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The most abundant neutral constituent in the exospheric region (i.e., beyond [image: image] 500 km altitude) is the atomic hydrogen (H); however, its density distributions predicted by physics-based models have been challenged by satellite-based observations of its far ultraviolet emissions. This discrepancy may impact magnetospheric ions’ densities and velocities since numerous chemistry and ion-neutral coupling interactions rely sensitively on the underlying neutral hydrogen population. The Polar Wind Outflow Model a first-principled model for relevant ion species in the high-latitude ionosphere, is employed to investigate the role of neutral H on the ionospheric outflow. Specifically, variability in the outflow of ionospheric [image: image], [image: image], [image: image], and [image: image] as a response to systematic enhancement and depletion of H number densities were simulated. The altitude-dependent ion density and energy partition profiles vary with neutral H density, solar activities, and ion species. These findings suggest that the exosphere plays a crucial role in controlling the production and loss of ions through ionospheric chemistry, as well as the energy contributions by altering ion-neutral-electron collisions and the ambipolar electric field to the high-latitude ionospheric outflow. As a result, the escape rates of the ionospheric outflow are directly associated with exospheric distributions. This work potentially helps understand the dominant mechanisms of atmospheric escape, particularly during a hydrogen-rich early Earth’s and exoplanet’s atmosphere, which is known to play a significant role in understanding the evolution of Earth’s atmosphere.
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1 INTRODUCTION
The terrestrial exosphere is the outermost layer of the atmosphere that extends from the exobase, located at [image: image] 500 km, to several tens of Earth radii (1 [image: image] = 6,371 km) (Baliukin et al., 2019). The exosphere predominantly comprises atomic hydrogen (H), which resonantly scatters solar Lyman-Alpha photons (Ly-[image: image] at 121.6 nm), producing a planetary glow effect known as the geocorona. This emission, acquired by several space-based optical instruments (i.e., TWINS/LAD (McComas et al., 2009), PROCYON/LAICA (Kameda et al., 2017), TIMED/GUVI), has been used together with parametric and tomographic inversion techniques to retrieve 1-D/3-D H density distributions (Waldrop and Paxton, 2013; Joshi et al., 2019; Cucho-Padin and Waldrop, 2018; Cucho-Padin et al., 2022). Knowledge of the global/regional spatial distribution and the temporal evolution of H density is crucial for understanding (a) the physical mechanisms involved in the permanent escape of atomic H to space and (b) the role of this neutral population in determining magnetospheric plasma dynamics. It is noteworthy that the terrestrial exosphere is a dynamic system whose density distribution is directly affected by the thermospheric temperature, displaying significant variability from solar minimum to solar maximum (Zoennchen et al., 2015) as well as rapid variations during storm-time conditions Cucho-Padin and Waldrop (2019).
Due to the vast extension of the exosphere, H atoms may interact with ions from different regions and energy ranges in the magnetosphere-ionosphere system (i.e., plasmasphere, ring current, plasma sheet, ionospheric outflow, and solar wind ions). The ion-neutral coupling occurs via charge exchange interactions in which a hot ion picks up the electron of a cold H atom to become an energetic neutral atom (ENA) that has sufficient energy to escape out the planet since it is not affected by electric or magnetic fields, or return to the thermosphere and act as an additional source of neutral energization. Through charge exchange interactions, the exosphere significantly contributes to the plasmaspheric refilling and ion ring current decay, especially during high geomagnetic activity (Krall et al., 2018; Cucho-Padin et al., 2020a,b).
Current physics- and data-based models of H-density distributions exhibit significant disagreement in both number density ([image: image]) and global/regional spatial structure (Krall et al., 2018). For example, [image: image] values retrieved by the empirical Mass Spectrometer Incoherent Scatter (NRLMSIS-00, referred to as MSIS in this paper) model (Picone et al., 2002), widely used by the aeronomy and magnetospheric community, have been challenged by data-based estimations derived from radiance data. Waldrop and Paxton (2013) used Ly-[image: image] data acquired by the Global UltraViolet Imager (GUVI) on board NASA’s Thermosphere Ionosphere Mesosphere Energetics and Dynamics (TIMED) spacecraft along with a parametric technique to retrieve exobase density [image: image] ([image: image] km altitude) during the period 2002 to 2007. This study shows that exobase values obtained from MSIS are 42%–74% larger than those derived from GUVI data at solar maximum and 36%–67% larger during solar minimum. Furthermore, [image: image] from GUVI data are smaller than [image: image] from Monte Carlo simulations of Hodges (1994) by an order of magnitude below 1,000 km altitude. In addition, Nossal et al. (2012) conducted a comparison study of column-integrated intensities of Balmer-Alpha emissions (H-[image: image] at 656 nm) between those acquired by the Wisconsin H-alpha Mapper (WHAM) Fabry-Perot and those derived from MSIS with the exosphere extension proposed by Bishop (1991). As a result, H-[image: image] intensities derived from the empirical model are 33% smaller than those measured by WHAM. These discrepancies possibly occur due to the limited physical assumptions included in MSIS. While this model considers a thermalized atmosphere (i.e., neutral-neutral collisions in the thermosphere determine the energy partition), other sources of energization, such as charge exchange between H atoms and plasmaspheric ions beyond the exobase, may also occur Qin and Waldrop (2016).
The plasma transport from the ionosphere to the magnetosphere is known as “ionospheric outflow” or “ion outflow.” In the low- and mid-latitude ionosphere, the magnetic field lines connect the two conjugate hemispheres and have direct access to the plasmasphere and ring current, while in the high-latitude ionosphere, the magnetic field lines are open and connect to outer space and the IMF. Based on the source and their destinations in the magnetosphere, the ionospheric outflows are often categorized into low-latitude and high-latitude ionospheric outflows. A previous study unveiled that abundances of [image: image] sourced from the low-latitude ionospheric outflow are sensitive to the H density distribution and alter the dynamics of the ring current and plasmasphere, especially after geomagnetic storms (Krall et al., 2018). This paper, on the other hand, focuses on the effect of H density on the high-latitude ionospheric outflow, also known as “polar wind.” Since the high-latitude ionospheric outflow can directly interact with the solar wind plasma and IMF, it is exposed to additional suprathermal escape mechanisms, such as Suprathermal Electron (SE) impact (Axford, 1968; Glocer et al., 2012; Glocer et al., 2017) and Wave-Particle Interaction (WPI) (Chang et al., 1986; André et al., 1998; Varney et al., 2016; Glocer and Daldorff, 2022). Therefore, the high-latitude ionospheric outflow is one of the main pathways of heavy ions, such as [image: image] and [image: image] ions, to transport from the ionosphere to the magnetosphere. These ionospheric heavy ions highly alter the mass and energy plasma flow in the magnetosphere and further affect the magnetic reconnection rate (Shay et al., 2004; Ouellette et al., 2013; Walsh et al., 2014; Toledo-Redondo et al., 2021; Wang et al., 2022), and ring current properties and wave propagation in the inner magnetosphere (Moore et al., 2005; Peroomian et al., 2011; Bashir and Ilie, 2018; Bashir and Ilie, 2021; Lee et al., 2021; Regoli et al., 2024).
