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Key Points:

Fractional H, He" ion concentrations have extremely weak dependence on tempe
ature
Fractional O ion concentration increases with temperature

For light ions, concentrations above 1 eV are a proxy for eoldns

Scoe <o =St f——S"" ofe—e "~ f... .. T -1t " —, Zc. f—<'e fot Sfe —et:
Sfe o'— Ffe —S"" — %S —St .. >Ftc—<e%d —> FTef——<co%od fUocof—<'e fof 7
of> ZEfT = t< " te e JF—™fte —Sce “fVec'e fot —SE frecte T f. . "ta
fe t'<a srasrt{ trs{ rtxztt

Corresponding author: J. Goldstejgoldstein@swri.edu

~

Sco froc 2t <o ol t 5 "< %S -8 27 "<%eS—e "tef""1


http://dx.doi.org/10.1029/2019JA026822
http://dx.doi.org/10.1029/2019JA026822

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

Abstract

We analyze a database of Dynamics Explorer-1 (DE-1) Retgridin Mass Spectrome-

ter (RIMS) densities and temperatures to yield the rst @ipmeasure of how cold ion
concentration depends on temperature. We nd that cdldadd Hé concentrations have
very weak dependence on temperature, but cdlddd concentration increases steeply as
these ions become warmer. We demonstrate how this resubliidan analyzing com-
position data from other satellites without spacecrafeptial mitigation, by applying

the result to an example using data from the Van Allen Probissiom. Measurement of
light ion concentrations above 1 eV are a reasonable praxithé& concentrations of colder
(sub-eV) ions. Warmer Dion concentrations may be extrapolated to colder tempesitu

using our t to the statistical distribution versus tempera.

1 Plasmaspheric lon Composition

The plasmasphere carries the majority of magnetospherss teas to hundreds
of metric tons and ion composition is an important factor ntrolling this mass (Ap-
pendix A: ). Most knowledge of plasmaspheric ion compogittomes from measure-
ments by the Dynamics Explorer-1 (DE-1) Retarding lon MagecBometer (RIMS)
[Chappell et al. 1981;Giles 1994]. DE-1 ew in a 7.5-hour, 1.&: 4.6 Re polar orbit
from 3 August 1981 to 28 February 1991. RIMS measured enargyneass-per-charge
of low-energy ions € 50 eV) from 1 to 40 amu/Z. To partially compensate for positiv

spacecraft potential, RIMS could apply a negative bias fpfas 8 V) to its aperture.

RIMS measurements have fueled numerous investigationsldfien dynamics and
composition.Horwitz et al.[1984] analyzed DE-1 RIMS observations from ve orbits
through the duskside plasmasphere, and found similar tyemsi les for light ions (H
and Hé): dense inner regions, with the plasmapause gradient isahee location for
both these light ions. The Opro les were found to exhibit a di erent morphology, with
a pronounced enhancement near the light-ion plasmap&@asefort et al.[1985] used DE-
1 RIMS data to show that Hdensity is generally inversely proportional to temperatur
and that H and Hé have similar temperature pro lesRoberts et al[1987] analyzed
nearly 600 plasmasphere passes of DE-1 RIMS data, and fo6A8&ocaoccurrence of den-
sity enhancements of heavy ions*(@**, N*) in the vicinity of the plasmapause, at all
local times. Comfort et al.[1988] reported average*Hemperatures and densities from

100 passes of DE-1 through the evening and morning sectbiesy dlso found average
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composition ratios (relative to H for He*, Of, He"™*, and O*. Comfort[1996] reviewed
these average observations and compared them to modelatiaiog, to study the spatial
and activity dependence of ion temperaturmrwitz et al.[1990] used DE-1 RIMS H
and Hé densities to determine the average shape of the plasmapassus magnetic
local time (MLT) and categorize di erent types of densityoges (steep gradient, gradual
ramp, multiple plateaus, other complex structu@javen et al[1991] analyzed 20,000
DE-1 RIMS measurements to nd that"Hemperature generally increases withfrom
sub-0.5-eV to above 1 e\Craven et al[1997] used DE-1 RIMS observations from 1981
through 1984 to determine the Héo H* composition ratio versus geocentric radiu} (
L, and solar EUV proxyR). Recently,Gallagher et al.[2016] revisited the DE-1 RIMS
data set to study the density and temperature structure o, and O* versus location

(L, MLT) and geomagnetic activity.

