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Abstract

The High-latitude Ionosphere Dynamics for Research Applications (HIDRA) model is part of the Multiscale Atmosphere-

Geospace Environment (MAGE) model under development by the Center for Geospace Storms (CGS) NASA DRIVE Science

Center. This study employs HIDRA to simulate upflows of H+, He+, O+, and N+ ions, with a particular focus on the relative

N+ concentrations, production and loss mechanisms, and thermal upflow drivers as functions of season, solar activity, and

magnetospheric convection. The simulation results demonstrate that N+ densities typically exceed He+ densities, N+ densities

are typically ˜10% O+ densities, and N+ concentrations at quiet-time are approximately 50-100% of N+ concentrations during

storm-time. Furthermore, the N+ and O+ upflow fluxes show similar trends with variations in magnetospheric driving. The

inclusion of ion-neutral chemical reactions involving metastable atoms is shown to have significant effects on N+ production

rates. With this metastable chemistry included, the simulated ion density profiles compare favorably with satellite measurements

from Atmosphere Explorer C (AE-C) and Orbiting Geophysical Observatory 6 (OGO-6).
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Key Points:6

∙ Simulated N+ and O+ densities increase while N+ to O+ density ratios decrease with so-7

lar activity.8

∙ N+ concentrations typically exceed He+ densities and N+ fluence rates versus solar ac-9

tivity qualitatively resemble those for O+.10

∙ The inclusion of metastable chemical production of N+ is critical to numerically repro-11

duce observations.12
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Abstract13

The High-latitude Ionosphere Dynamics for Research Applications (HIDRA) model is part of14

the Multiscale Atmosphere-Geospace Environment (MAGE) model under development by the15

Center for Geospace Storms (CGS) NASA DRIVE Science Center. This study employs HIDRA16

to simulate upflows of H+, He+, O+, and N+ ions, with a particular focus on the relative N+ con-17

centrations, production and loss mechanisms, and thermal upflow drivers as functions of season,18

solar activity, and magnetospheric convection. The simulation results demonstrate that N+ den-19

sities typically exceed He+ densities, N+ densities are typically ∼ 10% O+ densities, and N+ con-20

centrations at quiet-time are approximately 50-100% of N+ concentrations during storm-time.21

Furthermore, the N+ and O+ upflow fluxes show similar trends with variations in magnetospheric22

driving. The inclusion of ion-neutral chemical reactions involving metastable atoms is shown to23

have significant effects on N+ production rates. With this metastable chemistry included, the sim-24

ulated ion density profiles compare favorably with satellite measurements from Atmosphere Ex-25

plorer C (AE-C) and Orbiting Geophysical Observatory 6 (OGO-6).26

1 Introduction & Motivation27

The ionosphere represents a significant source of ions in the magnetosphere [Chappell et28

al., 1987]. Transport of ionospheric plasma to the magnetosphere is a multistep process charac-29

terized by the ionospheric heating, expansion, and upflow of ions, followed by ion energization30

to escape energies [Strangeway et al., 2005] [Zheng et al., 2005]. Type 1 ion upflow and iono-31

spheric expansion is due to frictional heating from differential ion-neutral drifts [Wahlund et al.,32

1992] [Zettergren & Semeter, 2012]. Type 2 ion upflow is caused by field-aligned ambipolar elec-33

tric fields generated from ionospheric electrons heated by soft particle precipitation [Su et al.,34

1999]. Ion upflow has primarily been observed in the cusp or midnight auroral zone with ion ve-35

locities of ∼ 100-750 m ⋅ s−1 below 1000 km [Ogawa et al., 2003] [Foster & Lester, 1996]. Ion36

outflow occurs above the upflow altitudes where additional forces are required to accelerate ions37

above escape velocity. These forces can be auroral acceleration region parallel electric fields form-38

ing ∼ 1-10 keV ion beams [McFadden et al., 1998], or a combination of perpendicular accel-39

eration and the magnetic mirror force forming ion conic distributions from ∼ 10-1000 eV [Yau40

& Andre, 1997] [André & Yau, 1997]. Perpendicular acceleration can be provided by ion cyclotron41

resonance heating from broadband extremely low-frequency (BBELF) or very low-frequency (VLF)42

waves [Crew et al., 1990] [Kintner et al., 1996] [André et al., 1998], or by lower hybrid plasma43

waves [Lynch et al., 1996] [Lynch et al., 1999].44

Ionospheric outflow at polar latitudes has been an avid subject of theoretical and experi-45

mental study since it was predicted [Dessler & Michel, 1966] [Nishida, 1966]. First evidence of46

ionospheric plasma populating the magnetosphere was inferred by [Shelley et al., 1972] through47

observations of precipitating keV O+ fluxes exceeded H+ flux values. This was confirmed by >48

0.5 keV upflowing H+ and O+ ions above 5000 km observed by the polar-orbiting S3-3 satel-49

lite [Yau & Andre, 1997] where observations demonstrated ion velocity distribution peaks along50

the upward magnetic field line direction (ion beams) [Shelley et al., 1976] and distribution peaks51

at angles to the magnetic field lines (ion conics) [Sharp et al., 1977].52

The last five decades of ionospheric ion outflow study has demonstrated that outflow from53

the Earth’s ionosphere to magnetosphere is highly variable in composition, energy, space, and54

time. Observations have shown that ion outflow is dependent on solar cycle, season, and geomag-55

netic activity [Yau et al., 1985] [Collin et al., 1998]. Although it is considered that the solar wind56

enters the magnetosphere to deposit a significant amount of energetic ions to the plasma sheet57

[Eastman et al., 1985] [Kivelson & Spence, 1988] [Lennartsson, 2001], the solar wind source alone58

is not sufficient to supply the plasma sheet and ring current with observed O+ levels [Shelley et59

al., 1972]. Measurements taken in the 1980s from the DE-1 satellite suggest the plasma in the60

plasmasphere, plasma trough, plasma sheet, and magnetotail lobes may be sufficiently supplied61

by the ionosphere [Huddleston et al., 2005]. It is suggested that all regions of the magnetosphere62

may be supplied by ionospheric ions except for the inner radiation belt [Huddleston et al., 2005].63
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The enlarged cusp/cleft region in the dayside auroral zone between ∼ 9-15 hours magnetic lo-64

cal time (MLT) extending a few degrees in latitude [Bouhram et al., 2003] has been identified65

as a major source of ionospheric ions for the magnetosphere [Lockwood et al., 1985] [Thelin et66

al., 1990]. Magnetospheric energy may be deposited to the high-latitude ionosphere by precip-67

itating charged particles, field-aligned currents, or Alfvén waves [Zheng et al., 2005]. The pres-68

ence of heavy ionospheric ions has roles in magnetospheric dynamics [M. Y. Lin et al., 2020]:69

by affecting wave propagation [Bashir & Ilie, 2018] [Keika et al., 2011] [Summers et al., 2007]70