This study evaluates quantitatively the impact of neutral hydrogen density in the high-latitude ionospheric outflow, where the hydrogen exosphere is co-located. The hydrogen exosphere plays a vital role in the dynamics of ionospheric outflow by impacting their energization and production pathways. While photoionization with the hydrogen exosphere produces [image: image] ions, the resonant charge exchange reaction between neutral H and [image: image] serves as the main source of [image: image] ions in the ionosphere. Most importantly, this charge exchange reaction effectively removes [image: image] from the outflow populations. Therefore, the relative contributions of heavy ions can be altered solely by the variations of the hydrogen exosphere. Combining the fact that there is large uncertainty of the hydrogen exosphere, the plasma composition of the high-latitude ionospheric outflow, particularly heavy ions, remains unknown. This paper utilized a parameter study using a first-principled polar wind model, the so-called Polar Wind Outflow Model (PWOM), described in Section 2. Section 3 shows the density variations of each ionospheric species in response to the hydrogen exosphere. An extreme condition to model a rich-H atmosphere, which is typically a case for the early phase of a habitable planet, is also examined to provide a clue on an exoplanet’s atmospheric escape. The role of the hydrogen exosphere in the ions’ production and energization schemes is discussed in Section 4.
2 METHODOLOGY
2.1 Polar Wind Outflow Model
Polar Wind Outflow Model (PWOM) of Lin et al. (2020); Lin (2023) tracks the transport of electrons and seven ionospheric ion species ([image: image], [image: image], [image: image], [image: image], [image: image], [image: image], and [image: image]) from 200 km altitude up to a few [image: image] and along high-latitude magnetic field lines, with 65[image: image] latitude or above (ranging auroral and cusp regions). From low to high altitudes, several altitude-dependent physical processes dominate over each region. For instance, at the inner boundary of the PWOM (200 km altitude), chemical and thermal equilibrium determine the number density and the temperature of each ion species. At a few hundred kilometers of altitude, the collisional process starts to dominate. Once reaching higher altitudes, diffusion becomes the dominant mechanism, and those regions are known as collisionless regions, as illustrated in Figure 1. Heavy and light ions, due to their mass differences, have their own boundary altitudes in collision, transition, and collisionless regions. Inheriting its numerical scheme from PWOM of Glocer et al. (2009, 2012); Glocer et al. (2017, 2018, 2020), the PWOM of Lin et al. (2020) solves the ions based on the gyrotropic transport equations, including the continuity, momentum, and energy equations. As shown in Figure 1, the thermal electron solution is derived from the assumption of quasi-neutrality and current and energy conservation (Gombosi and Nagy, 1989), while the Suprathermal Electron (SE) solution is obtained from the two-stream GLobal airglOW (GLOW) model (Solomon, 2017). Additionally, PWOM obtains the number density and temperature of the neutral atmosphere by either the NRLMSISE-00 (referred to as MSIS in this paper) empirical model (Picone et al., 2002) or the Global Ionosphere Thermosphere Model (GITM) (Ridley et al., 2006). Specifically, information of neutral O, H, [image: image], [image: image], and He is provided by MSIS, and the distributions of neutral NO and N (2D) are from the GITM.
[image: Figure 1]FIGURE 1 | Illustration of altitude-dependent transition regions between collision and diffusion dominance regimes for light and heavy ions in the polar wind, along with the numerical scheme of PWOM that solves transport equations. The figure is adapted from (Lin, 2023).
Ionospheric outflow is primarily produced in the ionosphere F layer through ionospheric chemistry and SE production, including photoionization and secondary electron impact, and ion-neutral-electron chemical reactions (André and Yau, 1997; Schunk and Nagy, 2009). The SE production rate of each ion species in PWOM is derived from the cross-sectional area of the neutral-electron collision (Gronoff et al., 2012b,a). On the other hand, an ionospheric chemistry table with 54 chemical reactions was included to solve the production and loss of ions in PWOM (Lin, 2023). These production mechanisms directly contribute to the source terms in the transport equations of PWOM, and they are associated with the information on the exosphere density. As discussed in Section 1, the charge exchange reaction rate between heavy [image: image] and [image: image] ions with neutral H are largely different in the ionosphere. The reaction rate of [image: image] with neutral H is [image: image] ([image: image]), while the reaction rate of [image: image] with neutral H is [image: image] ([image: image]), assuming electron temperature [image: image] 3,000 K (Schunk and Nagy, 2009). With more than two orders of magnitude differences in the charge exchange reaction rates, the charge exchange between [image: image] and H rapidly removes [image: image] ions from the polar wind, but not [image: image] ions.
Once ions are produced, they experience several energization mechanisms to escape from the ionosphere, such as ambipolar electric field, frictional heating, SE impact, and WPI. Since this study focuses on the ionospheric outflow during geomagnetically quiet time, the former two energization mechanisms will be investigated in Section 4. The ambipolar electric field, also known as the electron pressure gradient force, is developed in response to slight electron-ion charge separations in the topside ionosphere (Banks and Holzer, 1968; Banks, 1970; Banks and Kockarts, 1973). Although the ambipolar electric field is not sufficient to accelerate all the polar wind ions, especially for heavy [image: image] and [image: image] ions, this electric field exists at all altitudes and serves as a fundamental acceleration mechanism for all the high-latitude ionospheric outflow. Based on the ion and electron solutions, PWOM derives the ambipolar electric field [image: image] from general Ohm’s law (Gombosi and Nagy, 1989). Frictional heating, on the other hand, involves collisional interactions between electrons or ions with neutrals and alters the ions through momentum and energy exchange rates (Schunk and Nagy, 2009). The momentum and energy exchange terms due to collisional processes are approximated as non-linear terms in PWOM based on the Chapman-Cowling collision integrals (Schunk and Nagy, 2009). Frictional heating favors the transfer of energy and momentum from the hotter to the cooler species and leads to different temperatures and velocities for each species. Thus, increasing or decreasing the neutral H density, which is assumed to be low-temperature and zero-velocity neutral species in PWOM, results in a direct impact on the momentum and energy exchange terms of frictional heating with polar wind ions.
