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Abstract

In this study, a new high-latitude empirical model is introduced, named for Auroral energy Spectrum and High-Latitude Electric
field variabilitY (ASHLEY). This model aims to improve specifications of soft electron precipitations and electric field variability
that are not well represented in existing high-latitude empirical models. ASHLEY consists of three components, ASHLEY-A,
ASHLEY-E and ASHLEY-Evar, which are developed based on the electron precipitation and bulk ion drift measurements
from the Defense Meteorological Satellite Program (DMSP) satellites during the most recent solar cycle. On the one hand,
unlike most existing high-latitude electron precipitation models, which have assumptions about the energy spectrum of incident
electrons, the electron precipitation component of ASHLEY, ASHLEY-A, provides the differential energy fluxes in the 19 DMSP
energy channels under different geophysical conditions without making any assumptions about the energy spectrum. It has
been found that the relaxation of spectral assumptions significantly improves soft electron precipitation specifications with
respect to a Maxwellian spectrum (up to several orders of magnitude). On the other hand, ASHLEY provides consistent mean
electric field and electric field variability under different geophysical conditions by ASHLEY-E and ASHLEY-Evar components,
respectively. This is different from most existing electric field models which only focus on the large-scale mean electric field and
ignore the electric field variability. Furthermore, the consistency between the electric field and electron precipitation is better
taken into account in ASHLEY.
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Key points:
e ASHLEY better considers the consistency between the electric field and electron
precipitation than existing models.
e ASHLEY better incorporates IMF By polarity impacts on the electron precipitation and
improves soft electron precipitation specifications.

e ASHLEY provides consistent mean electric field and electric field variability.
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Abstract:

In this study, a new high-latitude empirical model is introduced, named for Auroral energy
Spectrum and High-Latitude Electric field variabilitY (ASHLEY). This model aims to improve
specifications of soft electron precipitations and electric field variability that are not well
represented in existing high-latitude empirical models. ASHLEY consists of three components,
ASHLEY-A, ASHLEY-E and ASHLEY-Evar, which are developed based on the electron
precipitation and bulk ion drift measurements from the Defense Meteorological Satellite
Program (DMSP) satellites during the most recent solar cycle. On the one hand, unlike most
existing high-latitude electron precipitation models, which have assumptions about the energy
spectrum of incident electrons, the electron precipitation component of ASHLEY, ASHLEY-A,
provides the differential energy fluxes in the 19 DMSP energy channels under different
geophysical conditions without making any assumptions about the energy spectrum. It has been
found that the relaxation of spectral assumptions significantly improves soft electron
precipitation specifications with respect to a Maxwellian spectrum (up to several orders of
magnitude). On the other hand, ASHLEY provides consistent mean electric field and electric
field variability under different geophysical conditions by ASHLEY-E and ASHLEY-Evar
components, respectively. This is different from most existing electric field models which only
focus on the large-scale mean electric field and ignore the electric field variability. Furthermore,
the consistency between the electric field and electron precipitation is better taken into account in

ASHLEY.
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1. Introduction

Earth’s ionosphere and thermosphere (I-T) system is closely coupled with the magnetosphere,
and the electromagnetic energy from magnetosphere is transferred into the I-T system through
field-aligned currents (FACs). The major part of electromagnetic energy is irreversibly converted
into heat through ohmic currents, and such heat is called Joule heating (Cole 1962; Thayer, 2000;
Richmond, 2020). Joule heating can significantly affect the I-T system both locally and globally
especially during geomagnetic storms. For example, the neutral temperature and density increase
due to the enhanced Joule heating during geomagnetic storms (e.g., Fuller-Rowell et al., 1994).
In addition, Joule heating can effectively change the global circulation within several hours,
which markedly alters the thermospheric compositions at different latitudes and can further
change the ionospheric electron density (e.g., Buonsanto, 1999; Prolss, 2011). Moreover, gravity
waves can be launched due to rapid variations of Joule heating and they can propagate globally,
causing large-scale traveling atmospheric disturbances and traveling ionospheric disturbances
(e.g., Luetal., 2016, 2020). A comprehensive review of Joule heating and the I-T response to
Joule heating during geomagnetic storms can be found in Richmond (2020).

General circulation models (GCMs) of the I-T system are widely used to study variations of
the I-T system particularly during geomagnetic storms, and accurate estimations of Joule heating
are critical for reproducing observed features. Joule heating in GCMs is calculated from the
electric field, conductivities associated with the solar ionization and electron precipitation
together with the neutral winds (e.g., Lu et al., 1995). However, accurate estimations of Joule
heating is still challenging to date since it is difficult to capture the dynamic variations of the
electric field, ionospheric conductivity (mostly associated with the electron precipitation) and

neutral winds (e.g., Pedatella et al., 2018; Liemohn, 2020; Billet et al., 2018). In this paper, we
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focus on the improvements of the electric field and electron precipitation in GCMs. Typically,
empirical models of electric field (e.g., Weimer, 2005; Heelis, 1982) and auroral electron
precipitation (e.g., Fuller-Rowell and Evans, 1987; Roble and Ridley, 1987; Newell et al., 2009)
are used to specify the high-latitude electric field and electron precipitation in GCMs,
respectively. Alternatively, high-latitude electric field and electron precipitation patterns derived
from data assimilation techniques, such as the Assimilative Mapping lonospheric
Electrodynamics (AMIE) procedure (Richmond and Kamide, 1988; Richmond, 1992), can be
used. However, empirical models of electric field, electron precipitation and ionospheric
conductance are still needed in those assimilative techniques as background models. The
following deficiencies of the existing empirical models for high-latitude electrodynamical
forcings may contribute to the inaccurate Joule heating estimations:

1) Empirical models are good at capturing large-scale patterns under certain geophysical
conditions, but they may not well represent the electric field and electron precipitation patterns at
a specific time. In other words, the electric field and electron precipitation variabilities are not
well captured by empirical models. It has been shown that the magnitude of the electric field
variability is comparable with the magnitude of the large-scale mean electric field, so the electric
field variability can substantially contribute to Joule heating (e.g., Codrescu et al., 1995, 2000,
2008; Emery et al., 1999; Crowley & Hackert, 2001; Matsuo et al., 2003; Matsuo and Richmond,
2008; Cosgrove and Thayer, 2006; Fuller-Rowell et al., 2000; Rodger et al., 2001; Deng et al.,
2009; Fedrizzi et al.,2012). Therefore, an electric field variability model providing the variability
not captured by the large-scale mean electric field model may be needed to improve Joule
heating estimations in GCMs. Moreover, it is worth noting that the large-scale mean electric field

and electric field variability models need to be developed consistently, otherwise the actual
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contribution of the electric field variability to Joule heating may not be well represented.
Furthermore, it is also worthwhile modeling the electric field and electron precipitation
variabilities consistently to improve Joule heating estimations in GCMs (e.g., Cosgrove and
Codrescu, 2009; Cosgrove et al., 2011; Zhu et al., 2018; Burleigh et al., 2019).

2) Even though the electric field and electron precipitation variabilities are captured, the I-T
system variations (especially in the F region) may still be imprecisely estimated. This may result
from inaccurate altitudinal ionospheric conductivity profiles so that the altitudinal Joule heating
distributions is incorrectly estimated in GCMs (Deng et al., 2008). It has been found that the
neutral density and temperature at F region altitudes are more sensitive to the Joule heating
deposited in the F-region than that deposited in lower altitudes (e.g., Deng et al., 2011; Huang et
al., 2012) especially on a short time scale (<0.5-1 day). The F-region conductivity and Joule
heating can be significantly underestimated owing to the underestimation of soft (<1 keV)
electron precipitations which are important ionization sources of the thermosphere at the F-
region altitudes (Rees, 1989). However, most existing auroral electron precipitation models
typically only provide the total energy flux together with the average energy (or total number
flux) and assume that the energy spectrum of incident electrons has a certain shape (e.g., Fuller-
Rowell and Evans, 1987; Y. Zhang and Paxton, 2008; Newell et al., 2009), which could lead to
inaccurate estimations of soft electron precipitations. For example, a Maxwellian spectrum is
typically assumed because the estimated ionospheric conductance based on such assumption
compares well with that calculated using measured ionospheric and thermospheric parameters
(e.g., Vickrey et al., 1981; Robinson et al., 1987). Nevertheless, it was found that a Maxwellian
spectrum may significantly underestimate the soft electron precipitation when comparing with

the energy spectrum from measurements, sometimes by orders of magnitude (e.g., McIntosh and
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P. Anderson, 2014; Wing et al., 2019). Although additional types of energy spectra different
from a Maxwellian spectrum have been included in recently developed electron precipitation
models (e.g., Newell et al., 2009, 2014; B. Zhang et al. 2015), soft electron precipitations may
still be underestimated owing to deficient precipitation spectral identification techniques (Wing
et al., 2019) and incomplete inclusion of soft electron precipitations from different sources
(Khazanov and Glocer, 2020). Therefore, to better specify the altitudinal distribution of Joule
heating in GCMs and improve the GCM accuracy, it is critical to develop a new electron
precipitation model that can better specify the soft electron precipitations.

In this paper, a new empirical model aimed at improving the specifications of Auroral energy
Spectrum and High-Latitude Electric field variabilitY, ASHLEY, is introduced. ASHLEY is
developed based on the electron precipitation and bulk ion drift measurements from the Defense
Meteorological Satellite Program (DMSP) satellites. ASHLEY consists of three components: 1)
an auroral electron precipitation component, ASHLEY-A, that provides the differential energy
fluxes of incident electrons in the 19 DMSP energy channels without making any assumptions
about the energy spectrum; 2) a high-latitude electric potential component, ASHLEY-E, that
specifies the large-scale mean electric field; 3) an electric field variability component, ASHLEY -
Evar, that quantifies the electric field variability not captured by ASHLEY-E. The remaining part
of this paper is organized as follows: Section 2 provides an overview of the datasets used for the
ASHLEY development and data processing procedures. The methodology used for the
development of ASHLEY is illustrated in Section 3. Section 4 provides statistical comparisons of
model to data, and Section 5 presents the outputs of ASHLEY. Section 6 discusses similarities
and differences between ASHLEY and models developed in previous studies along with the

directions for future improvements. The main conclusions are summarized in Section 7. More
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details about fitting procedures and model reconstructions discussed in Section 3 are given in the

Appendix.