[Garcia et al., 2010], reconnection rates by mass loading [Garcia et al., 2010] [Nosé et al., 2005]71

[Winglee et al., 2002] [Wiltberger et al., 2010], ring current dynamics [Daglis et al., 1999] [Hamil-72

ton et al., 1988] [Kistler et al., 1989] [Liemohn et al., 1999], and cross polar cap potential (CPCP)73

[Glocer et al., 2009] [Ilie et al., 2013] [Winglee et al., 2002].74

Heavy ionospheric ion outflows are typically N+ or O+, which have different behaviors be-75

cause of their 12% mass difference [Ilie & Liemohn, 2016]. Most previous observations are lim-76

ited to low mass resolution measurements, thus unable to properly distinguish N+ from O+ [M. Y. Lin77

et al., 2020] [Ilie & Liemohn, 2016] [Yamauchi, 2019]. During quiet times, the Orbiting Geo-78

physical Observatory (OGO-2) and Explorer 31 observed significant N+ between 500-1400 km79

above 60◦ latitude with N+ densities around 5-30% of O+ densities [Brinton et al., 1968] [Brin-80

ton et al., 1971] [Hoffman, 1967]. Ion mass spectrometer data on the NASA International Satel-81

lite for Ionospheric Studies (ISIS-2) indicate N+ abundances consistently ∼10% of O+ densities82

for all variations of environments [Hoffman, 1970] [Hoffman et al., 1974]. N+ has been reported83

to dramatically increase during storm time [Hoffman et al., 1974]. In this study, we employ High-84

latitude Ionosphere Dynamics for Research Applications (HIDRA) (formerly, IPWM [Varney85

et al., 2014] [Varney et al., 2015] [Varney et al., 2016]) to simulate N+ upflows.86

2 Model Description and Simulation Setup87

The High-latitude Ionosphere Dynamics for Research Applications (HIDRA) model is a88

significant rewrite of the ionosphere/polar wind model (IPWM) [Varney et al., 2014] [Varney et89

al., 2015] [Varney et al., 2016]) and designed as a component of the Multiscale Atmosphere-Geospace90

Environment (MAGE) framework under development by the Center for Geospace Storms NASA91

DRIVE Science Center. HIDRA models the parallel and perpendicular transport of plasma in92

a 3-D Eulerian grid using finite volume methods. The parallel transport scheme in HIDRA is iden-93

tical to IPWM [Varney et al., 2014] and solves eight-moment fluid equations for the number den-94

sities, parallel velocity, temperatures, and parallel heat fluxes of ions and electrons. The photo-95

chemistry in HIDRA is identical to IPWM with one correction. HIDRA uses the High Resolu-96

tion Extreme Ultraviolet Model for Aeronomic Calculations (HEUVAC) solar spectrum [Richards97

et al., 2006], the chemical reactions for O+(4S), O+(2D), O+(2P), N+, N+
2 , O+

2 , and NO+ follow-98

ing [Richards, 2011], and additional chemical reactions for H+ and He+ as explained by [Var-99

ney et al., 2014]. Unfortunately IPWM accidentally used a charge exchange rate for N++O →100

N+O+ that was 2 orders of magnitude too high, resulting in erroneously low levels of N+. HIDRA101

corrects this mistake and uses the reaction rate recommended by [Richards, 2011]. HIDRA solves102

for the full transport of H+, He+, O+(4S), and N+, and assumes chemistry is faster than trans-103

port for the other ions. By contrast, IPWM included the chemistry of N+ but ignored its trans-104

port. The HIDRA runs presented here ignore wave particle interactions and other non-classical105

ion acceleration mechanisms.106

HIDRA employs the same non-orthogonal magnetic coordinate system as IPWM [Varney107

et al., 2015], but the perpendicular grid construction and perpendicular transport numerical meth-108

ods have been thoroughly rewritten using the partial interface method, similar to the Grid Ag-109

nostic Magnetohydrodynamics for Extended Research Applications (GAMERA) model [Zhang110

et al., 2019]. Unlike the cell-centered approach in IPWM, the rewritten scheme tracks different111

quantities on cell corners, cell edges, and cell centers. Electrostatic potential is specified on the112

cell corners. The electric fields parallel to the cell edges are computed from the potential differ-113

ences between the corners. These edge-parallel electric fields determine the component of the114

𝐄 × 𝐁 drift normal to the cell face since the cell faces are parallel to the dipole magnetic field115
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by construction. The flux of a conserved quantity 𝑄 (e.g. number density) through a cell face is116

computed as the face area times the normal component of the 𝐄×𝐁 drift times the conserved117

quantity reconstructed at the cell edge. The quantities at the cell edges are reconstructed from118

the cell-centered quantities using the same techniques as GAMERA. The grid singularity at the119

pole is treated by having the cells adjacent to the pole as triangles instead of quadrilaterals, and120

the potential at the pole is identical for every cell with a triangle tip at the pole. This treatment121

has proven to be robust, unlike the original IPWM treatment which could produce numerical ar-122

tifacts near the pole when run at high resolution. Lastly, IPWM fixed the equatorward bound-123

ary of the grid at 𝐿 = 4, whereas HIDRA allows the equatorward boundary to be adjustable.124

The simulations presented here use an equatorward boundary at 𝐿 = 3 (54.7◦ invariant latitude).125

The equatorward boundary at is a hard wall, meaning that transport of plasma from the mid-latitudes126

to the high-latitudes is neglected. For the moderately active storms simulated in this paper the127

high-latitude convection does not expand to 𝐿 = 3, but this model configuration would not be128

appropriate for larger storms. HIDRA is operated at ‘quad’ spatial resolution: 82 altitude bins129

with resolution of ∼ 18 km at the lower boundary of ∼ 97 km and ∼ 743 km at the upper bound-130

ary of ∼ 8400 km, 32 latitude bins with resolution of ∼ 1.09◦ in the northern geographic hemi-131

sphere, and 128 longitude bins with resolution of ∼ 2.8◦. The lower boundary is set by chem-132

ical equilibrium, and the upper boundary is open.133

HIDRA requires inputs from a variety of models. GAMERA [Zhang et al., 2019] is a global134

magnetospheric magnetohydrodynamics model driven by upstream solar wind inputs. The in-135

ner boundary conditions for GAMERA are determined by the REMIX model, which is a rede-136

veloped version of the Magnetosphere Ionosphere Exchange (MIX) model [Merkin & Lyon, 2010].137