2.2 Simulation configuration
Table 1 shows the parameters, including solar radio flux [image: image], ratio applied to the neutral hydrogen density [image: image], and date, of 14 numerical simulations conducted in this study. The [image: image] flux indicates the solar activity: the solar maximum is represented as 160[image: image] WHz/[image: image], and the solar minimum is 80[image: image] WHz/[image: image]. Similarly, the dates were chosen during the summertime: the solar maximum summer is 20 July 2000, and the solar minimum summer is 11 June 2008. Figure 2 illustrates the variation of the neutral H density from MSIS based on both the [image: image] solar flux and the date. In each simulation case, a steady-state single-field-line PWOM solution is obtained at the conclusion of an 8-hour-long simulation. This simulated field line is rooted and fixed at 80[image: image] latitude and 12 MLT in the northern hemisphere, presenting a local outflow solution near the high-latitude cusp region.
TABLE 1 | Simulation configurations, including the solar radio flux [image: image], neutral hydrogen density, date of the run, and time step [image: image]t, for all the runs. Note that the neutral hydrogen density is set up by a factor of [image: image] of [image: image] from MSIS. The runs marked with bold fonts will be further discussed in Section 4.
[image: Table 1][image: Figure 2]FIGURE 2 | Neutral densities ([image: image], in [image: image] scale) of neutral species, including H (light green), He (green), N (orange), O (blue), [image: image] (brown), NO (purple), and [image: image] (pink), from the MSIS during the Solar Maximum (dashed line) and Solar Minimum (solid line). The solid black lines represent neutral H densities that are multiplied by a factor of 0.1 and 10, corresponding to runs 1 and 7 (marked as bold fonts in Table 1). The dashed black line represents neutral H densities of run 12 (marked as bold fonts in Table 1), which are multiplied by a factor of 2 during the Solar Minimum.
The design of the sensitivity analysis study was informed by available experimental evidence. Due to previous assessments of the uncertainty of the hydrogen exosphere being limited to the dayside ionosphere because of measurement contamination on auroral emissions (Waldrop and Paxton, 2013), the parameter study focused on evaluating the impact of hydrogen exosphere discrepancy specifically on the dayside, omitting consideration of plasma convection in the high-latitude ionosphere. In addition, the main controlling factor for a steady-state solution is the timing for ions to be produced in the ionosphere and transported to the high-altitude regions, which takes approximately 8 h in simulation time. All simulations were conducted for 24 h, and solutions for each hour were compared. Although different runs converged to the steady state at different rates, the simulated profiles with 8-h runs captured most features. Further simulations beyond 8 h only provided minor corrections.
To analyze the impact of uncertainty of the hydrogen exosphere to polar wind dynamics, a parameter study was defined: the neutral H density from MSIS is multiplied by 0.1, 0.2, 0.5, 1.0, 2.0, 5.0, and 10.0. Since neutral hydrogen densities obtained from MSIS overestimated those derived from Ly-[image: image] data by a factor of 74% (Waldrop and Paxton, 2013), and underestimated those column-integrated intensities measured in H-[image: image] by a factor of 33% (Nossal et al., 2012), the parameters of 0.5 and 2.0 mean to understand variations of ionospheric outflow within the error bar of exospheric densities (see Section 1). Other than understanding the uncertainty of the neutral hydrogen exosphere, the parameters of 10 and 0.1 are chosen to investigate the extreme conditions in which the hydrogen exosphere deviates by more than one order of magnitude or less than ten percent from present conditions. These choices are based on the belief that the escape of neutral hydrogen during the early Earth’s atmosphere was slower by two orders of magnitude than previously assumed (Tian et al., 2005).
All the PWOM simulations use a field-aligned grid spacing [image: image] of 20 km and assume that the molecular ions are stationary species, in which the molecular ions have a constant temperature as the neutral species, and their densities are determined via chemical equilibrium. Additionally, [image: image]t in Table 1 provides an optimized result of time steps chosen in each simulation and depends on the Courant number [image: image], which [image: image] is the velocity. When the neutral hydrogen density has a small number, the plasma velocity [image: image] is low, and therefore, a small time step [image: image] helps stabilize the Courant–Friedrichs–Lewy (CFL) condition. As indicated in Table 1, the value of [image: image] was primarily selected as [image: image], but it was occasionally set to [image: image] or even [image: image] in instances where the neutral hydrogen exosphere displayed a small number to prevent numerical instability.
2.3 Hydrogen density distributions
The altitude-dependent distribution of neutral hydrogen (H) densities in PWOM simulations is obtained from the NRLMSIS00 empirical model. To provide global neutral densities and temperature, MSIS uses several datasets, including total mass density derived from satellite accelerometers, temperature derived from incoherent scatter radar, and molecular oxygen estimations derived from solar ultraviolet emission, that are fitted to spherical harmonics functions (Hedin, 1991; Picone et al., 2002). Integrating the MSIS empirical model solution as a neutral atmosphere background to PWOM has been completed previously by Glocer et al. (2009). A wrapper has been built to convert the geographic coordinates in MSIS to GSM coordinates in PWOM. Since MSIS only provides neutral densities up to 1,000 km altitude, the neutral densities are assumed to decay by the scale height of the neutral species above. Figure 2 shows the neutral density background of PWOM simulations from MSIS during the Solar Maximum ([image: image] flux equals 160[image: image] WHz/[image: image], solid line), and Solar Minimum ([image: image] flux equals 80[image: image] WHz/[image: image], dashed line). Neutral N, O, [image: image], and [image: image] are the main species in the low-altitude region, but their densities drastically decrease in the high altitudes. Neutral light H and He, in contrast, become the major species above 1,000 km altitude. Furthermore, neutral H densities of run 1, 7, 10, and 11 marked in Table 1 are shown as black lines in Figure 2. Those case comparisons will be further discussed in Section 4. Since the neutral temperatures in the Solar Maximum are larger than the Solar Minimum, the neutral atmosphere expands to higher-altitude regions. The increase of neutral temperatures leads to the enhancement of thermal escape. Therefore, neutral densities are larger during the Solar Minimum than the Solar Maximum in the low-altitude regions, while they are smaller during the Solar Maximum than the Solar Minimum in the high-altitude regions.
