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Auroral precipitation is the second major energy source after solar irradiation that ionizes the Earth’s upper atmosphere. Diffuse electron aurora caused by wave-particle interaction in the inner magnetosphere (L < 8) takes over 60% of total auroral energy flux, strongly contributing to the ionospheric conductance and thus to the ionosphere-thermosphere dynamics. This paper quantifies the impact of chorus waves on the diffuse aurora and the ionospheric conductance during quiet, medium, and strong geomagnetic activities, parameterized by AE <100, 100 < AE < 300, and AE > 300, respectively. Using chorus wave statistics and inner-magnetosphere plasma conditions from Timed History Events and Macroscale Interactions during Substorms (THEMIS) observations, we directly derive the energy spectrum of diffuse electron precipitation under quasi-linear theory. We then calculate the height-integrated conductance from the wave-driven aurora spectrum using the electron impact ionization model of Fang et al. (Geophys. Res. Lett., 2010, 37) and the MSIS atmosphere model. By utilizing Fang’s ionization model, the US Naval Research Laboratory Mass Spectrometer and Incoherent Scattar Radar (NRLMSISE-00) model from 2000s for the neutral atmosphere components, and the University of California, Los Angeles (UCLA) Full Diffusion Code, we improve upon the standard generalization of Maxwellian diffuse electron precipitation patterns and their resulting ionosphere conductance. Our study of global auroral precipitation and ionospheric conductance from chorus wave statistics is the first statistical model of its kind. We show that the total electron flux and conductance pattern from our results agree with those of Ovation Prime model over the pre-midnight to post-dawn sector as geomagnetic activity increases. Our study examines the relative contributions of upper band chorus (UBC) and lower band chorus wave (LBC) driven conductance in the ionosphere. We found LBC waves drove diffuse electron precipitation significantly more than UBC waves, however it is possible that THEMIS data may have underestimated the upper chorus band wave observations for magnetic latitudes below 65[image: image].
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1 INTRODUCTION
Strong Joule heating of high-latitude atmosphere can be caused by increased conductivity, affecting the global magnetosphere-ionosphere-thermosphere (MIT) coupling dynamics. Ionospheric conductivity is determined by local plasma and neutral densities, gyrofrequencies, mean molecular mass, and ion-neutral collision rate. Auroral precipitation is the second major energy source, after solar irradiation, in the Earth’s upper atmosphere. Diffuse electron aurora caused by the wave-particle interactions in the inner magnetosphere (Lyons, 1974; Ni et al., 2008) comprises over 60% of the total auroral energy flux (Newell et al., 2009; Thorne et al., 2010), strongly contributing to the ionospheric conductance and thus to the MIT coupling dynamics. The production of diffuse aurora via electron scattering from inner magnetospheric waves is broadly accepted. Upper-band and lower-band chorus (UBC and LBC) waves are the two main contributors of diffuse electron aurora. Recent satellite missions (e.g., Cluster, Time History of Events and Macroscale Interactions During Substorms (THEMIS), Van Allen Probes) have expanded the coverage of electron cyclotron harmonic (ECH) wave, UBC, and LBC wave observations in the inner magnetosphere (Angelopoulos, 2008). These missions often improved this coverage of wave data by increasing the capture frequencies, expanding the satellite paths and duration for more inner-magnetosphere and tail region coverage, and improving the quality of the data by reducing noise levels With these missions, researchers were able to better quantify the statistical coverage of these wave types including better dayside and nightside analysis, a broader examination of how wave observations change with magnetic latitudes, and their wave characteristics (Li et al., 2009, Li et al., 2010, Li et al., 2014; Meredith et al., 2012, Meredith et al., 2020; Ni et al., 2012, Ni et al., 2014, Ni et al., 2017; Ma et al., 2020).
Ni et al. (2012) presented a case study on diffuse aurora and electron precipitation produced by ECH waves. Their study used ECH wave observations and plasma conditions from THEMIS satellite, and various magnetic field models to calculate bounce-averaged diffusion coefficients produced through quasi-linear theory. With the coefficients they calculate the precipitating electron flux and establish the expected auroral green emissions from an auroral electron transport model by Lummerzheim (1987). They cross examined their derived green line spectrum with in-situ ground-based observations from NORSTAR Multispectral Imager and Meridian Scanning Photometer in Gillam, Canada. Ni et al. (2014) produced another case study regarding the quantitative analysis of a conjunction event between THEMIS and the South Pole ASI ground-based measurements. They demonstrated that, with quasi-linear theory and similar mapping techniques, pitch angle scattering produced by dayside chorus wave could account for most of the ASI observed diffuse aurora (Ni et al., 2014). Deriving the precipitated flux from inner-magnetospheric waves and verifying their influence on diffuse aurora in a conjunction event that motivates our study and validates our techniques used in directly deriving the global precipitation and conductance maps from chorus waves.