2. Data preparation

2.1 DMSP measurements

2.1.1 Electron precipitation

The in-situ auroral electron precipitation measurements from the DMSP F16-F18 satellites
during 2010-2015 are used in this study. All three satellites flew in circular Sun-synchronous
orbits at an altitude of ~840 km with an inclination of ~98.8°. The measurements were taken by
the onboard Special Sensor for Precipitating Particles, version 5 (SSJ/5), which measures
incident electrons and ions from 30 eV and 30 keV every second using 19 logarithmically-spaced
energy channels (Hardy et al., 2008; Redmon et al., 2017). The field of view of the SSJ/5 is a 4°
by 90° fan ranging from the zenith to the horizon and the 90° field of view is divided into six 15°
zones. In this study, we will focus on the electron precipitation and particularly the differential
energy fluxes in 19 energy channels. The differential energy flux data are acquired from the
dataset created by Redmon et al. (2017) and details about the dataset can be found in that paper.
Overall, there are >10° polar crossings ((MLAT|>45° segments of trajectories; MLAT=magnetic
latitude) with good data quality used in this study, and the number of polar crossings from the
Northern Hemisphere (NH) and Southern Hemisphere (SH) are roughly comparable (NH: 53348;
SH: 52670).

2.1.2 Bulk Ion drift

The Special Sensor for lons, Electrons and Scintillation (SSIES) onboard the DMSP satellite

measures the full bulk ion drift vector (V) in the spacecraft coordinate system (i.e., V =
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Vy X+ V, ¥ + V, Z, where X is along the satellite trajectory, Z is outward of the center of the

Earth and ¥ completes righthanded system; Vx, Vy and V,are the components in directions
corresponding to their subscripts, respectively). In this study, bulk ion drift measurements from
the DMSP F15-F18 satellites during 2010-2018 are used. DMSP F16-F18 carry the latest version
of the SSIES (version 3) with a 1-s temporal resolution, whereas the DMSP F15 carries the
previous version of the SSIES (version 2) with a 4-s temporal resolution. Despite using different
versions of the SSIES, it is found that there are no significant deviations in the statistical electric
potential and electric field results in regions where all satellite flew by (not shown). In addition,
since the DMSP F15 data improve the data coverage at noon and midnight, DMSP F15 bulk ion
drift measurements are included in the dataset.

After removing the spacecraft velocity with respect to an Earth-centered corotating reference
frame, the residual ion drift vector has been used for the derivation of the electric potential and
electric field. Because the SSIES is sensitive to the background O* density concentration, the
measurements are generally in poor quality when the ionospheric O density is low or other ion
species (such as H") are dominant. In this study, only data measured when the background O*
concentration and density are relatively high (concentration: >90%; density: >4x10° cm™) and
with the best quality flag (flag = 1) are used. If a polar crossing has many unavailable data (i.e.,
large data gap) or significant baseline issue, that polar crossing will be excluded in the final
dataset. Overall, more than half of the polar crossings in the original dataset are discarded
particularly in the local winter. The remaining dataset has more polar crossings from the northern
hemisphere than the southern hemisphere (NH: 51126; SH: 29602).

To calculate the electric field and electric potential, linear baseline corrections of Vx, Vy and

V., components are applied to ensure they are zero at both ends of each polar crossing (i.e.,
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IMLAT|=45° in this study). Since the Vx component is generally nosier than other components,
the standard deviations of the Vx data measured in the first and last minute of each polar crossing
are calculated prior to the baseline correction to ensure the reliability of the baseline. If both
standard deviations are smaller than 100 m/s, the V data are baseline corrected and included in
the dataset. Otherwise, the Vx data along that polar crossing are discarded and the electric field
vector along that track is not calculated. In addition, only the large-scale Vx data (smoothed by a
70-s sliding window) are utilized to avoid introducing unreliable small-scale and mesoscale
structures in the Vy data. If all components of the bulk ion drift vector after the baseline
correction (V') are available, the electric field vector (E) is calculated through E = —V’ X B,,.
Here, B, is the background geomagnetic main field vector at the satellite location from the
International Geomagnetic Reference Field-12 (IGRF-12) model (Thébault et al., 2015). The
electric field vector is then decomposed into the magnetic eastward (Eq1) and equatorward (Eq2)
components as defined in the modified apex coordinate system using a reference height of 110
km (Richmond, 1995). More details associated with the modified apex coordinates and the
decomposition procedure can be found in Richmond (1995) and Laundal and Richmond (2017).
The electric potential is calculated following a similar procedure used in Zhu et al. (2020a):
The first step is to calculate the along-track electric field Ey (Ey = E;X), which can be
approximated through E, ~ —VyB,,. Here, V;' is the horizontal cross-track ion drift vector after
applying the baseline correction and B, is the vertical component of the B, at the satellite
location. The contribution of the vertical ion drift to Ex is generally small and is therefore
neglected in our calculation. The next step is to integrate the along-track electric field to

determine the electric potential along that pass. The subsequent step is to correct the calculated



204

205

206

207

208

209

210

211

212

213

214

215

216

217

218

219

220

221

222

223

224

electric potential to ensure its values are zero at both ends of each polar crossing. Details of the
electric potential calculation can be found in Zhu et al. (2020a).

2.2 IMF and solar wind data

In this study, the interplanetary magnetic field (IMF) y and z (By and B;) components in the
Geocentric-Solar-Magnetospheric (GSM) coordinates are used (Note that the subscripts y and z
have different meanings than those in the previous subsection). Two parameters are further

calculated in this study: 1) the IMF transverse component magnitude, Br, which represents the
strength of the IMF projection onto the GSM Y-Z plane, i.e., Bt = /B;‘; + BZ; 2) IMF clock

angle (0.), which stands for the angle between GSM north and the IMF projection onto the GSM
Y-Z plane and is given by 6, = atan2(By, B,). Note that a mirror correction (i.e., 8¢ = 360° —
6.) has been applied for SH polar crossings in order to take the different impacts of the IMF By
polarity on the high-latitude electrodynamic forcings in different hemispheres into account. In
addition, the solar wind flow speed (Vsw) and solar wind proton density (Nsw) are used. The
IMF and solar wind data used in this study are 5-min averaged data from the NASA/GSFC's
OMNI data set through OMNIWeb. Similar to Zhu et al. (2020a), a 30-min propagation time
delay is applied to account for the traveling time from the bow shock to the ionosphere.