3 IMPACT OF THE TERRESTRIAL EXOSPHERE IN IONOSPHERIC OUTFLOW
This section reports the variability of polar wind ion densities and fluxes in response to an enhanced and depleted H exosphere as defined in Table 2. Figures 3, 4 display [image: image], [image: image], [image: image], and [image: image] densities and fluxes, both in [image: image] scales, from 200 to 8,000 km altitude for all PWOM simulations, varied by different solar activities and neutral hydrogen densities. Ion fluxes [image: image] are calculated based on the profiles of number densities and velocities from PWOM. The colors of lines represent [image: image] cases of 0.1 (blue), 0.2 (light green), 0.5 (dark green), 1 (orange), 2 (purple), 5 (brown), and 10 (pink). Table 2 further quantifies the differences in densities [image: image] and fluxes [image: image] between [image: image] 10[image: image]n[image: image] and [image: image] 0.1[image: image]n[image: image] at 1,200 and 7,000 km altitude. [image: image] and [image: image] are calculated as follows:
[image: image]
where [image: image] is the ion species and
[image: image]
The reason to select 1,200 and 7,000 km altitude is due to the fact that ion transport to 1,200 km altitude typically forms the upflow populations, while ion transport to 7,000 km altitude will eventually become outflow populations (Zou et al., 2021; Godbole et al., 2022). Therefore, [image: image] and [image: image] at 1,200 and 7,000 km altitude provide a picture of how the upflow and outflow composition are altered by the hydrogen exosphere. Numbers in Table 2 mean to present the variations of ion densities and fluxes with different neutral hydrogen densities. Note that large numbers in Table 2, such as [image: image], are led by small values of [image: image] and [image: image] densities and fluxes.
TABLE 2 | Variations of [image: image], [image: image], [image: image], and [image: image] densities [image: image] and fluxes [image: image] between the cases of [image: image] 10[image: image]n[image: image] and [image: image] 0.1[image: image]n[image: image] at 1,200 and 7,000 km altitude during the Solar Maximum and Minimum. See Equations 1, 2 for description of [image: image] and [image: image]
[image: Table 2][image: Figure 3]FIGURE 3 | Vertical profiles from top to bottom rows showing density showing (A) [image: image], (B) [image: image], (C) [image: image], and (D) [image: image] ion density ([image: image], in [image: image] scale) from the PWOM simulation results with different neutral H densities during the Solar Maximum (solid line) and Minimum (dashed line). 
[image: Figure 4]FIGURE 4 | Vertical profiles showing (A) [image: image], (B) [image: image], (C) [image: image], and (D) [image: image] ion fluxes ([image: image], in [image: image] scale) from the PWOM simulation results with different factors of neutral H densities during the Solar Maximum (solid line) and Minimum (dashed line).
3.1 Density variations
As shown in Figure 3A, [image: image] density shows a linear relationship with neutral hydrogen density during both Solar Maximum and Minimum. This relationship is further supported by the data presented in Table 2, which demonstrates that a two-order of magnitude increase in H density (from 0.1 to 10[image: image]n[image: image]) corresponds to a two-order magnitude increase in [image: image] density at both 1,200 and 7,000 km altitudes. That is, when increasing H density by a factor of [image: image], [image: image] density always increases by a factor of [image: image]. Moreover, solar activity significantly influences [image: image] density, with the density being greater during the Solar Minimum compared to the Solar Maximum due to the augmented H density. Notably, the altitude, where [image: image] density during the Solar Minimum surpasses that of the Solar Maximum, decreases from 5,000 to 3,000 km altitude when neutral H density varies from 0.1[image: image]n[image: image] (see blue solid and dashed lines in Figure 3A) to 10[image: image]n[image: image] (see pink solid and dashed lines in Figure 3A), indicating the strong dependence of the transition region boundary on the hydrogen exosphere.
Contrary to [image: image] density, [image: image] density (Figure 3B) shows minimal variations among the four ion species, indicating that the abundance of [image: image] is not significantly dependent on the hydrogen exosphere. Although [image: image] density decreases by an order of magnitude when transitioning from Solar Maximum to Solar Minimum, the overall density variations remain limited. As indicated in Table 2, during Solar Minimum, [image: image]n ([image: image]) slightly increases from 1.26 to 1.56 at 1,200 km altitude and from 1.58 to 1.7 at 7,000 km altitude. Similarly, [image: image]n ([image: image]) consistently remains less than two, regardless of solar activity and altitude.
Unlike [image: image] and [image: image] ions, heavy [image: image] (Figure 3C) density is highly dependent on the neutral exosphere distribution and solar activity, and their variations are non-linear and altitude-dependent. [image: image] density increases when [image: image] 2, 5, and 10[image: image]n[image: image], while it remains at similar magnitudes during [image: image] 0.1, 0.2, 0.5 and 1[image: image]n[image: image]. Most importantly, [image: image] density variations significantly increase during the Solar Minimum, even though its density generally decreases. As calculated in Table 2, increasing H density by two orders of magnitude during the Solar Maximum leads to the enhancement of [image: image] density by a factor of 5 and 7 at 1,200 and 7,000 km altitude. During the Solar Minimum, [image: image]n ([image: image]) is 6.31 at 1,200 km altitude but becomes 660 at 7,000 km altitude. These substantial variations in [image: image]n ([image: image]) suggest that the hydrogen exosphere plays a more significant role in controlling [image: image] density during the Solar Minimum as opposed to the Solar Maximum. Overall, during the Solar Maximum, [image: image] density only increases slightly [image: image] when H density increases by a factor of [image: image]. However, [image: image] density can increase by a similar factor at low altitudes and by more than two orders of magnitude at high altitudes during the Solar Minimum.