REMIX solves a 2-D electrostatic potential given field-aligned currents (FAC) computed from138

∇×𝐁 at the inner boundary of GAMERA and conductances computed from the precipitation139

model. For the simulations presented here, the neutral densities and temperatures are provided140

by NRLMSISE-00 [Picone et al., 2002], and the neutral winds are set to zero. Both HEUVAC141

and NRLMSISE-00 are parameterized by the daily 𝐹10.7 and 81-day averaged 𝐹10.7𝐴 indexes, which142

are equal for the runs in this work. NRLMSISE-00 also requires the planetary 𝐴𝑝 index. All of143

the runs here use 𝐴𝑝 = 4.0 representing quiet thermospheric conditions. The simulations pre-144

sented here use potentials and precipitation inputs from an existing GAMERA-REMIX (GR) con-145

figuration of the MAGE model run. The GR configuration of the MAGE model couples GAM-146

ERA, the Rice Convection Model (RCM) [Toffoletto et al., 2003] of the inner magnetosphere,147

and REMIX. However, the GR configuration does not include the Thermosphere-Ionosphere Elec-148

trodynamics General Circulation (TIEGCM) model. This does not affect our results as the HIDRA149

model currently uses NRLMSISE-00 to provide the necessary neutral densities and temperature.150

HIDRA takes potential and precipitation inputs from REMIX outputs, and uses empirical rela-151

tions to compute production rates by impact ionization of precipitating electrons [Fang et al., 2008].152

The electron precipitation used in this outflow study includes both mono-energetic and diffuse153

electron precipitation [D. Lin et al., 2021]. The mono-energetic electron precipitation is derived154

from the MHD FAC and thermal population by solving for the Fridman-Lemaire relation in a sim-155

ilar manner to [Zhang et al., 2015]. The diffuse electron precipitation is derived with the RCM156

model by taking into account energy-dependent convection drift of electrons in the inner mag-157

netosphere [Bao, 2019]. The mono-energetic and diffuse electron precipitation are then merged158

to give a global auroral distribution. More details of the precipitation model can be found in [D. Lin159

et al., 2021]. This is the precipitation configuration used for [Pham et al., 2022] and [D. Lin et160

al., 2022]. Further details of GAMERA-REMIX coupling are given by [Merkin & Lyon, 2010]161

and details of the MAGE model can be found in [Pham et al., 2022].162
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Figure 1: Solar wind parameters used to drive GAMERA-REMIX, presented in solar magnetic
(SM) coordinates. Panels show a) proton density, b) proton temperature, c) solar wind velocity, and
d) interplanetary magnetic field. Also shown for context is the Sym/H index (e), but this is not an
input to GAMERA. The horizontal axis shows the shifted time for summertime HIDRA simula-
tions (i.e. beginning at 19 July 2013 12:00:00 UT). Vertical lines indicate three times on interest
for future comparison: quiet time (𝑡1 = 2013-07-19 14:00:00 UT), storm time (𝑡2 = 2013-07-20
06:00:00 UT), and recovery-time (𝑡3 = 2013-07-21 17:00:00 UT). For the wintertime runs these
times become 𝑡1 = 2013-12-19 14:00:00 UT, 𝑡2 = 2013-12-20 06:00:00 UT, and 𝑡3 = 2013-12-21
17:00:00 UT.

Each of the HIDRA runs in this paper use identical GAMERA-REMIX outputs from a sin-163

gle simulation driven by the solar wind driving conditions shown in Figure 1. We have extracted164

the 72 hours starting at 31 May 2013 12:00:00 UT from this longer 27-day run, and we have shifted165

the REMIX outputs in time to nominally begin at either 19 July 2013 12:00:00 UT for summer-166

time runs or 19 December 2013 12:00:00 UT for wintertime runs. Performing July and Decem-167

ber runs permits a direct comparison with [M. Y. Lin et al., 2020]. The June 2013 event serves168

as a proxy for N+ upflow fluxes during different solar wind driving conditions; in UT, we are call-169

ing summer (winter) quiet-time at 𝑡1 = 2013-07-19 (2013-12-19) 14:00:00 UT, storm-time at170

𝑡2 = 2013-07-20 (2013-12-20) 06:00:00 UT, and recovery-time at 𝑡3 = 2013-07-21 (2013-12-171

21) 17:00:00 UT. For summer and winter we perform runs using 𝐹10.7 = 80 sfu, 𝐹10.7 = 120172

sfu, and 𝐹10.7 = 200 sfu, where the solar flux unit (sfu) is 10−22 W ⋅ m−2 ⋅ Hz−1.173
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Figure 2: REMIX potential, Φ, in Panels (a), (d), and (g), average precipitation energy in Panels
(b), (e), and (h), and precipitation number flux in Panels (c), (f), and (i) at the REMIX altitude of
110 km during quiet-time (at time 𝑡1) in Panels (a), (b), and (c), storm-time (at time 𝑡2) in Panels
(d), (e), and (f), and recovery-time (at time 𝑡3) in Panels (g), (h), and (i).

