is tens338

to hundreds of metric tons (symbol t), and ion composition can signi�cantly change this339

mass. Assuming a constant 1% O+ component, most of the plasmasphere's mass is held340

by H+ ions (Figure A.1a, red curve). Increasing the O+ contribution to 5% raises the O+341

mass (Figure A.1b, blue solid curve) to nearly equal that of H+ , and increases the total342

mass by� 40%. This O+ mass contribution is computed assuming constant density along343

the �eld lines, as noted above. If the O+ ions are instead concentrated near the equator,344

the O+ contribution is reduced. For example, the dashed blue linesgive the O+ mass if345

the �eld lines are only �lled within � 30� of the magnetic equator.346

In Figure A.1c and Figure A.1d we estimate the mass of the plasmasphere using353

the Van Allen Probes data presented in Figure 3. We use a modi�ed version of Equa-354
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tion (A.1):355

MH+ = 2� RE
2 mp

¹ L p

1
L dL n0

H+ ¹Lº � dip¹Lº (A.6)356

MHe+ = 2� RE
2 4mp

¹ L p

1
L dL n0

He+ ¹Lº � dip¹Lº (A.7)357

MO+ = 2� RE
2 16mp

¹ L p

1
L dL n0

O+ ¹Lº � dip¹Lº (A.8)358

Mtot = MH+ + MHe+ + MO+ : (A.9)359

Heren0
H+ , n0

He+ , andn0
O+ are the adjusted densities described in Section 2.4. We showtwo360

variations: a lower limit estimate (Figure A.1c) that includes the temperature-adjusted O+
361

concentration (f 0
O+ ), and an upper limit estimate (Figure A.1d) that uses the unadjusted O+

362

concentration (fO+ ). BetweenL = 1 andL = 2:1 where there are no Van Allen Probes363

data, we �lled in density values using the CA92-based model described above, with 2%364

O+ in Figure A.1c and 6% O+ in Figure A.1d. These O+ concentrations were chosen to365

roughly match the Van Allen Probes values atL = 2:1. Using this Van Allen Probes-based366

model the estimated total plasmaspheric mass insideL = 5 is between 600 t (Figure A.1c)367

and 790 t (Figure A.1d). The temperature-adjusted O+ mass (80 t) is 3.5 times smaller368

than the unadjusted O+ mass (280 t). Nonetheless, even in the lower-limit case the O+
369

distribution contributes tens of metric tons, about 13% of the total plasmaspheric mass.370

B: DE-1 RIMS Database: Spatial Coverage, MLT Dependence, Activity Indices371

Figure B.1 shows 2D histograms of the number of samples versus geomagnetic co-372

ordinates and temperature. The range of magnetic latitude spans tens of degrees above and373

below the equator, concentrated in the northern hemisphere. Lower L values are gener-374

ally closer to the magnetic equator. The database spans all magnetic local time (MLT), but375

with a large gap between 1000 � 1300 MLT, and several smaller gaps. The DE-1 RIMS376

ion temperature histograms (Figures B.1d, B.1e, and B.1f) do not exhibit a signi�cant377

MLT dependence. However, there is a very shallow postmidnight dip in TH+ (or THe+ ) that378

is not inconsistent with the postmidnight depletion in superthermal H+ ions observed by379

Van Allen Probes [Sarno-Smith et al., 2015, 2016b,c].380

The 4809-point database (spanning 21 October 1981 to 6 May 1982) includes mea-381

surements from the declining phase of solar cycle 21. FigureB.1g shows the distribution382

of points in the database, versus activity indicesKp andDst. The histograms indicate cov-383
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Figure B.1. DE-1 RIMS Data, 1981 Oct 21 � 1982 May 6. (a, b, c)2D histograms of number of samples

versus (magnetic latitude, magnetic local time, radius) and L-shell. (d, e, f) 2D histograms of number of

samples versus (TH+ , THe+ , TO+ ) and magnetic local time (MLT). Dots: mean per-MLT. Bold lines: standard

deviation from mean per-MLT.(g) Distribution inKp andDst. Left panels: versus decimal year (gray curve

= index, dots = data set sampling). Right panels: histograms(percent occurrence rate) versusKp andDst, for

our database.

386

387

388

389

390

391

erage of a wide range of geomagnetic activity, but with most data points falling in the384

quiet to moderately disturbed range:Kp from 0.5 to 3.5, andDst from � 63 nT to 13 nT.385
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Plasmaspheric Ions Measured by DE-1 RIMS:        1981 / 10 / 21     to     1982 / 05 / 06

H+ O+He+

(a)

(d)

(g)

(c)(b)

(f)

(h)

(e)

H84, R87, Ga16

Ga16

Co88, Ga16

H84, H90

Co85

Co88, Co96, H84, H90, Ga16

Co88, Co96, Cr91, Ga16

Co88, Cr97

H+ Density

H+ Temp

He+ Density O+ Density

He+ / H+���Z���Ÿ�} O+ / H+���Z���Ÿ�}

O+ TempHe+ Temp

main
torus

main
torus

in
ne

r

dense
torus

dense
torus

torus

outer
sphere

torus

outer
sphere

outer
sphere

outer
sphere

inner

Co85: Comfort et al. Co88: Comfort et al. Comfort [1996]
Cr91: Craven et al. Cr97: Craven et al. Gallagher et al. [2016]
H84: Horwitz et al. H90: Horwitz et al. Roberts et al. [1987]

[1985] [1988]
[1991] [1997]
[1984] [1990]

Co96:
Ga16:
R87:

LEGEND

���Š�‹�•���ƒ�”�–�‹�…�Ž�‡���‹�•���’�”�‘�–�‡�…�–�‡�†���„�›���…�‘�’�›�”�‹�‰�Š�–�ä�����Ž�Ž���”�‹�‰�Š�–�•���”�‡�•�‡�”�˜�‡�†�ä



�����������������	�


���Š�‹�•���ƒ�”�–�‹�…�Ž�‡���‹�•���’�”�‘�–�‡�…�–�‡�†���„�›���…�‘�’�›�”�‹�‰�Š�–�ä�����Ž�Ž���”�‹�‰�Š�–�•���”�‡�•�‡�”�˜�‡�†�ä
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Example:  Van Allen Probes A, 15 January 2013  Kp=2,   Dst=–4.8 nT
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(a) Plasmaspheric Mass with 1% O+ (b) Plasmaspheric Mass with 5% O+

Total Mass

(c) Van Allen Probes, Lower-Limit O+ (d) Van Allen Probes, Upper-Limit O+
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DE-1 RIMS:        1981 / 10 / 21     to     1982 / 05 / 06

(a)     Vs. MLAT and L (b)    Vs. MLT and L (c)    Vs. R and L

(d)   TH+ vs MLT (e)   THe+ vs MLT (f)   TO+ vs MLT
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