There is a general pattern in all these previous DE-1 RIM&batudiesGal-
lagher et al, 2016]. The light ions (M and Hé&) have similar temperatures (sub-eV to
few eV), and similar density structure (plasmapause looatinesoscale density features,
etc.), with an average ratio of H@o H* of 10% to 20%. The ® and O™ ions are gen-
erally warmer (few eV to tens of eV) and have distinctly diesit density structure, with

pronounced enhancements at or near the light-ion plasrsapau

The extensive body of previous DE-1 RIMS data analysis de¢yet include an
explicit determination of how cold ion concentration degigion temperature. This miss-
ing analysis is important for two reasons. First, tempegatiependences o er clues to
the mechanisms responsible for transporting ions fromdhesphere to the plasmasphere
[Comfort et al, 1985;Comfort et al, 1988;Craven et al. 1991;Gallagher et al, 2016].

The second reason is a practical one: in situ measuremewidians can be limited by
spacecraft potential. Emission of photoelectrons indyesstive charging that can bias

a spacecraft to several volts in the plasmasphieeel¢rsen1995;Scudder et a).2000;
Sarno-Smith et /.2016a]. The DE-1 RIMS aperture was negatively biased topsm
sate for this charging, and permit cold ions to enter. Urddiggdasma instruments such as
the Helium Oxygen Proton Electron (HOPE) spectrometer arnbthe Van Allen Probes
[Funsten et al.2013; Sarno-Smith et a1.2015, 2016b,cGenestreti et a).2017] cannot
compensate for spacecraft potential, and thus cannot meetiwi coldest ions. However, if
total electron densitieqn§) are available, one can derive partial ion densitig$ from the

observed ion fractional concentrationfs ( nj* ; n;) by simple multiplication i = f; neg).
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This method only works if the ion concentrations above thecspraft potential are ap-
proximately equal to the concentrations of the coldest,ionsf we can reasonably infer

the concentrations below the spacecraft potential.

In this paper we analyze a database of DE-1 RIMS densitieseangeratures to
yield the rst explicit measure of how cold ion concentratidepends on temperature. We
nd that H* and Hé concentrations have very weak dependence on temperatur&' b
ion concentration increases steeply as these ions get walflthis result provides a means
for reasonably estimating the concentration df iOns below the spacecraft potential (or
inferring its signi cance). We demonstrate the analysisomposition data from satellites
without spacecraft potential mitigation by showing an egéarusing Van Allen Probes

data.

2 Statistical Analysis of DE-1 RIMS Data
2.1 Database

The database used in this study includes 4809 individuademsity O+, Nyer,
no+) and temperaturelfy+, Thet, Tor) moments spanning 21 October 1981 to 6 May 1982.
The spatial and temporal coverage of the data set are givAppendix B: . The majority
of the measurements are from quiet to moderately disturbaditons during the declin-
ing phase of solar cycle 2K, from 0.5 to 3.5, andg; from 63 nT to 13 nT. Temper-
atures were computed by tting ion data to a owing Maxwetlipassing through an in-
nitessimally thin potential sheath about the spacecr@irnfort et al, 1985]. DE-1 RIMS
measurements span nearly a full decade, from October 198tatoh 1991. Our 0.5
year database was chosen for its convenience and avayabitie database is the result
of a synoptic study of DE-1 RIMS data, limited to times for whisimultaneous moments
are available for 5 ion speces {HHe", He'*, O*, and O*). These data are available at

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

An aperture bias of 0 V was used inside the plasmasphere, taway from the
plasmapause. In this region the spacecraft potential wasdfto be small with minimal
in uence on calculation of density and temperature. Oudgttherefore does not calcu-
late the error in temperature as a function of aperture bi¢es.believe most of the error

in temperature comes from sources other than the lowesgiesesf the distribution being
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Figure 1. Statistical distributions of ion density, tempeamture, and composition ratio. Previous similar
results labeled at bottom of each panel according to legetidtdottom.(a, b, ¢)2D histograms (samples
per bin) versus density aridfor H*, He", and O". Colorbars in lower-left corner. Thick black lines give per
L median and standard deviations. Bin dimensiong: logigni %= »0:25 0:1%(d, e, f) 2D histograms
versus temperature amd Bins: » L logyoTi¥%= »0:25 0:04%(g, h) 2D histograms versus composition
ratio (G nj/ng+) andL. Bins:» L logqGi¥F »:25 0:03% Purple circles: Cr97 polynomial tCraven

etal, 1997].

excluded due to spacecraft potential, such as Poissoninguerror and aliased uctuation

in particle ux due to external in uences.