HIDRA is ‘spun-up’ for ∼ 12 hours from non-equilibrium initial conditions and reaches174

steady-state before introducing convection from REMIX. The REMIX potential, average precip-175

itation energy and number flux, used to drive HIDRA is shown in Figure 2. For Figure 2 and those176

that follow, circles are shown for 60◦, 70◦, and 80◦ magnetic latitudes in the northern hemisphere.177

The value of 𝐹10.7 selected corresponds to that used to call the neutral thermosphere parameters178

from NRLMSISE-00 and the solar zenith angle. Both seasons take identical magnetospheric bound-179

ary conditions at times of interest in the geomagnetic storm.180
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3 Results181

We analyze the results of the six simulations by focusing on snapshots at three represen-182

tative times, quiet time (𝑡1), storm time (𝑡2), and recovery (𝑡3), indicated by the vertical lines in183

Figure 1. These three representative times bracket the observed behaviors over the full runs.184

3.1 Relative Abundances of N+ to O+
185

To capture N+ upflow characteristics during different geomagnetic conditions, we com-186

pare altitude slices of O+ and N+ densities at 1200 km for 𝐹10.7 = 80 sfu, 𝐹10.7 = 120 sfu,187

and 𝐹10.7 = 200 sfu and 𝐴𝑝 = 4. Figures 3, 5, and 7 illustrate summertime N+ to O+ density188

ratios for 𝐹10.7 = 80 sfu in Panels (c), 𝐹10.7 = 120 sfu in Panels (f), and 𝐹10.7 = 200 sfu in189

Panels (i) for times 𝑡1, 𝑡2, and 𝑡3, respectively. Similarly, Figures 4, 6, and 8 shows wintertime190

N+ to O+ density ratios for 𝐹10.7 = 80 sfu in Panels (c), 𝐹10.7 = 120 sfu in Panels (f), and 𝐹10.7 =191

200 sfu in Panels (i) for times 𝑡1, 𝑡2, and 𝑡3, respectively.192
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Figure 3: O+ densities, 𝑛𝑂+ , in Panels (a), (d), and (g), N+ densities, 𝑛𝑁+ , in Panels (b), (e), and
(h), and O+ to N+ density ratios, 𝑛𝑁+∕𝑛𝑂+ , in Panels (c), (f), and (i) at 1200 km during sum-
mer quiet-time geomagnetic conditions (at time 𝑡1) for 𝐹10.7 = 80 sfu in Panels (a), (b), and (c),
𝐹10.7 = 120 sfu in Panels (d), (e), and (f), and 𝐹10.7 = 200 sfu in Panels (g), (h), and (i).
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Figure 4: O+ densities, 𝑛𝑂+ , in Panels (a), (d), and (g), N+ densities, 𝑛𝑁+ , in Panels (b), (e),
and (h), and O+ to N+ density ratios, 𝑛𝑁+∕𝑛𝑂+ , in Panels (c), (f), and (i) at 1200 km during win-
ter quiet-time geomagnetic conditions (at time 𝑡1) for 𝐹10.7 = 80 sfu in Panels (a), (b), and (c),
𝐹10.7 = 120 sfu in Panels (d), (e), and (f), and 𝐹10.7 = 200 sfu in Panels (g), (h), and (i).

Figure 3 shows that quiet-time (𝑡1) N+ densities are ∼ 10-14% of O+ densities for 𝐹10.7 =193

80 sfu and 𝑛𝑁+∕𝑛𝑂+ values decrease to less than 10% for 𝐹10.7 = 120 sfu and 𝐹10.7 = 200 sfu.194

As seen in Figure 4, quiet-time (𝑡1) N+ densities are ∼ 10-14% of O+ densities for 𝐹10.7 = 80195

sfu. 𝑛𝑁+∕𝑛𝑂+ values decrease, primarily in the pre and post-noon sectors, for 𝐹10.7 = 120 sfu196

and 𝐹10.7 = 200 sfu. In the absence of plasma production by photoionization near the midnight197

(0 hours MLT) sector, O+ densities are low. Thus, the density ratios in Panels (c), (f), and (i) should198

be accepted with caution near local midnight.199
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Figure 5: O+ densities, 𝑛𝑂+ , in Panels (a), (d), and (g), N+ densities, 𝑛𝑁+ , in Panels (b), (e), and
(h), and O+ to N+ density ratios, 𝑛𝑁+∕𝑛𝑂+ , in Panels (c), (f), and (i) at 1200 km during summer
storm-time geomagnetic conditions (at time 𝑡2) for 𝐹10.7 = 80 sfu in Panels (a), (b), and (c),
𝐹10.7 = 120 sfu in Panels (d), (e), and (f), and 𝐹10.7 = 200 sfu in Panels (g), (h), and (i).

–10–



manuscript submitted to JGR: Space Physics

Figure 6: O+ densities, 𝑛𝑂+ , in Panels (a), (d), and (g), N+ densities, 𝑛𝑁+ , in Panels (b), (e), and
(h), and O+ to N+ density ratios, 𝑛𝑁+∕𝑛𝑂+ , in Panels (c), (f), and (i) at 1200 km during winter
storm-time geomagnetic conditions (at time 𝑡2) for 𝐹10.7 = 80 sfu in Panels (a), (b), and (c),
𝐹10.7 = 120 sfu in Panels (d), (e), and (f), and 𝐹10.7 = 200 sfu in Panels (g), (h), and (i).

During summer storm-time (𝑡2), N+ densities are ∼ 8-16% of O+ densities for 𝐹10.7 =200

80 sfu, as seen in Panel (c) of Figure 5. N+ densities are ∼ 7-12% of O+ densities for 𝐹10.7 =201

120 sfu and 𝐹10.7 = 200 sfu, as seen in Panels (f) and (i) in Figure 5. During winter storm-time202

(𝑡2), N+ densities are ∼ 8-14% of O+ densities for 𝐹10.7 = 80 sfu, as seen in Panel (c) of Fig-203

ure 6. N+ densities are ∼ 6-12% of O+ densities for 𝐹10.7 = 120 sfu and decrease to below 10%204

for 𝐹10.7 = 200 sfu, as seen in Panels (f) and (i), respectively, in Figure 6. As the convection205

potential increases significantly in storm-time, the storm convection pattern moves equator-ward.206

In the process, cold mid-latitude plasma is transported pole-ward to create a tongue of ioniza-207

–11–



manuscript submitted to JGR: Space Physics

tion (TOI). TOIs of N+ and O+ are visible along the noon-midnight direction with enhanced den-208

sities during storm-time, particularly for winter and 𝐹10.7 = 200 sfu, as seen in Panels (g) and209

(h) of Figure 6. TOIs are known to extend pole-ward across the polar cap from the day-side storm-210

enhanced density (SED) anomaly. Fragmentations of the TOI contributes to the formation of po-211

lar plasma patches that may produce scintillation, which can negatively affect satellite commu-212

nications and navigation signals at high latitudes [Pokhotelov et al., 2021].213

Figure 7: O+ densities, 𝑛𝑂+ , in Panels (a), (d), and (g), N+ densities, 𝑛𝑁+ , in Panels (b), (e), and
(h), and O+ to N+ density ratios, 𝑛𝑁+∕𝑛𝑂+ , in Panels (c), (f), and (i) at 1200 km during summer
recovery-time geomagnetic conditions (at time 𝑡3) for 𝐹10.7 = 80 sfu in Panels (a), (b), and (c),
𝐹10.7 = 120 sfu in Panels (d), (e), and (f), and 𝐹10.7 = 200 sfu in Panels (g), (h), and (i).
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Figure 8: O+ densities, 𝑛𝑂+ , in Panels (a), (d), and (g), N+ densities, 𝑛𝑁+ , in Panels (b), (e), and
(h), and O+ to N+ density ratios, 𝑛𝑁+∕𝑛𝑂+ , in Panels (c), (f), and (i) at 1200 km during winter
recovery-time geomagnetic conditions (at time 𝑡3) for 𝐹10.7 = 80 sfu in Panels (a), (b), and (c),
𝐹10.7 = 120 sfu in Panels (d), (e), and (f), and 𝐹10.7 = 200 sfu in Panels (g), (h), and (i).