2.3 DMSP data categorization

Each DMSP polar crossing is categorized according to two parameters, & and 6., where:

e = Vo B *Nyyy M

& (in the unit of (km)g (s)_g (nT)g (cm) _%) is essentially the combination of By and Vsw

terms in the Newell coupling function (Newell et al., 2007) multiplied by Nslv/l,ﬁ. As discussed in

Newell et al. (2007), the term Nslv/l,6 appeared in their derivation of the coupling function, but was

10
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omitted on purpose to achieve better correlations with other parameters tested in their study.
However, they found that including the term Nslv/l,6 can slightly improve the correlation with the
auroral power. Meanwhile, Newell and Meng (1994) suggested that the soft electron

precipitation may depend on Nsw, so that the term Nslv/l,6 was kept in the expression of &; since

8
T . . . .. -0
the soft electron precipitation is one major focus of this study. Moreover, the sins (?C) term

8
. : : . : . . . .20
originally in the Newell coupling function is omitted in the expression of &; since the sins (?C)

term cannot well distinguish positive and negative IMF By cases. Instead, Fourier fitting will be
performed to capture the IMF clock angle dependences of the electron precipitation, electric
potential and electric field variability.

The averaged &, and 6. of a DMSP polar crossing are used to represent the IMF and solar
wind conditions corresponding to that polar crossing (the typical averaging period is about 20
minutes). If the IMF or solar wind data are missing, the corresponding polar crossing is
excluded. Moreover, polar crossings for which the standard deviation of ¢, is greater than 15% of
the average of &; of that polar crossing or the standard deviation of 0. is greater than 22.5° are
also excluded. This procedure removes polar crossings during which the IMF or solar wind data
have large variations. We found about 30% polar crossings are excluded due to missing or
unsteady IMF/solar wind IMF data. Distributions of the IMF and solar wind data used for
ASHLEY-A and ASHLEY-E/ASHLEY-Evar developments are shown in Figures S1 and S2,
respectively.

For polar crossings with good electron precipitation data, all polar crossings for which &; is
smaller than 3,000 (roughly corresponds to the IMF Br<I nT case under normal solar wind

conditions) are sorted into one category regardless of 6.. Other polar crossings for which

11
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3,000 < & < 30,000 are sorted into 8 &; bins and 8 0, bins (i.e., 8x8+1=65 categories in total).
The 360° span of 0. is evenly divided into 8 bins with each centered at a multiple of 45°. An
upper boundary of 30,000 (roughly corresponds to the IMF B1=22 nT case under normal solar
wind conditions) is set for & to exclude a small amount of polar crossings (~1%) under very
strong IMF and solar wind conditions.

Likewise, for polar crossings with good electric field/potential data, all polar crossings for
which &, is smaller than 3000 are categorized as one category regardless of 8., and other polar
crossings with 3,000 < &,<24,000 (roughly corresponds to the IMF B1=17 nT case under normal
solar wind conditions) are sorted into 6 & bins and 8 8. bins (i.e., 6x8+1=49 categories in total).
Fewer &, bins and smaller upper boundary of &; than those set to sort the electron precipitation
data are primarily due to the smaller amount of polar crossings with good electric field/potential
data. Tables 1a and 1b summarizes the lower and upper boundaries along with the median values
of different &, bins used to sort the electron precipitation and electric field/potential data,
respectively. Note that polar crossings from both hemispheres are combined together to achieve
best magnetic local time (MLT) coverage since the MLT coverage is limited in a single
hemisphere. In addition, polar crossings from all seasons are combined in this study to have good
data coverage for the distinct parameter bins in order to achieve statistically meaningful results.
In the future, the seasonal dependence will be added in the models if more data become

available.

3. Model development

3.1 Fitting

3.1.1 Electron precipitation data

12



270

271

272

273

274

275

276

277

278

279

280

281

282

283

284

285

286

287

288

For each &,-6, category, the differential energy flux (Jg) in each energy channel (19 energy
channels in total) and above 50° MLAT are binned according to their MLTs and magnetic
latitudes (MLATS). The sizes of the MLT and MLAT bins are 1 hour and 1°, respectively. If a
bin has more than 100 data points, the average of the differential energy flux is calculated.
Otherwise, the linear interpolation value based on the averages of the closest two MLT bins is
used to deduce the average of that bin. The distributions of the average differential energy flux
pattern are further smoothed in MLT and MLAT directions afterwards by using moving average
smoothing.