As seen in Figure 3D, [image: image] is the only species whose density could decrease as H density increases, with density variations highly dependent on altitudes and solar activity. The decrease in [image: image] abundances is primarily attributed to charge exchange interactions between [image: image] and neutral H. As neutral hydrogen density increases, [image: image] ions are predominantly lost through charge exchange reactions. Consequently, the density of [image: image] ions in the low-altitude region, where their production primarily occurs, decreases when neutral hydrogen density increases. A more in-depth explanation of the charge exchange process between [image: image] and neutral H and how this process differs from the profiles of [image: image] and [image: image] will be further discussed in Section 4. Table 2 displays that during the Solar Maximum, [image: image] density with 10[image: image]n[image: image] is only 30%–40% of the density with 0.1[image: image]n[image: image]. However, during the Solar Minimum, [image: image] density with 10[image: image]n[image: image] exceeds that with 0.1[image: image]n[image: image] by more than an order of magnitude. These differences between Solar Maximum and Minimum indicate that the mechanisms responsible for energizing [image: image] become more significant during Solar Minimum as opposed to Solar Maximum. Overall, during Solar Maximum, [image: image] density only decreases slightly [image: image] when H density increases by a factor of [image: image]. Conversely, during the Solar Minimum, [image: image] density still decreases by a similar factor [image: image] in the low-altitude region, but its abundance is enhanced by more than one order of magnitude in the high-altitude region.
3.2 Flux variations
Figure 4 shows the upflowing [image: image], [image: image], [image: image], and [image: image] fluxes, which determine the ionospheric escape rates and highlight the influence of energization on the ionospheric outflow. Similar to the behavior of [image: image] density (Figure 3A), an increase in neutral H density results in a linear enhancement of [image: image] flux (Figure 4A). Unlike [image: image] density, the [image: image] flux during the Solar Minimum surpasses that during the Solar Maximum at all altitudes. This discrepancy is attributed to the substantial increase in [image: image] production in low-altitude regions during the Solar Minimum, resulting from enhanced neutral H densities. As a consequence, the produced [image: image] ions modify the energization processes of [image: image] and consequently lead to higher [image: image] velocities during the Solar Minimum compared to the Solar Maximum. Table 2 further indicates that the differences [image: image]([image: image]) are smaller than [image: image]n ([image: image]) at all altitudes, and [image: image]([image: image]) are varied with the solar activity. Specifically, [image: image]([image: image]) are 74.13 and 67.13 during the Solar Maximum but only 57.74 and 54.95 at 1,200 and 7,000 km altitudes during the Solar Minimum. Meanwhile, [image: image] n ([image: image]) remains at 100 for all cases. These differences between [image: image]([image: image]) and [image: image]n ([image: image]) suggest that the energization mechanisms influencing [image: image] are not linearly correlated with the production mechanisms of [image: image]. On the other hand, [image: image] flux (Figure 4B) generally mirrors its density profile (Figure 3B), with [image: image] flux remaining at similar magnitudes as the neutral H density. The differences [image: image]n ([image: image]) and [image: image]([image: image]) in Table 2 all range between 1 and 2, even as neutral H density increases by two orders of magnitude.
Both [image: image] and [image: image] fluxes (Figures 4C,D) exhibit fluctuations in the high altitude regions ([image: image]4,000–6,000 km), particularly during the Solar Minimum with low neutral H density. These fluctuations occur when ions have insufficient energy to transition from upflow to outflow. Therefore, a portion of ion upflow becomes ion downflow, while the rest continues as ion upflow, leading to a small net flux. Similar to [image: image] density, [image: image] flux remains at a similar magnitude when [image: image] 2[image: image]n[image: image] and increases by a factor 3–5 when [image: image] 5 and 10[image: image]n[image: image]. When the solar activity shifts from the Solar Maximum to the Solar Minimum, the initial altitude with upflowing [image: image] flux elevates from 500 km to approximately 1,000 km. This difference in upflowing altitude suggests that [image: image] obtains less energy during the Solar Minimum than during the Solar Maximum, resulting in the [image: image] upflow population occurring at a higher altitude during the Solar Minimum. Unlike [image: image] and [image: image] fluxes, [image: image] flux is varied larger during the Solar Minimum than the Solar Maximum. Table 2 indicates that [image: image]([image: image]) with [image: image] 10[image: image]n[image: image] at 7,000 km altitude is more than 3 orders of magnitude larger than [image: image]([image: image]) with [image: image] 0.1[image: image]n[image: image]. This significant difference in [image: image]([image: image]) may result from the circumstances of flux fluctuation mentioned above, attributed to the low energy possessed by [image: image] during the Solar Minimum. Nevertheless, the substantial value of [image: image]([image: image]) suggests that neutral hydrogen plays a more significant role in controlling [image: image] outflow, particularly during the Solar Minimum.
The unique feature of Figure 3D, which [image: image] stands out as the only species whose density decreases with increasing neutral H density, does not appear in [image: image] flux of Figure 4D. Below 3,000 km altitude, [image: image] flux consistently increases with increasing neutral H density. Above 3,000 km altitude, [image: image] flux with [image: image] 10[image: image]n[image: image] are the largest value among all the cases during the Solar Minimum but the smallest value during the Solar Maximum. [image: image]([image: image]) in Table 2 are 4.37 and 2.68 at 1,200 km altitude and 0.58 and 104 at 7,000 km altitude. This indicates that upflowing [image: image] flux increases with neutral H density, but the outflowing [image: image] flux does not. Interestingly, [image: image] flux variations in response to dynamic hydrogen exosphere align with the concept of “fast” molecular ion outflow, which refers to the phenomenon that only molecular ions with significant velocities can escape from the ionosphere due to the rapid recombination of molecular [image: image], [image: image], and [image: image] ions with electrons (Seki et al., 2019). The resemblance between [image: image] flux and molecular ion outflow emphasizes the significance of the energization mechanisms of [image: image], particularly during the Solar Maximum.
When comparing the abundances of all ion species with different cases of neutral H density, it is noteworthy to point out that [image: image] density and flux can surpass [image: image]. While [image: image] remains the dominant species in the low-altitude regions, it experiences significant loss at higher altitudes as neutral hydrogen density increases. Therefore, while [image: image] dominates the high-altitude regions, [image: image] emerges as the second most abundant species with 5 and 10[image: image]n[image: image] during the Solar Maximum, and 2, 5, and 10[image: image]n[image: image] during the Solar Minimum. Furthermore, the variations in [image: image] flux and density between the Solar Maximum and Minimum with similar neutral hydrogen density are less pronounced compared to those of [image: image], suggesting that the density and flux ratios of [image: image]/[image: image] are larger during the Solar Minimum than the Solar Maximum.