During summer recovery-time (𝑡3), relative N+ to O+ concentrations are greatest for 𝐹10.7 =214

80 sfu where 𝑛𝑁+∕𝑛𝑂+ values are ∼ 15-30%, as seen in Panel (c) of Figure 7. N+ densities are215

less than ∼ 20% of O+ concentrations for 𝐹10.7 = 120 sfu, as seen in Panel (f), and less than216

∼ 15% for 𝐹10.7 = 200 sfu, as seen in Panel (i). During winter recovery-time (𝑡3), N+ densi-217

ties are ∼ 5% of O+ densities for all values of 𝐹10.7. In general, the relative abundances of N+
218

to O+ are in agreement with numerical studies by [M. Y. Lin et al., 2020] and early measurements219

by OGO-2 [Brinton et al., 1968], Explorer 31 [Hoffman, 1967] [Hoffman, 1970], and ISIS-2 [Hoff-220
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man et al., 1974]. Panels (c), (f), and (i) of Figures 3, 5, 7, 4, 6, and 8 demonstrate that, although221

O+ and N+ densities increase with solar activity for both summer and winter, relative abundances222

of N+ to O+ are greater for lower 𝐹10.7 values over all geomagnetic conditions and seasons. Dur-223

ing increased solar activity, strong vertical temperature gradients must be balanced by strong den-224

sity gradients to maintain a constant pressure profile. Since changes in the vertical density gra-225

dients of heavy species change more than the average density changes than for light species, ver-226

tical winds more significantly affect O/N2 gradients at solar maximum than at solar minimum227

[Burns et al., 2015]. As a result, there are enhanced O/N2 density ratios, and subsequently, de-228

creased N+/O+ density ratios for higher 𝐹10.7.229
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3.2 N+ Densities During Storm-time230

Figure 9: Summer N+ densities at quiet-time, 𝑛𝑁+ (𝑡1), in Panels (a), (d), and (g), N+ densities
at storm-time, 𝑛𝑁+ (𝑡2), in Panels (b), (e), and (h), and quiet-time to storm-time N+ density ratios,
𝑛𝑁+ (𝑡1)∕𝑛𝑁+ (𝑡2), at 1200 km, in Panels (c), (f), and (i), for 𝐹10.7 = 80 sfu in Panels (a), (b), and
(c), 𝐹10.7 = 120 sfu in Panels (d), (e), and (f), and 𝐹10.7 = 200 sfu in Panels (g), (h), and (i).

Relative densities of N+ during quiet-time (𝑡1) to storm-time (𝑡2) for 𝐹10.7 = 80 sfu, 𝐹10.7 =231

120 sfu, and 𝐹10.7 = 200 sfu at 1200 km during summer are shown in Figure 9. It is apparent232

that quiet-time N+ densities are ∼ 50-100% of storm-time N+ densities for all values of 𝐹10.7233

during summer, as seen in Panels (c), (f), and (i) in Figure 9. Relative densities of N+ during quiet-234

time (𝑡1) to storm-time (𝑡2) for 𝐹10.7 = 80 sfu, 𝐹10.7 = 120 sfu, and 𝐹10.7 = 200 sfu at 1200235

km during winter are shown in Figure 10. Winter quiet-time N+ densities exceed storm-time con-236
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centrations by up to ∼ 300% in the pre and post-noon sectors. However, night-side of the ter-237

minator, storm-time N+ densities exceed quiet-time values by up to ∼ 80%, as seen in Panels238

(c), (f), and (i) of Figure 10. As seen in Figures 9 and 10, 𝑛𝑁+ (𝑡1)∕𝑛𝑁+ (𝑡2) values remain largely239

unaltered with solar activity during summer and winter. The large increases of storm-time N+
240

concentrations are consistent with early results by [Hoffman, 1970] and [Hoffman et al., 1974].241

Figure 10: Winter N+ densities at quiet-time, 𝑛𝑁+ (𝑡1), in Panels (a), (d), and (g), N+ densities at
storm-time, 𝑛𝑁+ (𝑡2), in Panels (b), (e), and (h), and quiet-time to storm-time N+ density ratios,
𝑛𝑁+ (𝑡1)∕𝑛𝑁+ (𝑡2), at 1200 km, in Panels (c), (f), and (i), for 𝐹10.7 = 80 sfu in Panels (a), (b), and
(c), 𝐹10.7 = 120 sfu in Panels (d), (e), and (f), and 𝐹10.7 = 200 sfu in Panels (g), (h), and (i).
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3.3 Multi-Fluid Fluences & Fluxes242

Figures 11 and 12 illustrate ion fluence rates for H+, He+, O+, and N+ ions at 1200 km for243

quiet-time (𝑡1), storm-time (𝑡2), and recovery-time (𝑡3) and 𝐹10.7 = 80 sfu, 𝐹10.7 = 120 sfu,244

and 𝐹10.7 = 200 sfu for northern hemisphere summer and winter, respectively. It is apparent245

from Panels (a) and (c) that H+ fluence rates decrease with increasing 𝐹10.7 due to enhanced tem-246

peratures with higher 𝐹10.7. According to conservation of neutral H flux in the thermosphere, as247

the neutral H temperature increases with solar activity the neutral H density must decrease; neu-248

tral H densities decrease with 𝐹10.7 due to the Jean’s escape of neutral H with increased temper-249

ature [Nossal et al., 2012]. As a result, the charge exchange reaction O+ + H → H+ + O slows250

down which limits the production of H+ with increasing 𝐹10.7. Alternatively, heavy ions such as251