Magnetospheric chorus waves are right-hand polarized, electromagnetic waves that propagate in the inner magnetosphere, categorized by two frequency bands, 0.1 to 0.5 times (LBC) and 0.5 to 0.8 times (UBC) the electron gyrofrequency (fce). These waves originate from outside the plasmapause near the geomagnetic equator and occur in short bursts with rising or falling tones (Lauben et al., 2002). It is believed that the cause of these waves is through the injection of anisotropic distributions of energetic electrons with energies of around 1 keV–100 keV (Li et al., 2010). The separation of LBC and UBC waves occurs at a power gap, which usually exists, at an electron cyclotron frequency of 0.5 (Teng et al., 2019). However, the exact cause of this gap is under debate. The cyclotron resonance between the Doppler-shifted frequencies of chorus waves and electron cyclotron frequencies induces pitch-angle scattering of electrons (Horne et al., 2005).
The study conducted in this paper utilizes chorus wave amplitude statistics from THEMIS, DE1, CRRES and Cluster 1, calculated and discussed by Meredith et al. (2012) and the inner magnetosphere plasma conditions observed by THEMIS satellites (probes A, D, and E) to derive the global diffuse aurora precipitation pattern caused by chorus waves using quasi-linear theory (Ma et al., 2020). Utilizing Fang’s ionization and electron transport model (Fang et al., 2010), the MSISE-00 model for the neutral atmosphere components (Picone et al., 2002), and UCLA Full Diffusion Code (Ni et al., 2008, 2011; Ma et al., 2018, 2020), this analysis quantifies the impact of chorus waves on the diffuse electron aurora and the ionospheric conductance during quiet, moderate, and strong geomagnetic activities. We then utilize the empirical model Ovation Prime (Newell et al., 2009) to compare the statistical patterns of diffuse electron aurora and ionospheric conductance with our chorus wave profiles. The remainder of this paper can be broken up into the following: Section 2 introduces the data and models used in our study, Section 3 explains our methodologies, in Section 4 we review and discuss the results of our study, and finally we summarize our findings and discuss future works in Section 5.
2 DATA AND MODEL
We use the THEMIS inner probes (THA, THD, THE) data in the magnetosphere (Angelopoulos, 2008), the NASA/OMNI data (Papitashvili et al., 2014), the MSISE-00 upper atmosphere model (Picone et al., 2002), and the Ovation Prime (Newell et al., 2009) aurora model (OP), and wave amplitude statistics provide by Meredith et al. (2012). THEMIS data is used as our main source of chorus wave plasma conditions, while OMNI data provides the necessary geomagnetic activity. MSIS data provides thermosphere conditions when calculating the height integrated conductance. The OP model is used as a comparison empirical model for auroral precipitation, mean energy, and conductance approximations.
2.1 Chorus wave statistics
Meredith et al. (2012) studied global statistics of chorus waves by utilizing various spacecraft observations. They used 17 months of satellite data from each of THA, THD and THE, 1 year of data from Double Star TC1, 3 years of data from Dynamics Explorer 1, 15 months of data from CRRES, and 10 years of data from Cluster 1. Using the frequency spectrograms of chorus wave observations from all 5 satellite missions, they established a model of chorus wave activity as a function of magnetic latitude, L*, and geomagnetic activity categorized by Auroral electrojet index (AE). L* is defined here as:
[image: image]
where [image: image] is the magnetic dipole moment of Earth, and [image: image] is the third adiabatic invariant. We used equatorial wave intensity statistics, within a range of −15[image: image] to +15[image: image] magnetic latitude, of upper and lower band chorus as a function of L* and MLT for three different levels of geomagnetic activity (AE < 100 nT, 100 < AE < 300 nT and AE > 300 nT) derived from the Meredith et al. (2012) VLF wave database. L* ranges from 1 to 10 with 0.1 resolution and MLT covers all 24 h with 1 h resolution. We utilize these wave intensity statistics for estimating chorus wave driven auroral precipitation.
2.2 Inner magnetospheric plasma conditions
The inner magnetospheric plasmas interact with chorus waves through which some electrons enter a loss cone and precipitate into the ionosphere. To model this wave-particle interaction, we need to extract the inner magnetospheric plasma conditions. We use THEMIS observations for this purpose.
The THEMIS mission (Angelopoulos, 2008) consists of five identical satellites launched into highly elliptical, nearly equatorial orbits, on 17th February 2007, with the primary goal of expanding our understanding of substorm instabilities, such as finding when and where substorms begin, how their components interact and how they power the aurora. Their secondary and tertiary goals were to examine the energetic electrons in the radiation belt and dayside interactions between the solar wind and the Earth’s magnetopause. Each satellite includes five identical sets of instruments onboard, we used data compiled from 3 of the 5: fluxgate magnetometers (FGM), search coil magnetometers (SCM), and electrostatic analyzers (ESA).