2.2 lon Density, Temperature, Composition Ratio

Figure 1 contains statistical distributions of ion densiggmperature, and composi-

tion ratio (relative to H), obtained from the 4809-point database. Each panel is ai2D h
togram of samples per bin. The horizontal axes aré_alhell. The vertical axes are den-
sity n; (top row), temperatur&; (middle), or composition ratio (bottom). The thick black
lines are the pel- median and standard deviations. The DE-1 RIMS densities haen
mapped to the equator assuming a eld-aligned dependence , where = 0:7 [Gold-
stein et al, 2001]. (For coverage in latitude and radius see Appendiy Ristributions
similar to Figure 1 have all been previously reported, eithecase studies or statistical

analyses. At the bottom of each panel is a list of publishedlar results.

Consistent with earlier ndings, light ions (Hand Hé&) have very similar density
distributions (Figures 1a and 1b) and temperature didichs (Figures 1d and 1e). Both
light ion density distributions exhibit a very cold and demsain torus region at lower
L, and less cold, less dense outer plasmasphere region &r lhigffhe nye+ distribution
is, on average, about 10% to 20%rgf:, but otherwise with similar morphology. The
Ty+ andTye distributions are quantitatively congruent; both inceeméth L, from sub-
eV to above 1 eV. Light ion temperatures do not exhibit a sigmt MLT dependence
(Appendix B: ).

Also consistent with earlier work, the*Qdensity and temperature (Figures 1c and
1f) are strikingly di erent from the light ions. At the innerostL values, deep within the

light-ion main torusno-+ falls very steeply withL. FromL = 3 to 5 (i.e., the outer light-
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ion plasmasphere) there is an outer denset@us region containing signi cantly en-
hancedno+, as well as increased variability imy+ (i.e., vertical scatter in the histogram).
The O temperature distribution is also separated into inner andrqdense torus) re-
gions, and values ofo+ range from 1 eV to tens of eV, that is, signi cantly warmer (on
average) than the light ions.*Qon temperatures also lack a signi cant MLT dependence

(Appendix B: ).

Figures 1g and 1h show statistical distributions of the iomposition ratio rela-
tive to H*, that is, g nieny+. In Figure 1g, thecye+ distribution exhibits a mild in-
crease withL that is consistent with previous results. For example, tgle dots at
L = »2 3;4;5%plot the polynomial t of Craven et al[1997], with geocentric radial dis-
tancer = 3 and solar proxyP = 250. Figure 1g is also consistent with thg+ composi-
tion ratios of Comfort et al.[1988], not shown here. In Figure 1h, tg+ distribution falls
steeply to a minimum at 2, then rises with. 3. This distribution is consistent with
the evening-sectaro- pro le of Comfort et al.[1988], although their minimuneo+ was

not as low.

To map all ion densitiesn() to the equator we used = 0:7, that is, density decreas-
ing weakly along the eld line. This value was found for total electron density) by
Goldstein et al[2001]. The use of an value derived fromme is reasonable for the light
ions, since H typically dominatesrfy+  ne) and HE generally follows H at 10 20%
concentration. However, given that' @ensity and temperature distributions are so di er-
ent from those of the light ions, usage af+ = 0:7 may not be entirely realistic. To test
the sensitivity to this parameter, we varieg+ (keeping = 0:7 for light ions) from 3
(concentrated at the equator) to 3 (concentrated at thesphvese) in integer steps. The
speci ¢ values ofng+ andco+ in Figure 1c and Figure 1h do change (especially in the
outer plasmasphere), increasing witg- < 0 and decreasing withg+ > 0. However, the
comments (throughout this section) concerning light-imnilarity and O dissimilarity

are not altered.