4 DISCUSSION
Section 3 demonstrates the sensitivity of ion densities and fluxes in response to neutral hydrogen densities. Specifically, the outflowing fluxes of heavy [image: image] and [image: image] are varied by one to two orders in the high-altitude regions when neutral H density increases by 2 orders of magnitude. This section investigates the production and energization schemes of each ion species to explain the ions’ density and flux variations. Two cases are compared in detail: (1) 1[image: image]n[image: image] vs. 2[image: image]n[image: image] during the Solar Minimum. This comparison aims to understand the impact of the uncertainty of the exospheric density (factor of 2) in the polar wind at present Earth conditions. (2) 0.1[image: image]n[image: image] vs. 10[image: image]n[image: image] during the Solar Maximum. Even though the neutral hydrogen densities in these two cases rarely happen, this comparison could estimate the composition of ionospheric outflow during hydrogen-poor and hydrogen-rich atmospheres. The latter is a typical case of early Earth conditions.
4.1 The response of polar wind dynamics to reported uncertainty in MSIS exosphere
Figure 5 shows the ion density and temperature of [image: image], [image: image], [image: image] and [image: image] when neutral hydrogen density equals 1[image: image]n[image: image] and 2[image: image]n[image: image] during the Solar Minimum (run 11 and 12 of PWOM simulations highlighted in Table 1). When the exosphere density increases by a factor of 2, [image: image] density and temperature exhibit enhancements. Meanwhile, [image: image] temperature increases across all altitudes, with a slight decrease in density at lower altitudes and an increase at higher altitudes. [image: image] density also increases from 1[image: image]n[image: image] to 2[image: image]n[image: image]; however, its temperature decreases above 4,000 km altitude. Notably, [image: image] has a larger density and higher temperature than [image: image] ions in the high-altitude region.
[image: Figure 5]FIGURE 5 | Ion density (A) and temperature (B) for [image: image] (light green line), [image: image] (dark green line), [image: image] (orange line), [image: image] (blue line) ions and electrons (black line), and values of ambipolar electric field (C) from PWOM simulations when [image: image] = 1[image: image]n[image: image] (solid line, run 11 in Table 1) and 2[image: image]n[image: image] (dashed line, run 12 in Table 1) during Solar Minimum condition.
Figure 6A investigates the production and loss through ionospheric chemistry. When the neutral hydrogen density is doubled, the production rate of [image: image] also doubles, while the production rates of other ions remain relatively unchanged. In contrast, the loss rates of [image: image] and [image: image] increase by a factor of 1.5–3. The production of [image: image] and the loss of [image: image] are credited to the charge exchange between [image: image] and neutral H, which is one of the dominant chemical reactions in the ionosphere. Similarly, the loss of [image: image] is also attributed to charge exchange between [image: image] and neutral H. Furthermore, this study also highlights the importance of photoionization of [image: image] in the supply of cold [image: image] in the magnetosphere (Borovsky et al., 2022). As shown in Figure 6, the divergence of [image: image] production (light green o- and Y- lines) and [image: image] loss (blue solid and dashed lines) profiles in the high-altitude regions (beyond 2,000 km altitude) suggests that the photoionization of [image: image] is effective to produce [image: image] at the collisionless region. Overall, this production/loss profile shows that increasing the neutral hydrogen density from 1[image: image]n[image: image] to 2[image: image]n[image: image] leads to (a) an increase in [image: image] density due to an increased production rate, and (b) an increase in the loss rates of [image: image] and [image: image]. However, the latter fact contradicts Figure 5A, which shows that [image: image] and [image: image] densities actually increase with neutral hydrogen densities. This inconsistency between density and production/loss profiles suggests that the energization of [image: image] and [image: image] may also be influenced by the hydrogen exosphere.
[image: Figure 6]FIGURE 6 | Vertical profile showing (A) the production and loss rates, (B) source of energy via ambipolar electric field, and (C) source of energy via frictional heating for [image: image] (light green), [image: image] (dark green), [image: image] (orange), [image: image] (blue) ions and electrons (black line) from PWOM simulations at altitudes between 500–4,000 km when [image: image] = 1[image: image]n[image: image] (run 11 in Table 1) and 2[image: image]n[image: image] (run 12 in Table 1).
In Section 2, we discussed the various energization mechanisms included in PWOM. Among these mechanisms, ambipolar electric fields and frictional heating are identified as the most critical mechanisms driving ion energization above 500 km altitude during geomagnetically quiet times. Figure 6B and c depict the energization of ions due to ambipolar electric fields and frictional heating within the altitude range of 500–4,000 km. When the neutral H density is doubled, both heavy [image: image] and [image: image] experience increased energization through ambipolar electric fields and frictional heating. Specifically, the energy obtained by [image: image] from both mechanisms increases by more than one order of magnitude, while [image: image] only experiences a 1.five to three fold increase. This disparity in energization response between [image: image] and [image: image] based on neutral hydrogen density can be attributed to their relative abundances in the ionosphere. As the abundance of [image: image] is consistently higher than [image: image] in the low-altitude regions, [image: image] is more likely to lose energy through frictional heating with other species than [image: image]. Overall, the dissimilarity in the energization mechanisms of [image: image] and [image: image] suggests that [image: image]/[image: image] density and flux ratios can be altered by variations of neutral hydrogen exosphere.
Changes in the neutral hydrogen exosphere also impact ion energization through the ambipolar electric field. When the neutral hydrogen density doubles, the production rate and density of [image: image] also double. This leads to an increase in electron density, which corresponds to the total ion density, by a factor of 2, as shown by the black lines in Figure 5A. To maintain total energy conservation, the increase in ion temperatures, as depicted in Figure 5B, implies a decrease in electron temperature, which is evident from the black lines in Figure 5. Additionally, the decrease in electron temperature causes a reduction in the ambipolar electric field, leading to a decrease of approximately 10%–20%, as illustrated in Figure 5C.
The production/loss profile depicted in Figure 6A suggests that ion losses, directly influenced by the neutral H exosphere, exert a more significant influence on controlling density variations than ion productions during Solar Minimum. In other words, during the Solar Maximum, when ion production rates through photoionization are larger, the ion losses through charge exchange with neutral H become less important. Thus, the density variations of ion densities and fluxes are smaller compared to those during the Solar Minimum, as illustrated in Figures 3, 4.