We parameterized our plasma condition data based on MLT, L*, magnetic latitude (MLAT), and the auroral electrojet index (AE). We utilized the observations from the THEMIS probes A, D, and E during 4th May 2010 –1st October 2011 for obtaining energy spectrogram of inner magnetosphere electrons during chorus wave activities. These data sets provide information on the location, plasma conditions, electric and magnetic power spectral densities and amplitude of chorus wave (LBC and/or UBC), total electron density, and magnetic fields. We separated out all observations of UBC and LBC chorus wave times using THEMIS FFF data where the amplitude is above 5 pT because of background noise level. The instrumentation on board is unable to distinguish chorus wave amplitudes below 5 pT with the interference from other devices and background noise levels. We included any wave amplitude above 10 pT and excluded waves examined in the plasmapause using the method from Li et al. (2010). In this method the plasma pause is defined as the region when the total electron density is equal to a density constant of 50 cm−3 for L* >4.4, and when the density is equal to 10 (6.6/L*)4 for L* <4.4 (Li et al., 2010; Meredith et al., 2012). Our L* values are constrained from 4 to 10; inside 4 RE and outside 10 RE chorus observations are drastically reduced.
2.3 Magnetic field model
To determine how much chorus wave induced precipitation will occur, it is necessary to have an external magnetic field model to coincide with the internal magnetic field model for tracing electron paths from our observation points to where they might precipitate. Since the calculations of our parametrizations, L* and MLT, were made using the Olson-Pfitzer quiet time model in Meredith et al. (2012), we utilized the same model for calculating the ionospheric footprints. The International Geomagnetic Reference Field (IGRF) is a standard internal magnetic field model used widely in our community to account for the time varying magnetic fields from Earth’s changing internal field (Alken et al., 2021). The field model is updated every 5 years. The field model describes the magnetic field above the Earth’s surface where it can be expressed as a scalar potential. The potential is defined as a finite series in terms of spherical harmonic coefficients that are updated based on 13 orders of expansion. A general description of the mapping can be given as follows: L* of 4 to a magnetic latitude range of [60[image: image], 63[image: image]] depending on the MLT, L* of 5 is closer to [63[image: image], 66[image: image]], L* of 6 maps to a range of [66[image: image], 69[image: image]], and L* of 7 to [69[image: image], 72[image: image]]. As we move from the dayside to nightside we see the inner magnetosphere points mapping to lower magnetic latitudes.
2.4 Thermosphere model
We utilized the NRLMSISE-00 thermosphere model to calculate ionospheric conductance. NRLMSISE-00 (Picone et al., 2002) is an extension of the Mass Spectrometer-Incoherent Scatter Radar (MSIS) model database to the exobase with the inclusion of more detailed atmosphere variables ([image: image], [image: image], [image: image], [image: image], etc.). The NRLMSISE-00 input parameters are the date, time of day, average F10.7 solar flux, daily F10.7 solar flux, altitude from 0 to 1,000 km, latitude and longitude, and daily magnetic index. The MSISE-00 output includes altitudinal profiles of temperature, densities of neutral ([image: image], [image: image], [image: image], [image: image], [image: image], [image: image]) particles, and total mass density. To calculate ionospheric conductivity, we obtain the following parameters from NRLMSISE-00: thermosphere temperature, mass density, and number density profiles to determine the ionization rate, electron density, neutral collision frequency, mean molecular mass, and the ion gyrofrequency.
2.5 Empirical auroral model
Ovation Prime (Newell et al., 2009,2010) is an empirical aurora model that utilizes 20 years of DMSP data. It provides mean energy and total energy flux of four aurora types, namely, diffuse electron aurora, diffuse proton aurora, discrete aurora, and broadband aurora, by inputting the Newell geoefficiency function:
[image: image]
where cMP is a constant, v is solar wind velocity, BT is IMF magnitude, and [image: image] is IMF clock angle (Newell et al., 2007, Newell et al., 2009, Newell et al., 2010).
Ovation prime also provides Pedersen and Hall conductance by utilizing the well-known Robinson empirical formula (Robinson et al., 1987):
[image: image]
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where [image: image] and [image: image] are height-integrated Pedersen and Hall conductance, [image: image] is mean energy, and [image: image] is total energy flux. Robinson used an empirical energy deposition function from Rees (1963) and assumed a Maxwellian fit for the estimation of precipitating electrons to ionize the upper atmosphere and calculate ionospheric conductance. Robinson’s formulas are calculated based on a range of 5 keV–54 keV which potentially underestimates the ionization impact on the upper atmosphere since diffuse auroral electrons can have an energy of a few hundred eV to 10 s of keV.