With the smoothed average differential energy flux pattern in each energy channel, the next
steps are to capture the MLT and IMF clock angle dependences of the differential energy flux in

each latitudinal bin by using Fourier fitting. First, the differential energy flux in each bin of
MLAT, &, and 8, is fitted to a Fourier series constructed by ¢ (¢ = %n). After the MLT

fitting, the MLT Fourier coefficients from eight 8. bins in each bin of MLAT and &; (except for

Oc
180°

the lowest &, bin) are then fitted to a Fourier series constructed by w (w = ) to capture the

IMF clock angle variation. The MLT and IMF clock angle fittings are detailed in Appendix Al.
3.1.2 Electric potential and electric field data
The electrostatic potential () can be expanded in terms of spherical harmonics in a spherical
coordinate system (Jackson, 2007). Following the approach shown in Weimer (1995), if only
working with the real part of the spherical harmonics, ® can be expressed as:

P8, ¢) = XiZo FioP(cos0) +
)

in(L
Y2 rmnl:l( “ (Fim cosme + Gy, sinmep) P™(cos 6)-

13
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Here, P/™ is the associated Legendre function, 6 is the polar angle converted from the MLAT

— : o : . —
(0 = 2=—m, where A,, is the MLAT in radians) and ¢ is the azimuthal angle which is the same
4

as that defined in Section 3.1.1. The expansion is terminated at /=12 and m=4 to avoid unrealistic
small-scale and mesoscale structures associated with higher order terms.

In addition to the electric potential data, the electric field (Eqi and Eq2) data are also used in
the fitting procedure to provide more constraints on the electric potential fitting. The
relationships between @ and Eq1 and between @ and Ea can be found in Egs. 4.8 and 4.9 in
Richmond (1995), respectively. Details about the expansion of Eqi and Eq2 in terms of the
spherical harmonics can be found in Appendix A2. With all &, Eq and Eq data along with their
locations in each &;-6,. category, F;,,, and G;,,, can be obtained from a least-square fit. Details of
the fitting procedure can be found in Appendix A2. Then F,,, and G;,,, from eight 6, bins in each
& bin (except the lowest €, bin) are fitted to a Fourier series constructed by w to capture their
IMF clock angle variations using the same procedures described in Section 3.1.1.

3.1.3 Residual electric field data

Once the ASHLEY-E component has been developed, the difference between the measured
and modeled electric field along a polar crossing can be calculated. Each component of the
residual electric field E;; (i=1, 2) above 50° MLAT are binned according to its MLT and MLAT
for each &,-0,. category. The sizes of the MLT and MLAT bins are 1 hour and 2°, respectively.
Larger MLAT bin size than that used for the electron precipitation data binning is due to smaller
amount of electric field data. The standard deviations of Ey; and E/,, namely g; and a,, in each
bin (if has >100 data points) are calculated and are used to quantify the magnitudes of Eq1 and

Ea variabilities.
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After obtaining the preliminary MLAT-MLT distributions of oy and o, for each &;-
6. category, the next step is to fill the data gaps in each MLAT bin by using the linear
interpolation results based on the values in the adjacent two MLT bins. Then, the distributions of
o0; and o, are smoothed in both MLT and MLAT directions by using the sliding window
smoothing. After that, o; and o0, in each bin of MLAT, &; and 6, are fitted to a Fourier series
constructed by MLT to capture their MLT variations. Then, the MLT Fourier coefficients from
eight 6. bins in each bin of MLAT and &; (except for the lowest &; bin) are fitted to a Fourier
series constructed by the IMF clock angle to capture the IMF clock angle variation. The MLT
and IMF clock angle fitting procedures are the same as those described in Section 3.1.1, and
details can be found in Appendix Al.

3.2 Extrapolation and expansion

With the fitting procedures described in Section 3.1, the electron precipitation pattern can be
reconstructed for any €, < 22770 and any 6., and the procedures are elaborated in Appendices
A3. Similarly, the electric potential and electric field variability patterns can be reconstructed for
any & < 18357 and any 6., and the procedures are elaborated in Appendices A4. However,
since the range of &, covered by the dataset used in this study is limited, extrapolations and
expansions are performed for ASHLEY-A when ¢, exceeds 22770 and for ASHLEY-
E/ASHLEY-Evar when ¢; exceeds 18357. The detailed procedures are further described in this
subsection.

3.2.1 Extrapolation

3.2.1.1 ASHLEY-A

The extrapolation of ASHLEY-A is done by tracking the hemispheric-integrated differential

energy flux in different energy channels. The hemispheric-integrated differential energy flux is
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defined as the integration of the down-going differential energy flux (1]g) over the polar
hemisphere (MLAT[>45°) by assuming that the differential energy flux is pitch angle isotropic.
Figure 1 shows hemispheric-integrated differential energy fluxes in the 19 energy channels from
all 8 &;-6,. bins (used for the development of AHSLEY-A) where 6, is centered at 225°. As
shown in Figure 1, the hemispheric-integrated differential energy fluxes in the highest 11 energy
channels (central energy >500 eV) increase approximately linearly with &, while the
hemispheric-integrated differential energy flux tends to increase quadratically with &; in the
lowest 8 energy channels. Similar trends can also be found when 6, has different values although
the increment rate varies with 6,.

The trends shown in Figure 1 are used to extrapolate the hemispheric-integrated differential
energy in the highest 11 energy channels when £,>22,770. In each energy channel, the
hemispheric-integrated differential energy flux at &; can be predicted according to the best-fit
line at the given 8. The slope and y-intercept of the best-fit line at 8. can be determined using
the Fourier fitting results of the slopes and y-intercepts from the 8 6, bins, respectively. The ratio
between the predicted hemispheric-integrated differential energy flux by the best-fit line and the
hemispheric-integrated differential energy flux from the modeled pattern at 8, and £,=22,770 in
each channel is calculated as the scaling factor. The extrapolated differential energy flux pattern
at 8. and &, is the modeled differential energy flux pattern at 8, and £,=22,770 multiplied by the
scaling factor.