2.3 lon Concentration versus Temperature

We herein de ne the ion concentratidh as the ratio of partial ion densityy( to

total ion density (; n; = ny+ + hyet + No+). This de nition of ion concentration is distinct
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Figure 2. lon concentration versus temperature.2D histograms of fractional ion concentration
fi = njelng+ + nyer + No+°versus temperaturd;(). Thick line is a t to histogram peaks (open circles);

t parameters shown at tofa) fy+, (b) fet, (€) for.

from the composition ratio relative to*Hons (G = nj*ny+) that is shown in Figures 1g

and 1h for comparison with prior DE-1 RIMS studies that gse

Figure 2 plots statistical distributions of ion conceritrat(f;) versus temperature.
In each panel, the open circles (barely discernible in soases) mark the pdi- peaks
of the 2D histogram, for samples per bin abogl2 18%respectively fosH*; He"; 0"
The thick line is a t of these peak values to the functiof®T(®, with the t parameters
annotated at the top of the plot. The t parameBzguanti es the steepness of the aver-

age temperature dependence of ion concentration.

The H' concentration (Figure 2a) barely changes with temperdfye in the
range 0.3 eV to 3 eV, as evident in the at distribution peaketiveen 80% and 90%,
and in the t parameteBy+ = 0:03 that is nearly zero. The Meconcentration (Fig-
ure 2b) also has an extremely weak dependence on tempefgtgrein the range 0.3 eV
to 3 eV. Though there is considerable relative scatter indikgibution, mostf,+ values

lie between 0.1 and 0.2, and the t parameByj+ = 0:1 is small compared to 1.

In contrast to the light ions, the*Cconcentration (Figure 2¢) depends strongly on
temperature in the range 0.6 eV to 20 eV. The t param&gr = 1:1 is an order of mag-
nitude larger than that of the light ions. Although thereigmscant (factor-of-ten) scatter
in the distribution,fo+ generally increases witho+, and the distribution is normal about

the t.

As done for the results of Section 2.2, we tested the seitgitiv the choice of the
eld-aligned O* density parametero+ by varying it from 3 to 3 in integer steps. The
steepness of thé+ versusTp+ curve decreases witho+ > 0 and increases withg+ < 0.
Speci cally, as o+ varies from 3 to 3, the t steepness paramet®g+ decreases from

1:9 to @2. Over this range of o+ the average steepnessHg- = 1:1  0:5.

The results in Figure 2 are explicitly new, but not incoresistwith previous work.
The composition rati@ye+ has been shown to be typically nearly constant vetsagross

a range ofTye+ [Comfort et al, 1988;Craven et al. 1997]. Multiple studies have also ob-

~
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served in the outer plasmasphere an enhancement ide@sity orco+ ratio [Horwitz

et al, 1984;Roberts et al. 1987;Comfort et al, 1988], possibly associated with a heat
source that raises the ionospheric heavy ion scale heidatgerL shells. As already
noted several times, there is substantial scatter in otwdriam plots (Figure 1 and Fig-
ure 2), which is not very surprising given that our data seec®a wide range of spatial,
magnetic, and solar conditions, and no attempt has been toaparate data from high

and low altitude.

As shown in Appendix A: , O ion concentrations 5% can equal or exceed the
plasmaspheric mass contribution froni.H-rom Figures 1f and 2c it is clear that the pop-
ulation of warmer (above a few eV), densé @ns can indeed exceed 5%. The dense O
torus can thus make a major or even dominant contributiooted imass in the outer plas-

masphere.

As noted earlier, the majority of our database measurenagatfrom quiet to mod-
erately disturbed conditions. The speci ¢ results in Fg@rare not strictly valid for strongly
disturbed conditions, but the methodology used herein lshioa easily applicable to a
larger database with more big storms. Moreover, given thekwemperature dependences
of fy+ and fyer we assume these results may be approximately valid for lagtg dur-
ing stronger storms. A future study with an enlarged da@lfeluding stronger storms)
should test this assumption for light ions, and also examihether a steeper tempera-
ture dependence db- is obtained for stronger storms. Future work using an eathrg
database should also separate data by spatial, geomagaiitity, and solar conditions.

In this respect our result represents a proof-of-concejolysto demonstrate that this ap-

proach can be repeated and re ned in future work.