We use the Ovation Prime aurora and conductance patterns for validating our model results (Newell et al., 2009; Newell et al., 2010). To calculate statistical pattern of auroral precipitation and ionospheric conductance for three geomagnetic activity levels (i.e., AE >100 nT, 100 <AE < 300 nT, and AE > 3,000 nT), we estimate the Ovation Prime input corresponding to each AE level by using NASA/OMNI data. NASA/OMNI website provides solar wind plasma and interplanetary magnetic fields propagated from a solar wind monitor at L1 point to the Earth’s bow shock nose (King and Papitashvili, 2005) as well as geomagnetic indices like AE, Kp, and Dst. We obtained v, [image: image], and [image: image] at 1-min resolution from NASA OMNI and calculated Newell’s geoefficiency function (dΦMP/dt) throughout the same period from 4th May 2010–30th November 2011. We then organized the dΦMP/dt values into three AE categories and obtained average dΦMP/dt for each AE condition. By inputting the average dΦMP/dt values into the Ovation Prime model, we obtained global maps of mean energy, total energy flux, and Pederson/Hall conductance of diffuse aurora electrons for three AE conditions.
3 METHODOLOGY
We break down our methodology in the following sections: we derive the energy spectrum of diffuse electron aurora caused by chorus waves by using the wave amplitude statistics of Meredith et al. (2012) and the inner-magnetosphere plasma conditions under a quasi-linear theory (Ma et al., 2020) in Section 3.1. In Section 3.2 we discuss the use of Fang electron impact ionization transport model (2010) to determine the altitudinal profiles of ionization rate and electron density, and calculate altitudinal profiles for Hall and Pedersen conductance, which we integrate to find the total conductance.
3.1 Diffuse electron precipitation caused by chorus waves
We calculate the electron diffusion coefficients and energy spectrum of precipitating electrons due to chorus waves using the UCLA Full Diffusion Code (Ni et al., 2008, 2011; Ma et al., 2018, 2020). The Full Diffusion Code can quantify the pitch angle scattering and energization of particles due to resonant interaction with ECH, chorus, hiss, and EMIC waves. The theoretic framework is based on quasilinear theory. The bounce average pitch angle diffusion coefficients (Daa) at the loss cone pitch angle are used to quantify the efficiency of particle scattering from outside to inside the loss cone.
The diffusion coefficient model input includes wave amplitude, wave normal angle distribution, wave frequency spectrum, total electron density, and total magnetic field. The chorus wave amplitude dataset is from the statistical distributions by Meredith et al. (2012), categorized by different AE conditions. We use the wave frequency based on the Van Allen Probes statistics by Li et al. (2016). The wave normal angle distribution is assumed to be quasi field aligned and the wave magnetic power is proportional to [image: image], where the median [image: image], the width [image: image], and [image: image]. We obtain the total electron density and background magnetic field distributions based on the THEMIS observations from May 2010 to November 2011. The THEMIS statistical distributions are obtained as a function of L* and MLT for different AE conditions as done by Meredith et al. (2012). We only select the data when the chorus waves are observed with amplitudes higher than 5 pT, to construct the background plasma conditions when the effective electron scattering occurs.
The calculation of precipitating electron fluxes ([image: image]) requires the data of electron flux distribution just outside the loss cone ([image: image]). We use the THEMIS ESA electron flux measurements at 10 eV–20 keV energies and the lowest pitch angle with valid flux values, to represent the electron flux just outside the loss cone. The loss cone pitch angle is usually small and the precipitating flux inside the loss cone cannot be directly measured by THEMIS. Same as the procedure for density and magnetic field, the THEMIS electron flux dataset is used to obtain the statistical distributions as a function of L* and MLT for different AE conditions when chorus waves occur. After the bounce average diffusion coefficients ([image: image]) and electron fluxes just outside the loss cone are obtained, we calculate the energy spectrum of precipitating electron fluxes due to chorus using the same method as Ma et al. (2020). The precipitation ratio ([image: image]) is calculated as
[image: image]
where [image: image], [image: image] is the strong diffusion limit, [image: image] is the modified Bessel function of the first kind, and [image: image] is an integration variable. The precipitating electron flux is [image: image].
In Figure 1 we show our calculation results for a bin at MLT = 23 and L* = 6.65 for the moderate geomagnetic activity of 100 < AE < 300 nT. Figure 1A shows differential energy flux vs. energy of electrons that enter the loss cone due to the resonant scattering by chorus waves. It is notable that our spectrum is different from the Maxwellian distribution and thus more realistic than the existing auroral model like Ovation Prime that assumes Maxwellian distribution of auroral precipitation. It is important to note that our precipitating electron profile shows an almost bimodal result as compared to the regularly assumed Maxwellian precipitation profile (Robinson et al., 1987). We also calculate total energy flux (Q0) and mean energy (E0) of the precipitation electrons by using the following equations (Ma et al., 2020):
[image: image]
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[image: Figure 1]FIGURE 1 | LBC-driven electron precipitation calculated from a quasi-linear theory (A) and altitudinal profile of LBC-driven ionization rate (B) calculated from Fang’s and MSIS models at L* of 6.65, MLT of 1, and 100 < AE* <300 nT. Altitudinal profiles of Electron density (C), Pedersen conductance (D), and Hall conductance (E) at L* of 6.65, MLT of 1, and 100 < AE* <300 nT.