For the lowest 8 energy channels, it is assumed that the increase of the hemispheric-integrated
differential energy flux for £,>22,770 follows the same increase rate between ¢, = 17,590 and
& = 22,770 in each channel at the given 8.. Although such method may underestimate

contributions from <500 eV electron precipitations for a very large &, than a quadratic
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extrapolation, this method can at least provide a lower limit for <500 eV electron precipitations
at a very large &; since the available data are limited when ¢, is very large. Again, the ratio
between the predicted hemispheric-integrated differential energy flux and the hemispheric-
integrated differential energy flux from the modeled pattern at 6, and £,=22,770 in an energy
channel is calculated as the scaling factor, which is further multiplied to the modeled differential
energy flux pattern at 8, and £,=22,770 to obtain the extrapolated differential energy flux pattern
for that energy channel.

3.2.1.2 ASHLEY-E and ASHLEY-Evar

Since the electric field variability is supposed to be consistent with the background electric
field model, the same extrapolation procedures are used for ASHLEY-E and ASHLEY-Evar,
which are based on the extrapolation of the cross-polar-cap potential (CPCP) described in the
following paragraph.

Figure 2 shows the CPCP outputs of ASHLEY-E from all 6 €,-6, bins (used for the
development of ASHLEY-E and ASHLEY-Evar) where 6, is centered at 180°. As expected, the
CPCP increases with &;. However, it was found that the CPCP may be saturated at a certain point
under intense solar wind and IMF conditions (e.g., Shepherd, 2007 and references therein).
Therefore, to account for the saturation of the CPCP at a large &;, the CPCP (®p() is assumed to

be linear with 8, where

1+(i>2 (3)
Eins 1s an adjustable parameter which is set to be 40,000 to fit the trend shown in Figure 2 so

that ®p( saturates at the level of ~190 kV comparable to the level reported in Hairston et al.

(2005). The procedure is repeated for other IMF clock angles by using &;,r = 40,000. It is found
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that the ®pc from ASHLEY-E is ~90 kV under the extreme IMF and solar wind conditions
reported in Mitchell et al. (2010), which is comparable to the values reported in their study (80-
100 kV). Similarly, the reversal convection potential (the potential across the reversal cells) from
ASHLEY-E is about ~19 kV under the extreme IMF and solar wind conditions reported in
Wilder et al. (2008), which is also comparable to the values reported in their study (15-20 kV).
Therefore, our method and the choice of &;, can well capture the electric potential saturation in
general. To obtain the CPCP at a given £,>18357 and a given 6., the CPCP can be predicted
according to the best-fit curve. The ratio of the predicted CPCP and the CPCP at £,=18357 and
6. is calculated as the scaling factor, which is then used to scale the electric potential and electric
field variability patterns constructed at £,=18357 and 6,

3.2.2 Expansion

The electron precipitation and electric potential (electric field) patterns expand as the solar
wind and IMF conditions become more intense (e.g., Feldstein and Starkov, 1967; Weimer,
2005), which is also considered in ASHLEY. In this study, expansions of the poleward auroral
boundary (PAB) and convection reversal boundary (CRB) on the dawn (4-8 MLT) and dusk (16-
20 MLT) sides are used to quantify the expansions of electron precipitation and electric field
patterns, respectively.

Figure 3a shows the averaged co-MLAT (r) of the PAB determined on the dawn and dusk
sides along the same polar crossing by using the technique developed by Kilcommons et al.
(2017) from as a function of €, when 157.5°<6,.<202.5°. Similarly, Figure 3b shows the
averaged co-MLAT of the CRB determined on the dawn and dusk sides by using the technique
developed by Zhu et al. (2020a) as a function of €, when 157.5°<6,.<202.5°. The CRB is found

to be a good indicator of the polar cap boundary especially under southward IMF conditions
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(e.g., Sotirelis et al., 2005), and the polar cap boundary was found to saturate at around r=21°
under southward IMF conditions (e.g., Ridley et al., 2004; Merkin et al., 2007). To take the
saturation of the polar cap area into account, the co-MLAT of the CRB is assume to be linear
with B defined in Eq. 3. The adjustable &, is set to be 22,000 so that the best-fit curve
according to the black dots shown in Figure 3b saturates at around r =21°. A similar approach is
applied to capture the expansion of the PAB, and since the polar cap boundary is found to be
slightly poleward of the poleward of the PAB in general (Newell et al., 2004), so it is assumed
that the PAB saturates slightly equatorward of the CRB. The adjustable €;,, is set to be 17,000
so that the best-fit curve according to the black dots shown in Figure 3a saturates at around r
=23° and the offset between the fitted CRB and PAB is roughly constant (2°) when &, > 20000.
The choice of &;,,5 for the PAB can be improved in the future based on a comprehensive study of
the locations of the PAB and CRB under intense southward IMF conditions.

The expansions of the PAB and CRB in other 6, bins are captured in a similar approach using
the same &, values determined in the 157.5°<6,<202.5° bin, except for the CRB in 6, bins
which are centered at 315°, 0° and 45° since the CRB is typically difficult to be identified from
the observation under IMF B; northward and dominant conditions. The IMF clock angle
dependences of the slope and y-intercept of the best-fit r-f line are then determined by a Fourier
expansion with respect to the IMF clock angle.