2.4 Example of lon Density Adjustment

The results of the previous section provide a means for oheyiadjusted partial ion
densities ;) from the observed ion fractional concentratiorg,(if total electron den-
sity (ne) is available. An example of this adjustment is depictediguFe 3 and described
below, using previously published Van Allen Probes A datarfrl5 January 20133old-
stein et al, 2014;Genestreti et a.2017]. During the selected interval (0029 to 0412 UT)
conditions were very mildly disturbe&, = 2, andDs;t = 4:8 nT. Total electron density

(ne) was obtained from upper hybrid resonance measurementsebiglectric and Mag-
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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 wor&dldstein et al.2014;Genestreti et a).2017]. Total electron density

ne (in cm 3) from EMFISIS upper hybrid measurement (black). lon déesitrom HOPE ny+ (red),nyer
(green) no+ (blue). Temperature of Dions, To+ in eV (purple). Shaded regions (blue fug+, purple for

To+) indicate range of upper and lower limits (see tex#). Partial ion densities measured by HOPE above the
spacecraft potential, plotted witlh andTg+. (b) ne and adjusted ion densitieg, d, e)Orbital ephemeris:

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

netic Field Instrument Suite and Integrated Science (EN®)ISuite Kletzing et al, 2013;
Kurth et al, 2015]. Partial ion densities were derived from measurdsiey the Helium,
Oxygen, Proton, and Electron (HOPE) instrumdntrjsten et al.2013]. The spacecraft
potential sc (used below in thdo+ estimate) was measured by the Electric Field and
Waves (EFW) instrumentfygant et al. 2013]. The ad-hoc adjustment procedure is out-

lined now.

1. Initial HOPE estimate. The initial estimate for the set of ion densitigs{, Nye,
no+) in Figure 3a is obtained from HOPE measurements above thgnuin en-
ergy"ﬂOPEmin 1er sc [Genestreti et a).2017]. Initial estimates for fractional
concentrationd; = ni-l i Ny are also computed. It is evident that a major portion of
the ambient cold ion population is not me:a\sured by HOPE, p&low" ﬂOPEmin),
because the sum of the ion partial densiti|e$r(i, approximately equal toy+) is
10 to 100 times smaller tham..

2. Adjust O* concentration. Figure 2 ts the average ion concentration versus tem-
perature as; = 10°T;B. For this example calculation we assue O for the
light ions; that is, we assumfy+ f,_?+ and fyer fHOe+ are independent of temper-
ature. Here primed (unprimed) guantities are adjusted #dptsted). For O ions
Bo+ = 1:1, and we must extrapolate the @oncentration belovv,c_’IOPEmm. To do
this we require 2 estimates for the temperature.

(&) The rst valueTo+ is the temperature measured by HOPE abt&gPEmm. We

obtainTo+ by two methods. The rst method is the partial energy numban-d

p
HOPEmin
To+ = h

1 No+
erf * 1 &om:

sity (PEND) method ofsenestreti et al[2017]:
28 “bulk

)

~
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assuming instrument-frame bulk energy mﬁ@z, wheremy is the proton mass,
andu is bulk velocity, equal to strict corotation minus spacétcnaotion. We
use the PEND technique for intervals Whé&)PEmin > 1:25"puk, that is, after
0254 UT in Figure 3.Genestreti et al[2017] showed that errors in the PEND
temperature grow large neé,EOPEmin "bulk- Therefore, earlier than 0254 UT
we use a second method: numerical integration of HOPEpkase space den-

sity (F): -
no+ Fivdy

Here po-+ is the pressure. Since HOPE measures all but the very cotdestit

To+ =

)

is assumed thafo+ represents the upper limit of ‘Ctemperature.

(b) The second value is the true temperatt]’rg. in the ambient plasma. We ob-
tain an order-of-magnitude estimate usﬂ‘@; = 0:27Tp+. The factor 0.27 is
obtained from the DE-1 RIMS statistical distribution of @mperature in Fig-
ure 1f; 0.27 is the mean ratio of the lower-to-upper standtndations (thick
black lines). Therefor§8+ is the lower limit to the most probable range of tem-

perature rather than a true absolute lower value.

In Figure 3aTo+ andTg+ are given respectively by the upper and lower edges of
the purple shaded region. With these assumptions we getdjnstad concentration
fO = T8 eTor o for.