The findings of this comparison are consistent with prior research on low-latitude ionospheric outflow, which proposed a correlation between [image: image] and neutral H densities due to rapid charge exchange between [image: image] and neutral H (Krall et al., 2018). However, this study highlights that density variations in response to neutral H density during Solar Maximum are smaller than those during Solar Minimum, in contrast to the findings of Krall et al. (2018). This disparity suggests that the underlying production and energization mechanisms of low- and high-latitude ionospheric outflow may exhibit different responses to neutral H density. Two potential explanations for this disparity are: (a) the ambipolar electric field in high-latitude ionospheric outflow may efficiently energize more ions during Solar Maximum compared to Solar Minimum, and (b) the significant presence of heavy ions in the high-latitude ionospheric outflow could enhance outflow populations by modifying the collisional schemes in the ionosphere (Lin et al., 2020).
4.2 The response of polar wind dynamics to hydrogen-poor and hydrogen-rich atmospheres
Based on the evolution history of Earth’s atmosphere, high hydrogen concentration is known to create favorable environments for a habitable planet because it can provide greenhouse warming against the early Sun and allow molecules suitable for the origin of life to form (Urey, 1952; Tian et al., 2005). Unlike rocky planets in our solar system, the atmospheric compositions of Earth-like planets are largely unknown. Some planets may retain a hydrogen-rich atmosphere, while others experience fast H escape and become a hydrogen-poor atmosphere (Miller-Ricci et al., 2008). However, the knowledge of how the neutral hydrogen density facilitates the atmospheric escape from Earth-like planets remains unknown. Comparison of 0.1[image: image]n[image: image] vs. 10[image: image]n[image: image] provides a means to estimate the atmospheric loss rate with hydrogen-rich and hydrogen-poor atmosphere. In these simulations, the neutral compositions of present Earth’s atmosphere during the Solar Maximum have remained the same, but the neutral hydrogen density, which is a minor composition of the neutral atmosphere in the ionosphere, is defined as 0.1[image: image]n[image: image] and 10[image: image]n[image: image] to represent a hydrogen-poor and hydrogen-rich atmosphere, respectively. Although the neutral compositions of Earth and other exoplanets during the early phase of atmospheric evolution may not be the same as the present Earth’s neutral composition, the comparison of these simulations only helps assess the potential role of neutral hydrogen plays in the ionospheric escape.
Changes in the ion and electron solutions, as well as the production and energization mechanisms, align with the trends presented in Section 4.1, but with significant differences in orders of magnitude. As depicted in Figure 7A, a two-order-of-magnitude increase in neutral hydrogen densities results in a 2-order-of-magnitude increase in [image: image] density, a 2-fold increase in [image: image] density, and an order-of-magnitude increase in [image: image] density. In contrast, [image: image] density decreases by a factor of 2. Additionally, Figure 7B illustrates that at an altitude of 8,000 km, the temperatures of [image: image] and [image: image] increase from 1,800 K to 2,100 K and from 2,300 K to 2,900 K, respectively, while [image: image] temperature increases by approximately 40%, from nearly 2,000 K to 2,700 K. [image: image] temperatures experience a slight decrease of up to 100 K, while [image: image] temperatures drop from 3,700 K to 3,100 K, a decrease of approximately 20%. Figure 7C further shows that the ambipolar electric field is reduced by 10%–50% due to the overall increase of ion energization, as explained in Section 4.1.
[image: Figure 7]FIGURE 7 | Ion density (A) and temperature (B) for [image: image] (light green line), [image: image] (dark green line), [image: image] (orange line), [image: image] (blue line) ions and electrons (black line), and values of ambipolar electric field (C) from PWOM simulations when [image: image] = 0.1[image: image]n[image: image] (solid line, run 1 in Table 1) and 10[image: image]n[image: image] (dashed line, run 7 in Table 1) during Solar Minimum condition.
When neutral hydrogen densities increase by two orders of magnitude, we observe an enhancement of [image: image] density and a deduction in [image: image] density, which are both attributed to the production and loss mechanisms of ionosphere chemistry. As demonstrated in Figure 8A, the increase in neutral hydrogen densities results in a proportionate increase in [image: image] loss rates, along with a rise in [image: image] production rates by two orders of magnitude. This outcome is a result of the rapid charge exchange between [image: image] and neutral H, as discussed in Section 2 and 4.1. Additionally, although [image: image] production rates also escalate due to the charge exchange between [image: image] and neutral O, their magnitudes are significantly lower than [image: image] loss rates. This rapid charge exchange of [image: image] with neutral H has an impact on the energization schemes of [image: image], as depicted in Figures 8B,C. When neutral hydrogen density equals 0.1[image: image]n[image: image], [image: image] ions gain energy through frictional heating from [image: image] and electrons, which possess higher temperatures, and ambipolar electric field up to an altitude of 2,500 km. Above this altitude, [image: image] begins to lose energy through frictional heating but still gains energy through the ambipolar electric field. Conversely, when neutral hydrogen density increases to 10[image: image]n[image: image], the frequent charge exchange between [image: image] and neutral H causes rapid energy loss of [image: image] ions, resulting in a negative energy source for [image: image]. Once reaching the high-altitude region (approximately 2,500 km altitude), [image: image] begins to gain energy from other species through frictional heating.
[image: Figure 8]FIGURE 8 | Vertical profile showing (A) the production and loss rates, (B) source of energy via ambipolar electric field, and (C) source of energy via frictional heating for [image: image] (light green), [image: image] (dark green), [image: image] (orange), [image: image] (blue) ions, and electrons (black line) from PWOM simulations at altitudes between 200–4,000 km when [image: image] = 0.1[image: image]n[image: image] (run 1 in Table 1) and 10[image: image]n[image: image] (run 7 in Table 1). The light blue colors represent when [image: image] ions lose energy through frictional heating.
[image: image] ion density exhibits an increase of up to one order of magnitude when neutral hydrogen density transitions from 0.1[image: image]n[image: image] to 10[image: image]n[image: image], whereas [image: image] density decreases by a factor of 2. The contrasting trends in the density profiles of [image: image] and [image: image] ions result in [image: image] density surpassing [image: image] density in the high-altitude region, despite [image: image] abundance being over one order of magnitude smaller than [image: image] at lower altitudes. Analysis of Figures 8A,B, and c reveals that the augmented neutral hydrogen densities result in a one to three orders of magnitude increase in [image: image] loss rates, but the energization of [image: image] via ambipolar electric field and frictional heating intensifies by a factor of 5–10 at all altitudes. Consequently, [image: image] ions are energized at a faster rate than [image: image], leading to larger temperature variations in [image: image], as indicated in Figure 7B, and become the dominant heavy ion species.