We then map the wave-driven auroral precipitation pattern from the inner magnetosphere to the ionosphere along closed magnetic field lines calculated from the OPQUIET model and IGRF field model, following Meredith et al., 2012 method to determine L* and MLT (Meredith et al., 2012). The result is a uniform and ideal mapping where the precipitating flux is shown to lie within 60°–70° magnetic latitude. Figure 1A shows the precipitation results at the MLT = 1 and L* = 6.65 bin under 100 < AE < 300 nT condition. This bin is mapped to an ionospheric footprint of 23-h MLT and 60[image: image] MLAT along a field line calculated from the OPQ and IGRF models.
3.2 Aurora precipitation and ionospheric conductance
Finally, we calculate the height-integrated conductance from the wave-driven auroral electron spectrum using an electron impact ionization model of Fang et al. (2010) and the MSIS thermosphere model. Fang’s two-part electron impact ionization model is an improvement on previous electron transport models by combining a multi-stream model (Lummerzheim et al., 1989) for low energy precipitating electrons and a two-stream electron transport model for high energy electrons (>10 keV). The authors use the varying MSIS-90 models to add functional dependency on atmospheric conditions along with the electron energy. The result is a parameterized function [image: image], dependent on the atmospheric column mass and incident-electron energy (Fang et al., 2008). We calculate the atmospheric column mass using the neutral densities, mass density, and temperature profiles from MSIS data. For the purposes of our study, we use a constant springtime equinox thermosphere condition, which profile does not change with respect to time of day or geographic location, to simplify the calculation and reduce the computation time. We found that changing the seasonal dependency of our model minimally effected our results. The equinox time also provided the balanced atmospheric conditions between any variations that were found seasonally. We use incident electron precipitation flux and electron energy for each energy channel to determine their ionization rates [image: image], which we then combine across all energy channels to determine our total ionization rate [image: image], the results of which can be seen as the altitudinal profile in Figure 1B. And the definition of [image: image] is as follows:
[image: image]
where [image: image] is the mean energy loss per ion pair production (0.0035 keV), [image: image] is the scale height, f is the energy deposition function from Fang et al. (2010), and [image: image] is the Total energy flux [[image: image]].
After we obtained the altitudinal profile of ionization rate, we calculated the altitudinal profile of electron density and ionospheric conductivities with the following equations in Robinson et al. (1987):
[image: image]
[image: image]
where n is electron density, [image: image] is recombination coefficient, [image: image] is the charge of an electron, [image: image] is the ion gyrofrequency, [image: image] is the ion collision frequency, and B is the magnetic field strength at that point. The ion-neutral collision frequency is dependent on the neutral density from MSIS, and the mass density is used to determine the mean molecular mass for calculating the ion gyrofrequency.
Figure 1C shows the electron density profile for magnetic local time 01:00, L* of 6.65, and the moderate AE level. Figures 1D, E show the altitudinal profiles for the Pedersen and Hall conductance, respectively. These profiles and integrations are computed at each magnetic local time and L* value for the varying geomagnetic activities.
4 RESULTS AND DISCUSSION
Figures 2, 3 show the LBC and UBC wave time global distributions of electron number flux near the loss cone, the precipitating electron number flux scattered into the loss cone due to wave particle interactions, and the percent ratio of the precipitated flux versus the observed flux. Each set of subfigures is parameterized by AE level, MLT values for a 1-h time binning, and L* values in increments of .1 Re binning’s from 4 to 10 Re. The subfigures A, B, and C denote the observed wave induced flux for increasing AE levels, while D, E, and F show the precipitated flux. The ratios between the precipitated flux and the observed flux are shown in G, H, and I for increasing AE levels. The color bar scales in Figures 3D–I are different from the ones in Figures 2D–I, 3A–I for better visualization of UBC impact.
[image: Figure 2]FIGURE 2 | Lower band chorus wave induced global statistics for: observed electron number flux near the loss cone [[image: image]] (A–C), Electron number flux precipitated into the loss cone due to the wave-particle interaction [[image: image]] (D–F), and the percent ratio of the precipitated flux compared to the observed flux (G–I) are shown with increasing AE levels from left to right for a given MLT of 1 h, and L* bin of.1 Re. The maximum and minimum values are given on the bottom left and right, respectively, of each subfigure.
[image: Figure 3]FIGURE 3 | Upper band chorus wave induced global statistics for: observed electron number flux near the loss cone [cm−2s−1Sr−1eV−1] (A, B, and C), Electron number flux precipitated intothe loss cone due to the wave-particle interaction[cm−2s−1Sr−1eV−1] (D, E, and F), and the percent ratio of the precipitated flux compared to the observed flux (G, H, and I) are shown with increasing AE levels from left to right for a given MLT of 1 hour, and L* bin of .1 Re. The maximum and minimum values are given on the bottom left and right, respectively, of each subfigure. 