3. Scale by electron density.With each fractional ion concentratiorﬁ‘{) determined,

we compute each partial ion density:
f0
n’= l%ﬂJne: (3)
i

That is, the adjusted density is computed as the adjustetidnal concentration
(fio) times the total electron densitpd) and divided by | fio, which is a normal-

o . I
ization factor that ensures quasineutrality, hio Ne).

The adjusted ion densitigsﬂ obtained by this procedure are shown in Figure 3b. The
adjusted total ion densityI @ nio) is identically equal tane (the black curve), and the ad-
justed single-species pro les are reasonable and consigtiéh expected behavior. The
light ion density pro les ﬁg“ nae+) have a morphology that closely resembles thanof
The resultingng+ is morphologically di erent than the light ions, and thegdit increase
in ng+ just inside the light ion plasmapause (83400 UT) is consistent with a very weak

O* torus (Section 1).

~ ~
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207 The computemg+ spans a range of values; the upper and lower edges of thedshade
208 blue region di er by a factor of 4 (= 0:27 ¥1). The upper edge (larger blue dots) is

209 the density corresponding to the upper limit temperalyse These upper edge values

200 use the unadjusted*Cconcentration fo+ from Step 1 above. The lower edge corresponds
a01 to the adjusted concentraticfé’+ obtained from Step 2 using the lower-limit temperature

202 T8+. Thus, taking the temperature dependencéspfinto account can make a signi cant

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

204 di erence has a signi cant e ect on the estimated mass cimition from O" ions.

205 3 Summary

206 We have shown that fractional*Hand Hé ion concentrations have extremely weak
207 dependence on temperature, in the range 0.3 eV to 3 eV. Femplinstruments without
208 spacecraft potential mitigation, measurement of lightéoncentrations above 1 €V are a
209 reasonable proxy for the concentrations of colder (subieNy. We nd, in contrast, that
310 fractional O ion concentration increases with temperature. Valuefpofmeasured above
a1 several eV may be extrapolated to order-of-magnitude astisnat colder temperatures

a12 using our t to the statistical distribution ofo+ versusTo-.

ata A: Mass of the Plasmasphere

a4 This appendix estimates the total mass of the plasmaspiEeming axisymmetry
ats and constant density along dipole magnetic eld lines. Taigel assumption is reasonable
ate for most of the eld line, but below 2 Rg, density of light ions increases steeply. The
a1z eld-aligned distribution of O is less known, but assuming an ionospheric source it is
ats reasonable to assume a zero-order dependence that doescneagk at lower altitudes.
ato Therefore our computation gives a lower-limit estimatetfoe mass of M and Hé, and
220 probably for G as well. This total masM is:
1 Lp
a1 M=2 R Mp*F+ + 4Fper + 16F0+° L dL netL® gpptLS (A.1)

1

322 whereRg is the Earth radiugn, is proton mass¥y-+; Fuer; For Yare the fractional con-
a3 centrationsf;  njene) of the three major plasmaspheric ion speclgs,is the plasma-
324 pauseL value, andne is the electron number density. The functiogiy, * 2:76L 2°Re
a5 is the approximate length of a dipole eld lin&¢hulz and Lanzeroftil974;Goldstein

a26 2000]. FollowingGoldstein et al[2018], we assume the CA92 equatorial electron density
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Figure A.1. Top Panels:Mass of the plasmasphere for two assumed values of constaien@oncen-
tration (see text). At each location, each curve gives mas®sed by that surface. Solid blue curves:

no+ along entire eld line. Dashed blue curvesg+ only within 30 latitude to approximate Dconcen-
trated near equatofa) Fo+ = 0:01. (b) Fo+ = 0:05. Bottom Panels: Number densityrfj), concentration
(fi), and total mass enclosed for the example of Van Allen Prda&sfrom Figure 3(c) Lower limit using

temperature-adjusted concentratit81 (cf. Section 2.4)(d) Upper limit with unadjustedg+.