He+, O+, and N+, have fluence rates that increase with 𝐹10.7 since increased temperatures with252

greater solar activity results in greater scale heights. The trends of H+, He+, and O+ fluences with253

𝐹10.7 are in qualitative agreement with results from [Yau et al., 1988].254

Figure 11: Summer ion fluence rates for quiet-time (𝑡1), storm-time (𝑡2), and recovery-time (𝑡3)
at 1200 km altitude for H+ in Panel (a), He+ in Panel (b), O+ in Panel (c), and N+ in Panel (d) as
functions of 𝐹10.7 for 𝐴𝑝 = 4 (𝐾𝑝 = 1𝑜).
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Figure 12: Winter ion fluence rates for quiet-time (𝑡1), storm-time (𝑡2), and recovery-time (𝑡3) at
1200 km altitude for H+ in Panel (a), He+ in Panel (b), O+ in Panel (c), and N+ in Panel (d) as
functions of 𝐹10.7 for 𝐴𝑝 = 4 (𝐾𝑝 = 1𝑜).

Although Figures 11 and 12 are for ions much cooler than 10 eV, they qualitatively agree255

with results from [Yau et al., 1988]. A static, quiet thermosphere specified by 𝐴𝑝 = 4 is used256

such that neutral responses to storm-time are not captured. Nevertheless, the inclusion of ther-257

mospheric dynamics, particularly storm-time neutral density perturbations, is central to space258

weather modeling and predictions [Pham et al., 2022] [D. Lin et al., 2022]. N+ fluences, like O+,259

are strongly dependent on 𝐹10.7, particularly during the enhanced convection at time 𝑡2, as seen260

in Panels (c) and (d) of Figure 11. N+ fluences are qualitatively similar to O+ with varying so-261

lar activity at roughly an order of magnitude less. Neutral He concentrations in the winter hemi-262

sphere increase by 1 to 2 orders-of-magnitude relative to the summer hemisphere in a phenom-263

ena known as the helium winter bulge [Liu et al., 2014]. Increases in neutral He densities pro-264

duce greater He+ densities by photoionization. The winter helium bulge is expected to result in265

greater responses of He+ with geomagnetic activity, as seen in the near-equal He+ fluences dur-266

ing all summer geomagnetic conditions, seen in Panel (b) of Figure 11, and the decreased He+267

fluences during winter storm-time, as seen in Panel (b) of Figure 12.268

–18–



manuscript submitted to JGR: Space Physics

Figure 13: Summer N+ fluxes, 𝑗𝑁+ , at 1200 km for 𝐹10.7 = 80 sfu in Panels (a), (b), and (c),
𝐹10.7 = 120 sfu in Panels (d), (e), and (f), and 𝐹10.7 = 200 sfu in Panels (g), (h), and (i) during
quiet-time (𝑡1) in Panels (a), (d), and (g), storm-time (𝑡2) in Panels (b), (e), and (h), and recovery-
time (𝑡3) in Panels (c), (f), and (i).
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Figure 14: Winter N+ fluxes, 𝑗𝑁+ , at 1200 km for 𝐹10.7 = 80 sfu in Panels (a), (b), and (c),
𝐹10.7 = 120 sfu in Panels (d), (e), and (f), and 𝐹10.7 = 200 sfu in Panels (g), (h), and (i) during
quiet-time (𝑡1) in Panels (a), (d), and (g), storm-time (𝑡2) in Panels (b), (e), and (h), and recovery-
time (𝑡3) in Panels (c), (f), and (i).

Fluence rates illustrated in Figures 11 and 12 are integrations in latitude and longitude at269

1200 km of fluxes depicted in Figures 13 and 14 for summer and winter, respectively. Summer270

N+ fluence rates are positive for all values of 𝐹10.7 despite regions of negative (down-falling) flux271

seen particularly in the polar cap during recovery-time for 𝐹10.7 = 200 sfu, as seen in Panel (i)272

of Figure 13. Winter storm-time N+ fluence rates are negative for 𝐹10.7 = 120 sfu where fluxes273

are negative in the regions of the cold N+ TOI seen primarily in the noon polar cap sector of Panel274

(e) in Figure 14.275
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3.4 Data-Model Comparisons276

This section validates the aforementioned simulations performed by HIDRA by compar-277

ing numerical results to reduced observations from Orbiting Geophysical Observatory 6 (OGO-278

6) and Atmosphere Explorer C (AE-C) satellites. Each observational data point from OGO-6 (launched279

in 1969) and AE-C (launched in 1973) is averaged over all geomagnetic activity, within 40 km280

altitude bins, and 6 hours local time centered at noon or midnight [M. Y. Lin et al., 2020]. Dur-281

ing its first year of operation, the AE-C latitude of perigee was between 68◦ north and 60◦ south.282

The OGO-6 orbital inclination was 82◦ north which, by the dipole tilt, enabled OGO-6 to cap-283

ture a large range of latitude [Taylor, 1971]. All densities of OGO-6 and AE-C were measured284

by a Bennet radio frequency ion mass spectrometer [Brinton et al., 1973] [Taylor, 1973] or a mag-285

netic ion mass spectrometer [Hoffman et al., 1973]. In what follows, 7iPWOM noon solutions286

taken from [M. Y. Lin et al., 2020] are computed for stationary flux tubes at 80◦ north latitude287

at 12 hours MLT. Midnight solutions are averaged from two convecting flux tubes, one at 60-65◦288

north latitude and another at 65-70◦ north latitude, near 0 hours MLT.289

Figure 15: Data-model comparisons of HIDRA O+ and N+ density profiles during summer quiet-
time (𝑡1), storm-time (𝑡2), and recovery-time (𝑡3), 7iPWOM, and AE-C or OGO-6 observations.
𝐹10.7 = 80 sfu (AE-C) noon solutions are in Panels (a) and (b) and 𝐹10.7 = 80 sfu (AE-C) midnight
solutions are in Panels (e) and (f). 𝐹10.7 = 120 sfu (OGO-6) noon solutions are in Panels (c) and
(d) and 𝐹10.7 = 120 sfu (OGO-6) midnight solutions are in Panels (g) and (h).