The expansion rate of the PAB can be determined by the ratio of the values of r on the best-fit
r-f line of the PAB at the given &; and &, = 22,770 and at the given 6.. Once the expansion rate
of the PAB is determined, the extrapolated differential energy flux pattern is radially expanded
according to the expansion rate. However, it is worth noting that the differential energy flux

needs to be scaled down by the square of the expansion rate of the PAB in order to maintain the
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same hemispheric-integrated differential energy flux. Likewise, the expansion rate of the CRB
can be determined by the ratio of the values of r on the best-fit r-f line of the CRB at the given
& and & = 18,357 and at the given 6, between 90° and 270°. For the expansion rate of the CRB

for 6, < 90, it is assumed that the expansion rate is 1 (i.e., no expansion) at . = 0° and is a

Oc
180°

linear function of sin? (%) between 6, = 0°and 6, = 90° (w = m). Similarly, for the

expansion rate of the CRB for 8, > 270°, it is assumed that the expansion rate is 1 at 6, = 360°

and is a linear function of sin? (%) between 6, = 270° and 6, = 360°. Once the expansion rate

of the CRB is determined, the extrapolated electric potential and electric field variability patterns
are radially expanded according to the expansion rate. However, the modeled electric field
variability needs to be downscaled by the expansion rate of the CRB to ensure that the ratio
between the electric field variability and the background mean electric field does not change as

the electric potential pattern expands radially.

4. Statistical comparisons of model to data

The modeled results along each polar crossing used in the ASHLEY development are
calculated under its corresponding ¢; and 6., and the modeled and measured data in each &;-6,
bin are binned according to their MLATSs and MLTs. Comparisons between the binning results
of the modeled and measured data from some specific €;-8, bins can be found in supplement
Figures S3-S5. Here we focus on comparisons from all &;-8, bins used for the ASHLEY
development.

Figure 4 compares averages of the modeled and measured differential energy flux data from
all MLAT-MLT and &;-6,. bins used for the ASHLEY-A development. The sizes of MLAT and

MLT bins are 1° and 1 h, respectively, so that the numbers of the MLT, MLAT and &;-6, bin are
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24,40 (50°-90° MLAT) and 65, respectively. Likewise, Figures 5a-5¢ compare averages of the
modeled and measured electric potential, Eq1 and Eq from all MLAT-MLT and &;-6, bins used
for the ASHLEY-E development, respectively. Figures 5d and 5e serve as validations of
ASHLEY-Evar. In each plot, the x-axis value of a grey dot represents the standard deviations of
measured Eg; (i=1,2) in a MLAT-MLT bin of an &;-68, bin used for the ASHLEY-Evar
development, and the y-axis value of a grey dot denotes the root mean squares of modeled oi
(i=1,2) in the same MLAT-MLT bin. For Figure 5, the MLAT bin size is 2° and the MLT bin
size is 1 h, so that the numbers of the MLT, MLAT and &,-6, bins are 24, 20 (50°-90° MLAT)
and 49, respectively.

Overall, all the grey dots are concentrated around the y=x line (blue-dashed line) and the best-
fit line (red-thick line) according to the grey dots does not significantly deviate from the y=x
line. Figures 4 and 5 along with Figures S3-S5 manifest that all components of the ASHLEY

model generally work well in a statistical sense.

5. Model outputs

5.1 ASHLEY-A outputs

Figure 6 shows the ASHLEY-A outputs of the differential energy flux in the 19 DMSP energy
channels when the IMF is purely southward (IMF B,=-8 nT, Vsw=450 km/s and Nsw=4 cm™).
Figure 6 indicates that >500 eV electrons mainly precipitate on the night side while <500 eV
electrons are more likely to precipitate on the day side and are located at higher MLATSs
than >500 eV electron precipitations. Meanwhile, a salient peak can be found near the magnetic
noon and between 70° and 75° MLAT in channels of which the central energy is around 100 eV.

The peak location may correspond to the dayside cusp location since the electrons precipitating
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into the cusp are typically found to have the average energy around 100 eV (Newell and Meng,
1988).

Figure 7 compares the modeled differential energy fluxes in three DMSP energy channels
when the IMF is purely northward, eastward, westward and southward (IMF B1=-8 nT, Vsw=450
km/s and Nsw=4 cm™*). For >1 keV electrons, the precipitation is most intense and equatorward
for the southward IMF case. By contrast, the precipitation is weakest and occurs most poleward
for the northward IMF case. Moreover, the electron precipitation does not differ significantly
under positive and negative IMF By conditions. However, unlike >1 keV electron precipitations,
the magnitude of the dayside peak shown in the ~100 eV channel is weakest under purely
southward IMF conditions and is strongest under purely northward IMF conditions. In addition,
the location of the dayside peak appears to depend on the IMF By polarity. The peak location
tends to shift to the dawn side as the IMF By becomes more negative, indicating that the cusp
shifts to the dawn side as the IMF By becomes more negative, which is consistent with previous
findings (e.g., Candidi et al., 1983; Newell et al., 1989).