[Carpenter and Anderseri992], and fractional ion concentrations are derived fthm

Cr97 empirical determination of the composition ratjg+  nyereny+ [Craven et al,

1997]:

l0gjgCHer = 0:35L  0:02 (A.2)

1 For
Fo+ = (A.3)

i 1+ Cher

11 Fg+©
FHe” = 71_‘- e Chet (A4)

e

Fo+ = constant (A.5)

This mass model is implemented in Figures A.1la and A.1b, kvplot (versusl) the to-

tal mass enclosed by eathsurface. The estimated makk of the plasmasphere is tens
to hundreds of metric tons (symbol t), and ion compositiom signi cantly change this
mass. Assuming a constant 1% ©@omponent, most of the plasmasphere's mass is held
by H" ions (Figure A.1a, red curve). Increasing thé @ntribution to 5% raises the*O
mass (Figure A.1b, blue solid curve) to nearly equal that bf &hd increases the total
mass by 40%. This O mass contribution is computed assuming constant densitygal
the eld lines, as noted above. If the*Gons are instead concentrated near the equator,
the O contribution is reduced. For example, the dashed blue bnasthe G mass if

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

In Figure A.1c and Figure A.1d we estimate the mass of thenpdaphere using

the Van Allen Probes data presented in Figure 3. We use a mddiersion of Equa-
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tion (A.1):

1
L

My = 2 Re2my . "L N tLO  giptl® (A.6)
My = 2 Re? 4mp iLLp L odL 0 il gplle (A7)
Mo+ = 2 Re? 16mp le L dL n3.1L0 gpplL® (A.8)
Mot = My + Mper + Mo+ (A.9)

Heren?

o nge+, and ng+ are the adjusted densities described in Section 2.4. We show

variations: a lower limit estimate (Figure A.1c) that ind&s the temperature-adjusted O
concentration f(‘)l), and an upper limit estimate (Figure A.1d) that uses thedjusted O
concentration fo+). BetweenL = 1 andL = 2:1 where there are no Van Allen Probes
data, we lled in density values using the CA92-based modscdibed above, with 2%

O* in Figure A.1c and 6% Oin Figure A.1d. These Dconcentrations were chosen to
roughly match the Van Allen Probes valueslat 2:1. Using this Van Allen Probes-based
model the estimated total plasmaspheric mass inisi¢e5 is between 600 t (Figure A.1c)
and 790 t (Figure A.1d). The temperature-adjustédn@ass (80 t) is 3.5 times smaller
than the unadjusted*Omass (280 t). Nonetheless, even in the lower-limit case the O

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

B: DE-1 RIMS Database: Spatial Coverage, MLT Dependence, Atvity Indices

Figure B.1 shows 2D histograms of the number of samples segesamagnetic co-
ordinates and temperature. The range of magnetic latitpdesstens of degrees above and
below the equator, concentrated in the northern hemisplenger L values are gener-
ally closer to the magnetic equator. The database spansagihetic local time (MLT), but
with a large gap between 1000 1300 MLT, and several smal&gysg The DE-1 RIMS
ion temperature histograms (Figures B.1d, B.1e, and Bdfjat exhibit a signi cant
MLT dependence. However, there is a very shallow postmlaniip in Ty« (or Tyer) that
is not inconsistent with the postmidnight depletion in stipermal H ions observed by

Van Allen Probes $arno-Smith et al.2015, 2016b,c].

The 4809-point database (spanning 21 October 1981 to 6 M&#)lAcludes mea-
surements from the declining phase of solar cycle 21. Figutg shows the distribution

of points in the database, versus activity indiggsand Ds;. The histograms indicate cov-
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386 Figure B.1. DE-1RIMS Data, 1981 Oct21 1982 May 6. (a, b, c2D histograms of number of samples

387 versus (magnetic latitude, magnetic local time, radiug)laishell. (d, e, f) 2D histograms of number of

388 samples versus+, Tyer, To+) and magnetic local time (MLT). Dots: mean per-MLT. Boldd® standard
389 deviation from mean per-MLTg) Distribution inKp andDst. Left panels: versus decimal year (gray curve
390 = index, dots = data set sampling). Right panels: histogi@®isent occurrence rate) verdds andDsgt, for
a0 our database.

a84 erage of a wide range of geomagnetic activity, but with masa goints falling in the

a8 quiet to moderately disturbed range, from 0.5 to 3.5, ands; from 63 nT to 13 nT.
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Example: Van Allen Probes A, 15 January 2013
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(a) Plasmaspheric Mass with 1% O* (b) Plasmaspheric Mass with 5% O*
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