In conclusion, neutral hydrogen density determines the ionospheric outflow composition. In a hydrogen-poor atmosphere, the ion outflow is dominated by [image: image], whereas in a hydrogen-rich atmosphere, [image: image] and [image: image] become dominant. Moreover, the increase in electron density, which represents the total ion density, in the hydrogen-rich exosphere suggests that the transition altitude between the collision and collisionless regions extends to higher altitudes. The PWOM utilized in this study is capable of capturing this feature, as the [image: image] density with 10[image: image]n[image: image] remains comparably significant up to an altitude of 1,000 km. This suggests that [image: image] plays a pivotal role in a hydrogen-rich atmosphere, and its significant presence in the atmospheric escape may help assess the habitability of exoplanets, as nitrogen is an essential element to form the life and stabilize the liquid water on a planet’s surface (Schwieterman et al., 2015; Johnstone et al., 2018; Kislyakova et al., 2020). Additionally, [image: image] and [image: image] ions exhibit distinct pathways of energization under varying neutral hydrogen densities. While the energization of [image: image] ions is closely associated with the charge exchange with neutral H, [image: image] ions are more prone to acquiring energy from both ambipolar electric field and ion-neutral-electron collisions, facilitating their escape from the ionosphere.
5 CONCLUSION
The terrestrial exosphere, mainly comprised of atomic H, interacts with all plasma populations in the near-Earth region. Due to the lack of space-based missions oriented specifically to measuring the global hydrogen density distributions, comprehensive validation of physics-based or empirical models such as MSIS with actual data is still missing. This study aims to evaluate the role of the terrestrial exosphere on the polar wind ion dynamics and perform sensitivity analysis by testing several cases of enhanced and depleted exospheric H. Based on the PWOM simulations, the impact of exosphere density on the polar wind has been evaluated quantitatively, and its role in altering the production and energization mechanisms of polar wind ions has been examined. When multiplying neutral hydrogen density by a factor of [image: image],
1. [image: image] density and flux both increase by a factor of [image: image], with production and loss rates increasing by [image: image]. Furthermore, [image: image] acquires [image: image] more energy from both frictional heating and the ambipolar electric field.
2. [image: image] density and flux remain at a comparable magnitude, indicating no significant changes in the production and energization scheme of [image: image].
3. [image: image] density and flux increase by a factor of [image: image] (where [image: image]) below 1,000 km altitude and by [image: image] (where [image: image]) above. While the [image: image] production rate remains relatively constant, the loss rate increases by [image: image] to [image: image]. Additionally, [image: image] obtains enhanced energy via the ambipolar electric field and frictional heating by [image: image] to [image: image] at all altitudes.
4. [image: image] density decreases by a factor of [image: image] (where [image: image]) and [image: image] flux increases by a factor of [image: image] below 4,000 km altitude. Above 4,000 km altitude, both density and flux increase by a factor of [image: image] (where [image: image]). Although the [image: image] production rate remains fairly consistent, the loss rate increases by [image: image]. Furthermore, the energy obtained by [image: image] through the ambipolar electric field decreases/increases by a factor of [image: image] in low-/high-altitude regions, while [image: image] gains/loses energy through frictional heating based on their abundances and temperatures.
5. [image: image] density, representing the total ion density, increases more than a factor of [image: image]. As ions are primarily energized with increasing exosphere density, [image: image] temperature and the value of ambipolar electric field decrease to uphold energy conservation.
This study provides a picture that the abundances of ionospheric outflow are not linearly correlated with neutral hydrogen density. While [image: image] ions demonstrate a linear increase in abundance, variations in [image: image] and [image: image] densities and fluxes are mostly non-linear and are influenced by solar activity. Furthermore, increasing the H exosphere density leads to rapid charge exchange between [image: image] and neutral H, but not for charge exchange between [image: image] and neutral H. Therefore, [image: image] abundance impedes [image: image] when neutral hydrogen densities are greater than 5[image: image]n[image: image] during the Solar Maximum and 2[image: image]n[image: image] during the Solar Minimum, indicating that [image: image] plays a more significant role in the ionospheric outflow with the dynamic hydrogen exosphere. It is important to point out that the ionospheric [image: image] and [image: image] profiles presented in this study do not consider the impact of collisions between neutral O and [image: image], which was advised as another limiting factor of their outflowing fluxes. Nevertheless, the [image: image] outflow rate is mainly controlled by the neutral H density in the topside ionosphere and is unaffected by neutral O and [image: image] collisions (Krall and Huba, 2019). Most importantly, the discrepancy between outflowing [image: image] and [image: image] solutions shown in this study highlights the need to measure [image: image] and [image: image] in Earth’s magnetosphere-ionosphere system, as their different behaviors are known to provide a better understanding of the production and energization mechanisms of heavy particles in response to geomagnetic storm activities (Ilie and Liemohn, 2016; Liu et al., 2022; Ilie et al., 2023; Krall et al., 2023). For example, [image: image]/[image: image] ratios are sensitive to the neutral atmosphere composition, including neutral O/[image: image] density ratios and neutral hydrogen density, leading to the fact that [image: image]/[image: image] ratios are varied by the solar activities, seasons, and geomagnetic storm activities (Lin et al., 2020; Albarran et al., 2024).
In the upcoming years, NASA Carruthers Geocorona Observatory will routinely image the terrestrial exosphere in Lyman-Alpha from the Sun-Earth Lagrange point L1 (Waldrop et al., 2023). This mission aims to provide global exospheric H densities from the ground up to 35 [image: image] during solar maximum and medium conditions. This work built the foundations of ion-neutral coupling studies in the ionospheric outflow and will be further improved when global data-based H density becomes available. It is important to note that this study only scales the neutral H profile from MSIS by a fixed factor and does not account for its altitude-dependent distribution. However, the simulation results suggest a strong correlation between ionospheric outflow and the neutral exospheric H atoms. It further advises that ion-neutral reactions, which play an important role in regulating the plasma dynamics in Earth’s magnetosphere and ionosphere, require accurate knowledge of the hydrogen exosphere. Future directions of this work include (a) the analysis of the polar wind response to storm-time exospheric densities whose increase of up to [image: image]20% during these geomagnetically active periods have been previously reported in (Cucho-Padin and Waldrop, 2019; Zoennchen et al., 2017), (b) quantification of atmospheric escape that would include not only ion loss to space but also neutral H loss as ENAs due to charge exchange interactions, and (c) the use of realistic hydrogen densities derived from Ly-[image: image] images acquired by the Carruthers Geocorona Observatory.
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