We present comparisons of O+ and N+ upflow solutions at noon and midnight sectors dur-290

ing northern hemisphere summer and winter from HIDRA versus 7iPWOM and observations from291

AE-C (for 𝐹10.7 = 80 sfu) and from OGO-6 (for 𝐹10.7 = 120 sfu). HIDRA noon O+ and N+
292

density profiles are for 80◦ north latitude and 12 hours MLT and midnight profiles are for 65◦293

north latitude and 0 hours MLT. All simulations are parameterized as previously discussed. Since294

AE-C and OGO-6 observations are averaged over all geomagnetic conditions, we compare against295

HIDRA simulations for quiet-time (𝑡1), storm-time (𝑡2), and recovery-time (𝑡3) conditions seen296

in Figure 1.297
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Figure 16: Data-model comparisons of HIDRA O+ and N+ density profiles during winter quiet-
time (𝑡1), storm-time (𝑡2), and recovery-time (𝑡3), 7iPWOM, and AE-C or OGO-6 observations.
𝐹10.7 = 80 sfu (AE-C) noon solutions are in Panels (a) and (b) and 𝐹10.7 = 80 sfu (AE-C) midnight
solutions are in Panels (e) and (f). 𝐹10.7 = 120 sfu (OGO-6) noon solutions are in Panels (c) and
(d) and 𝐹10.7 = 120 sfu (OGO-6) midnight solutions are in Panels (g) and (h).

Figures 15 and 16 consistently show N+ densities an order-of-magnitude less than O+ den-298

sities for all conditions. HIDRA N+ densities more closely represent observations than 7iPWOM,299

particularly for summer and winter noon and midnight cases of 𝐹10.7 = 80 sfu and 𝐹10.7 = 120300

sfu, as seen in Panels (b) and (f) of Figures 15 and 16, respectively. In such cases, HIDRA N+
301

densities are about an order-of-magnitude greater than for 7iPWOM, which results in a much closer302

approximation of observational data points. It is noted that summer recovery-time (𝑡3) N+ den-303

sities most closely approximate observations, as seen in Panels (b), (d), (f), and (h) in Figure 15.304

Moreover, winter storm-time (𝑡2) N+ densities most closely approximate observations, partic-305

ularly for midnight solutions of Panels (f) and (h) in Figure 16. Strong convection is required to306

transport plasma to the winter midnight sector as suggested by the low O+ and N+ densities dur-307

ing winter quiet-time (𝑡1) for both 𝐹10.7 = 80 sfu and 𝐹10.7 = 120 sfu, as seen in Panels (e),308

(f), (g), and (h) in Figure 16. Although we do not validate HIDRA O+ and N+ temperatures ver-309

sus observational temperature profiles, it is noted that HIDRA O+ and N+ scale heights more closely310

align with AE-C and OGO-6 than for 7iPWOM for all geomagnetic conditions, particularly for311

the winter noon case for 𝐹10.7 = 80 sfu seen in Panels (a) and (b) of Figure 16.312

4 Discussion313

4.1 N+ Production314

This section investigates the significance of metastable chemical production of N+ and its315

role in more closely matching observations. Although HIDRA and 7iPWOM differ in various316

way, a significant difference in the two models lies in the treatment of N+ chemical production.317

Figure 17 shows sample N+ chemical production and loss rate altitude profiles for summer storm-318

–22–



manuscript submitted to JGR: Space Physics

time (𝑡2) at 80◦ north latitude and 12 hours MLT for 𝐹10.7 = 120 sfu in Panels (a) and (b), re-319

spectively. Of particular interest are the metastable N+ chemical production terms:320

O+ + N(2D) → N+ + O,

O+(2D) + N → N+ + O,

O+
2 + N(2D) → N+ + O2.

The above reactions are not currently present in 7iPWOM. At local noon photoproduction321

of N+ is significant, as expected, however, it is rivaled by O++N(2D) → N++O chemical pro-322

duction at ∼ 400 km. At ∼ 800 km altitude, N+ metastable chemical production by O+(2D)+N→N++O323

is second to only photoproduction. O+
2+N(2D) → N++O2 is a dominant metastable chemical pro-324

duction of N+ below ∼ 400 km.325

Figure 17: Altitude profiles of N+ chemical production rates in Panel (a) and chemical loss rates
in Panel (b) for summer noon storm-time (𝑡2) at 80◦ north latitude and for 𝐹10.7 = 120 sfu.
Of particular interest are metastable chemical production rates of N+: O++N(2D) → N++O,
O+(2D)+N→N++O, and O+

2+N(2D) → N++O2.

Figure 18 shows data-model comparisons of HIDRA O+ and N+ density profiles with metastable326

chemical production of N+, HIDRA without the metastable chemical production of N+ (labeled327

HIDRA†), and OGO-6 observations for summer, 𝐹10.7 = 120 sfu, noon at 80◦ north latitude328

in Panels (a) and (b), and midnight at 65◦ north latitude in Panels (c) and (d). The inclusion of329

metastable production of N+ does not significantly alter the density profiles of O+, however, they330

are critical in more closely representing observations for the density profiles of N+. As seen in331

Panels (b) and (d), the scale heights are unaltered by the inclusion of metastable N+ production,332

yet the densities of N+ are increased by roughly half an order-of-magnitude when including the333

metastable production, as seen in the differences of HIDRA and HIDRA† for all geomagnetic334

conditions.335
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Figure 18: Data-model comparisons of HIDRA O+ and N+ density profiles with metastable N+

production during summer quiet-time (𝑡1), storm-time (𝑡2), and recovery-time (𝑡3), and HIDRA†

without metastable N+ production, and OGO-6 observations. 𝐹10.7 = 120 sfu noon solutions at
80◦ north latitude are in Panels (a) and (b) and 𝐹10.7 = 120 sfu midnight solutions at 65◦ north
latitude are in Panels (c) and (d).