As AE increases, we see an increase in the observed flux, the precipitated flux, and the ratio between the two fluxes. Both LBC and UBC waves scatter electrons from the lowest pitch angles to a loss cone, causing electron precipitation into the ionosphere. The ratio between loss-cone and lowest-pitch-angle electron fluxes increases from 40.59% to 62.68% for LBC waves and from 5.61% to 12.02% for UBC waves, indicating that the electron scattering is more efficient for the LBC waves. The LBC induced precipitation is strong from midnight to 6 MLT for AE < 100 nT and to a range of 21–8 MLT for AE > 300 nT. The UBC induced precipitation also shows an increase in precipitation, but the region of enhanced electron flux is less clear due to the low UBC observation data points. The average precipitated number flux induced by LBC waves is roughly 10 times greater than UBC driven flux for each AE category.
Progressively, each of the following three figures shows the same format as Figure 4. For the relative comparison between lower and upper band chorus waves, we also determined the global mappings of total electron flux, mean energy, and conductance as a combination of both wave types. To find the total chorus wave values, we sum the pitch angle scattering rates from LBC and UBC waves and recalculate the precipitation as a function of energy. Next, we use the precipitation function as previously mentioned to determine the conductance. The result provides us with a relative baseline for comparing lower and upper band chorus waves. Figures 4–6 display 12 polar plots each, ranging in MLAT from 55[image: image] to 90[image: image], and MLT from 0 to 23-h bins. The left, middle, and right columns represent different AE levels: AE < 100 nT, 100 nT < AE < 300 nT, and AE > 300 nT, respectively. The 3 AE categories, AE < 100 nT, 100 nT < AE < 300 nT, and AE > 300 nT provide sufficient data coverage on a global scale for each category, at least for the regions of major chorus wave activity (i.e., nightside-dawn-dayside sector outside the plasmapause) (Meredith et al., 2012). Because our study uses THEMIS data during only 18 months, the survey under AE > 500 nT condition will show much more limited spatial coverage than the current result under AE > 300 nT condition. The rows in first two figures display mean energy, total electron flux, Hall conductance, and Pedersen conductance from our results driven by LBC and UBC waves. Figure 4 shows the Ovation Prime empirical model results for mean energy, total electron flux, Hall conductance, and Pedersen conductance. To better interpret the Prime model results, we masked the results to only show mappings where either UBC or LBC waves exist. In the case of our mapping, by utilizing the Olson-Pfitzer Quiet model and an internal dipole model the MLAT range in which L* maps to is limited from about 55° to 75°, depending on the model used. As we reach lower L* values the corresponding magnetic latitude bindings begin to spread out beyond 0.1° increments which results in empty areas shown in grey. Overall, the observed electron precipitation from upper band chorus waves occurs less than lower band waves. This low occurrence of upper band induced precipitating electrons is partly due to the upper frequency limit (4 kHz) of THEMIS wave measurement, leading to the underestimate of UB chorus wave power at low L* (Li et al., 2009).
[image: Figure 4]FIGURE 4 | Distribution of LBC driven precipitation: mean energy [image: image] (A–C), total electron flux [[image: image]] (D–F), Hall conductance [[image: image]] (G–I), and Pedersen conductance [[image: image]] (J–L) for increasing AE levels, from left to right, over a magnetic local time binning of 24 h, with midnight located at 0 MLT. The maximum and minimum values are given on the bottom left and right, respectively, of each subfigure.
[image: Figure 5]FIGURE 5 | Distribution of UBC driven precipitation: mean energy [keV] (A–C), total electron flux [mW/m2] (D–F), Hall conductance [S] (G–I), and Pedersen conductance [S] (J–L) in the same format as Figure 4.
[image: Figure 6]FIGURE 6 | Distribution of precipitation from Ovation Prime model: mean energy [keV] (A–C), total electron flux [mW/m2] (D–F), Hall conductance [S] (G–I), and Pedersen conductance [S] (J–L) with the same format as Figures 4, 5.
Panels A, B, and C in Figures 4–6 show the global distribution of mean energy for LBC, UBC, and Ovation Prime’s estimate in units of keV. The LBC and UBC data show no significant increase in mean energy associated with increasing AE index. This is likely due to the similarity of resonance energy of chorus waves for all three AE levels, as well as the fact that we only consider the electrons at energies below 20 keV. For a fixed wave frequency, the resonance energy depends on the total electron density and magnetic field strength, which mean values show relatively weak variations for the three AE levels. Ovation Prime estimates a mean energy increase in the range of 01–05 up to 22–07 MLT for increasing AE index, with active times resulting in a high of 10 keV and an average of 3.7 keV. The LBC and UBC average results are roughly 3 times that of Ovation Prime’s mean energy. This is possibly because we only select the data when chorus waves are observed, and the chorus occurrence rate is roughly 30% (Li et al., 2011), which we will investigate in more detail during future studies.