4.2 N+ Upflow Drivers336

The relative roles of ion and electron pressure gradients in driving O+ and N+ upflows dur-337

ing quiet-time (𝑡1), storm-time (𝑡2), and recovery-time (𝑡3) geomagnetic conditions are investi-338

gated in this section. The sample case presented is for 𝐹10.7 = 120 sfu at summer noon and 80◦339

north latitude. Figures 19, 20, and 21 illustrate electron, H+, He+, O+, and N+ density and tem-340

perature profiles in Panels (a) and (b), respectively, and acceleration terms for O+ and N+ upflows341

in Panels (c) and (d) for quiet-time, storm-time, and recovery-time, respectively. In all presented342

cases, N+ densities exceed He+ densities. Above the collisional transition region, at ∼ 1000 km,343

all collisional acceleration terms, 𝑎𝑐𝑜𝑙𝑙, are negligible.344
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Figure 19: Summer quiet-time (𝑡1) conditions at 80◦ north latitude, 12 hours MLT, for 𝐹10.7 = 120
sfu. Density and temperature profiles of electrons, H+, He+, O+, and N+ are in Panels (a) and (b),
respectively. O+ and N+ acceleration terms in Panels (c) and (d), respectively, where 𝑎𝑇 is total
acceleration, 𝑎𝐺 is gravitational acceleration, 𝑎𝐶 is centrifugal acceleration, 𝑎𝑃𝐺 is ion pressure
gradient acceleration, 𝑎𝐸𝐴

is electron pressure gradient acceleration, and 𝑎𝑐𝑜𝑙𝑙 is total collisional
acceleration.
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Figure 20: Summer storm-time (𝑡2) conditions at 80◦ north latitude, 12 hours MLT, for
𝐹10.7 = 120 sfu. Density and temperature profiles of electrons, H+, He+, O+, and N+ are in
Panels (a) and (b), respectively. O+ and N+ acceleration terms in Panels (c) and (d), respectively,
where 𝑎𝑇 is total acceleration, 𝑎𝐺 is gravitational acceleration, 𝑎𝐶 is centrifugal acceleration, 𝑎𝑃𝐺
is ion pressure gradient acceleration, 𝑎𝐸𝐴

is electron pressure gradient acceleration, and 𝑎𝑐𝑜𝑙𝑙 is
total collisional acceleration.
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Figure 21: Summer recovery-time (𝑡3) conditions at 80◦ north latitude, 12 hours MLT, for
𝐹10.7 = 120 sfu. Density and temperature profiles of electrons, H+, He+, O+, and N+ are in
Panels (a) and (b), respectively. O+ and N+ acceleration terms in Panels (c) and (d), respectively,
where 𝑎𝑇 is total acceleration, 𝑎𝐺 is gravitational acceleration, 𝑎𝐶 is centrifugal acceleration, 𝑎𝑃𝐺
is ion pressure gradient acceleration, 𝑎𝐸𝐴

is electron pressure gradient acceleration, and 𝑎𝑐𝑜𝑙𝑙 is
total collisional acceleration.

Above ∼ 1000 km the total acceleration, 𝑎𝑇 , is dominated by a balance between gravita-345

tional acceleration, 𝑎𝐺, and combinations of ion pressure gradient accelerations, 𝑎𝑃𝐺 and elec-346

tron pressure gradient (ambipolar electric field) accelerations, 𝑎𝐸𝐴
. According to Panels (b) in347

Figures 19, 20, and 21, electron temperatures exceed both O+ and N+ temperatures. As a result,348

ambipolar electric field accelerations, 𝑎𝐸𝐴
, exceed ion pressure gradient accelerations, 𝑎𝑃𝐺, both349

O+ and N+ upflows, as seen in Panels (c) and (d) of Figures 19, 20, and 21. Panels (c) and (d)350

of Figure 19 show that quiet-time total O+ and N+ accelerations, 𝑎𝑇 , are approximately zero de-351

noting flux-tubes in near-equilibrium. During storm-time, 𝑎𝑇 is dominated by gravity such that352

the flux-tubes are not in equilibrium above ∼ 2000 km, as seen in Panels (c) and (d) of Figure353
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20. A similar case represents the transient equilibrium of O+ and N+ above ∼ 4000 km for recovery-354

time, as seen in Panels (c) and (d) of Figure 21. At all three geomagnetic conditions, the O+ and355

N+ temperatures are near identical and electron temperatures exceed both O+ and N+ temper-356

atures. For such conditions, both O+ and N+ upflows are Type II, that is, driven by field-aligned357

ambipolar electric fields caused by electron precipitation.358

5 Conclusions359

In this study, HIDRA, part of the MAGE framework from the Center for Geospace Storms360

(CGS) NASA DRIVE Science Center, is employed to investigate the production mechanisms and361

upflow drivers of N+ upflows of the terrestrial polar wind for summer and winter conditions in362

the northern hemisphere under various solar activity levels and geomagnetic conditions. Rela-363

tive abundances of N+ are scrutinized in the dominance of O+. It is numerically demonstrated364

that relative N+ to O+ densities are greatest for 𝐹10.7 = 80 sfu at recovery-time, where 𝑛𝑁+∕𝑛𝑂+365

values are ∼ 15-30%. Although O+ and N+ densities increase with solar activity, relative con-366

centrations 𝑛𝑁+∕𝑛𝑂+ are greater for lower 𝐹10.7 during summer and winter over all geomagnetic367

conditions. During summer, N+ densities at quiet-time are ∼ 50-100% N+ densities at storm-368

time and quiet-time N+ concentrations during winter may exceed those at storm-time by up to369

∼ 300%. N+ density ratios at quiet-time to storm-time remain largely unaltered with solar ac-370

tivity for both summer and winter. This is in agreement with findings by [Hoffman, 1970] [Hoff-371

man et al., 1974].372

N+ densities are consistently ∼ 10% of O+ densities for 𝐹10.7 = 80 sfu, 𝐹10.7 = 120373

sfu, and 𝐹10.7 = 200 sfu. This is in agreement with numerical studies by [M. Y. Lin et al., 2020]374

and early measurements by OGO-2 [Brinton et al., 1968], Explorer 31 [Hoffman, 1967] [Hoff-375

man, 1970], and ISIS-2 [Hoffman et al., 1974]. Furthermore, fluence rates of N+ qualitatively376

resemble those of O+ at ∼ 10% the total fluence rate. This demonstrates the behavior of N+ as377

a ‘light version’ of O+ rather than a ‘heavy version’ of He+. Although 7iPWOM and HIDRA treat378

N+ chemical production differently, current 7iPWOM does not include metastable N+ produc-379

tion and thus 7iPWOM N+ densities are signficantly less than observations by OGO-6 and AE-380

C. The inclusion of metastable chemical production of N+ is critical to more closely reproduce381

observations, primarily the inclusion of the following reactions: O++N(2D) → N++O, O+(2D)+N→N++O,382

and O+
2+N(2D) → N++O2. Finally, as for O+, N+ upflows are driven primarily by a combina-383

tion of electron and ion pressure gradients above the collisional transition region. Under most384

conditions, N+ densities exceed He+ densities, in agreement with 7iPWOM simulations [M. Y. Lin385

et al., 2020].386
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