Panels d, e, and f show a noticeable change in total electron flux with increasing AE levels in LBC observations and Ovation Prime estimates, with LBC average values increasing from 0.35 to 3.28 mW/m2. Compared to the 2-h case study by Ni et al. (2014), we see agreeable values in our average total precipitation flux and mean energy. As the geomagnetic activity increases the precipitating flux during LBC wave times increases with maximum reaching 12.2 [image: image] and averaging 3.28 [image: image] for high activity times over the entire global mapping. There is a subtle increase from 0.03 to 0.37 mW/m2 in electron energy flux for UBC as well, but it is less noticeable than LBC wave times. The average LBC electron energy flux is roughly 3 times higher than the Ovation Prime estimate for medium and high activity times, with their respective average values being 1.28 and 3.28 [image: image] for LBC medium and high activity, and 0.56 and 0.95 [image: image] from the Ovation Prime model.
Both Figures 4, 5 display Pedersen (panels J,K,L) and Hall (panels G,H,I) conductance mappings with an increase in intensity within the ranges of 01–05 MLT up to 22–07 MLT as geomagnetic activity increases, with high AE levels displaying an average of 5.58 S and 14.55 S, respectively. These results suggest that Hall conductance responds stronger to chorus wave driven electron precipitation than Pedersen conductance. The average Hall conductance contribution in the ionosphere for active times differs by almost 2.5 times the Pedersen conductance. The maximum values of [image: image] and [image: image] agree with expected results from Robinson et al. (1987), where the authors examined the Pedersen and Hall conductance for a Maxwellian distribution. Compared to the Ovation Prime model, the average LBC derived Pedersen conductance shows a doubling of values for higher activity, while the average Hall conductance is nearly times the results for medium and high activity and roughly double for lower activity.
In Figure 7 we repeat a similar parameterization, but for the comparison of UBC waves in terms of the relative contribution to each factor. Figures 7A–C compare mean energy between wave types as a ratio of UBC mean energy vs. total conductance from both LBC and UBC in the inner magnetosphere. To calculate the total conductance, we sum the total precipitated flux from both chorus bands and recalculate their combined height integrated conductance patterns. We then map backwards from the ionosphere to the inner magnetosphere location to give a better visual representation of the data, but physically speaking there is no conductance in these regions from UBC waves. What is shown on Figures 7D–I is the amount of total Pedersen and Hall conductance that each inner magnetosphere bin contributes to the ionosphere, not their precipitated locations. In the nightside region, between 21 MLT and 4 MLT for all activity levels we see LBC waves play the dominant role in pitch angle scattering. UBC waves maintain an average of 15%–18% of the precipitating factor. However, note that UBC wave observations at low L shells are limited during increasingly active times, due to the instrument’s limitations on observing the higher frequencies of waves. We do see an increase of UBC induced precipitation in the midnight to dawn region from low activity to medium activity in our results.
[image: Figure 7]FIGURE 7 | The above figures show global mapping ratios of UBC and total chorus wave contributions for total electron flux [mW/m2] (A–C), Hall conductance [S] (D–F), and Pedersen conductance [S] (G–I) with the parameterization format as Figures 4, 5.
Figures 7D–F represent the distribution of UBC derived Pedersen conductance compared to the total conductance and panels G, H, and I represent the distribution of UBC derived Hall conductance. Here it can be seen that UBC contributes a non-negligible amount, when averaged the resulting appreciation of the upper band waves are 40% of Pedersen and Hall conductance. Again, an increase from low activity to medium activity shows UBC contribution increases from midnight to the dawn region.
When we look at only wave time observations, we limit what we can learn about how much the chorus wave driven conductance affects the ionosphere-thermosphere system. If we do not know the rate at which these driving factors occur, we will not understand what the ionospheric exposure is. Calculating the occurrence also reduces the discrepancy our data has with the Ovation Prime model. We calculated the occurrence rate using the number of observations of chorus waves in each binning versus the number of sample data recorded in the same location. Figure 8 shows the occurrence rate of LBC waves mapped to the ionosphere. When mapping our occurrence rates to the ionosphere we only examined the locations where LBC waves were found to precipitate in. We did not include an evaluation of the UBC occurrence rates in this study because the UBC wave powers are underestimated due to the upper frequency limit of the instrument. Excluding the UBC occurrence rates would lead to potentially overestimating in the global model if we were to generate the total conductance values from both bands. However, including the UBC rates would potentially cause underestimations in our results with respect to the OP model. In future work we will examine the occurrence rates for both chorus wave bands using a longer period with more chorus wave observations. The global mappings for the inner magnetosphere show higher occurrence of LBC waves in the dayside region (6–18 MLT) and shifting towards dawn sector as AE level increases. The dayside to nightside shift in occurrence rate is consistent with the THEMIS data statistics during 2007–2009 shown in Li et al. (2009). Because chorus wave instability relies on the presence of electron flux with anisotropy, which it can resonate with, and dayside region has a natural enhancement of electron flux anisotropy, we see the wave activity occurrence favors the 6 to 18 MLT (dayside) region for lower activity (West et al., 1973; Li et al., 2009). There have been reports that as geomagnetic activity increases the injection of anisotropic electron flux in the plasma sheet region increases towards the night-to-dawn sector, contributing to more efficient nightside chorus wave excitation (Li et al., 2008, Li et al., 2009)
[image: Figure 8]FIGURE 8 | Global plots of LBC occurrence rate, or number of lower band chorus wave samples (OBS) per number of sampling points (passes), for lower band chorus wave at each AE level (A–C) showing a predominant occurrence on the dayside. Following the same parameterizations as Figures 4–7.
Diffuse aurora derived from the chorus wave activity show higher mean energy and stronger energy flux than the Ovation Prime diffuse aurora, which results in stronger Pedersen and Hall conductance than the OP model predicts. There are two possible causes for this discrepancy. First, our study considers only the times when chorus waves are active, whereas OP is an all-time average. If we include observations when waves are not present, the overall impact of chorus wave on diffuse aurora will be reduced. This is done by calculating the occurrence rates, which, when included in our calculations, produces a stronger correlation between the OP model and our results. Second, the Ovation Prime may underestimate the diffuse aurora through its averaging of 2 decades of DMSP data. The OP model is based on the work done in Newell et al. (2009). The authors define diffuse aurora as any energy spectrum of electron precipitation that is not monoenergetic or broadband auroras. The monoenergetic aurora is caused by accelerated electrons with a narrow range of energies, and broadband aurora is generated from a wide range of energies (Newell et al., 2009). Their diffuse aurora dataset includes aurora time periods and observations that are not induced by chorus waves and potentially include weaker diffuse aurora overall, decreasing the represented strength of diffuse aurora in their model.
The comparison between UBC and LBC waves showed that LBC waves contributed up to 85% to precipitating flux, and up to 91% to Pedersen and Hall conductance. However, THEMIS has an instrumental limitation on the wave frequency, which may underestimate the UBC wave impact in our analysis. The frequency limit, due to data sampling cadence, of the SCM instrument onboard THEMIS mission (which is used to observe the wave power spectral densities) is 4 kHz. In a dipole magnetosphere, at L shells of within 6, electron gyrofrequency is beyond 4 kHz. Therefore, above L = 6 the [image: image] is lower and the relative frequency bands for chorus waves are lower and well observed by the probes. It is also notable that within L < 5, 0.5 [image: image] exceeds 4 kHz, so THEMIS is barely recording UBC power in this region that corresponds to lower latitudes (Auslander et al., 2008; Li et al., 2008). This will result in underestimations of the precipitation in this region, especially on the dawnside for 4 < L < 5, where the UBC peaks during active conditions (Meredith et al., 2020). The upper band chorus wave power tends to be restricted to the frequency range 0.5–0.8 [image: image]. This would bring the inner limit of good, representative, measurements of the intensities of the UBC inwards somewhat, to around a dipole L of 5.5, mapping to a magnetic latitude of around 65°. Another factor in our depreciated UBC precipitated flux is the overall amplitudes. If the wave amplitude is not strong enough, the diffusion code will produce too small of energy flux of precipitated electrons and the global coverage of modeled electron precipitation may become limited. This may lead to more gaps in our UBC data set than the inner-magnetosphere observations would suggest (Meredith et al., 2012; Ma et al., 2020).
5 SUMMARY AND FUTURE WORK
Diffuse aurora driven by inner magnetospheric waves is a strong contributor to height integrated ionospheric conductance. Using quasi-linear theory and Fang’s ionization model [2010] we derived diffuse aurora precipitation and ionospheric conductance directly from upper and lower band chorus waves. From our derivations, we demonstrate the significance of lower band chorus wave influence on electron precipitation and ionospheric conductance. We found chorus waves produce strong auroral precipitation and ionospheric conductance patterns from pre-midnight to dawn sector with increasing geomagnetic activity. We found our analysis may potentially underestimate the UBC wave influence. One reason the UBC waves might not be fully represented is due to THEMIS instrumental limitation which conflicts with observing UBC waves frequencies. Despite our low number of precipitations observations, we see upper band chorus waves can produce Pedersen/Hall conductance by upwards of 40% in some locations. When making comparisons with Ovation Prime model, we considered the occurrence rate of observations to better understand the significance of our findings compared to the empirical model. In doing so we found a significant improvement in the relation between our data and results of the comparative empirical model, reducing the overall amplitudes by several times in some cases. Our study showed that LBC waves are responsible for much of the total Hall and Pedersen conductance found in the ionosphere due to chorus waves. The dynamics shown in our data sets between chorus wave induced pitch angle scattering and increasing geomagnetic activity are all within reasonable ranges as shown in other studies (Li et al., 2008, Li et al., 2009; Ni et al., 2008, Ni et al., 2012; Meredith et al., 2012; Ma et al., 2020). The resulting conductance patterns also had magnitudes considered to be within normal ranges and were derived using well established physical models and derived definitions (Fang et al., 2008, 2010; Robinson et al., 1987). Future studies will be conducted with a larger dataset and consider a more data sources to improve the UBC observations. We will extend our methodology to ECH waves and include a comparison of their influence on precipitating electrons to that of chorus-induced precipitation.
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