Figure 8a serves as an example to illustrate how the modeled energy spectrum deviates from a
Maxwellian spectrum determined from the total energy flux (Qo) and average energy (E) of the
modeled spectrum. The average energy can be calculated from the modeled spectrum by using
the Eq. 2 in Robinson et al. (1987), and the lower and upper boundaries of the integral in the
numerator and denominator of that equation are 500 eV and 30 keV, respectively. The total
energy flux is calculated by multiplying a factor of & to the numerator of that equation by
assuming the downward differential energy flux is isotropic. The IMF and solar wind conditions
for the case shown in Figure 8a are: the IMF By=0, the IMF B,=-8 nT, Vsw=450 km/s and

Nsw=4 cm, and the location is on the dawn side (MLT =4.5 h, MLAT=64.5°). For the modeled
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spectrum (red dots) shown in Figure 8a, Qo= 4.87 mW/m? and E = 5.08 keV, and the derived
Maxwellian spectrum is indicated by blue crosses. As compared with the modeled spectrum (red
dots), the Maxwellian spectrum overestimates 1-10 keV electrons and underestimates both <1
keV and >10 keV electrons. More importantly, the Maxwellian spectrum markedly
underestimates <1 keV electron precipitations. In particular, the difference is approximately 2
orders of magnitude for ~100 eV electrons. Hence, the contribution of soft electron precipitations
to the I-T system can be significantly underestimated if a Maxwellian energy spectrum is
assumed.

5.2 ASHLEY-E and ASHLEY-Evar outputs

Figure 9 shows the electric potential outputs from ASHLEY-E for 8 different IMF clock
angles, and other IMF and solar wind parameters for the cases shown in Figure 9 are: the IMF
B1=8 nT, Vsw=450 km/s and Nsw=4 cm. In general, the electric potential displays a two-cell
pattern except for the northward IMF B, case, where a multiple-cell pattern appears. In addition,
the negative cell on the dusk side and the positive cell on the dawn side are shaped into round
and crescent cells, respectively, when the IMF By is positive. The opposite is true for the
negative IMF By case. Meanwhile, the round cell typically has a larger absolute extremum than
the crescent cell. Moreover, as shown in Figure 11a, the CPCP varies with the IMF clock angle,
which maximizes and minimizes when the IMF B; is purely southward and northward,
respectively. Overall, the outputs from ASHLEY-E are consistent with previous studies (e.g.,

Thomas and Shepherd, 2018 and references therein).
Figure 10 compares the mean electric field magnitude (E; =/ E3; + E3,) and electric field

variability magnitude (E, = \/of + ) for different IMF clock angles. For the cases shown in

Figure 10, the conditions are: the IMF Br=8 nT, Vsw=450 km/s and Nsw=4 cm™. E;; and E,
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are calculated from the electric potential outputs of ASHLEY-E by using Egs. 4.8 and 4.9 in
Richmond (1995), and o, and g, are direct outputs of ASHLEY-Evar. As shown in Figure 10a,
E\ typically displays a three-peak structure and a more complex pattern appears when the IMF B,
is purely northward. Figure 10b shows that E> tends to peak on the dawn and dusk sides when
the IMF is purely southward and the peak on the dawn side has a higher magnitude, while it
tends to have a single peak on the day side when the IMF is purely northward. In addition, the
distribution of E» depends on the IMF By polarity: E> tends to peak on the morning side when the
IMF By is positive with a relatively wider MLT span, whereas it tends to peak near noon when
the IMF By is negative with a weaker magnitude and a narrower MLT span. However, when the
IMF has a southward component, the MLT spans of the E> peak seems to be comparable for
positive and negative IMF By cases. Figure 11b further compares the IMF clock angle
dependences of the averaged E; and Ez over the [MLAT|>60° region. In general, both of the
averaged E; and E> maximize when the IMF is purely southward and the polar average of E» is
generally comparable with the polar average of E; when the IMF has a southward component.
However, the polar average of E: is much larger than the polar average of E; when the IMF is
northward. The results shown in Figures 10 and 11b are consistent with results shown in Matsuo
et al. (2003) in general.

6. Discussion

6.1 Similarities and differences with previous empirical models

The large-scale high-latitude electric field and electron precipitation have been studied for
several decades and several empirical models have been established for the electric field (e.g.,
Papitashvili and Rich, 2002; Weimer, 2005; Cousins and Shepherd, 2010) and electron

precipitations (e.g., Hardy et al., 1985, 1987; Fuller-Rowell and Evans, 1987; Y. Zhang and
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Paxton, 2008; Newell et al., 2009, 2014) based on different measurements. However, to our
knowledge, existing electric field models and electron precipitation models have been developed
separately. As a consequence, the consistency between the electric field and electron
precipitation models is lacking. For example, Sheng et al. (2019) found that the CRB from the
Weimer (2005) convection model is significantly equatorward (up to >10° in MLAT) of the PAB
from the Fuller-Rowell and Evans (1987) electron precipitation model under intense southward
IMF and solar wind conditions, which may contradict the understanding established in previous
studies (e.g., Sotirelis et al., 2005). In addition, the simulations conducted in Sheng et al. (2019)
indicated that the large offsets between the CRB and PAB result in significant underestimations
of Joule heating. A primary advantage of ASHLEY is that the electron precipitation and electric
field components have been developed concurrently and, as much as possible, consistently. For
example, in addition to using electric field and electron precipitation data from the same platform
(DMSP satellite) and same solar cycle (solar cycle 24), the consistency between the CRB and
PAB has also been taken into account under intense IMF and solar wind conditions (see Section
3.2.2). Apart from improving the consistency between the electron precipitation and electric field
components, ASHLEY also improves specifications of the soft electron precipitation and electric
field variability.

6.1.1 Soft electron precipitation

Although several electron precipitation models have been developed (see Section 1), most of
them only provide the total energy flux, total number flux and average energy of an assumed
Maxwellian energy spectrum. Apart from those models, Hardy et al. (1985) established
distributions of the average spectrum in 7 Kp bins (Kp range: 0-6) based on 2.5 years of DMSP

SSJ3 measurements. Although the datasets used in this study and used in Hardy et al. (1985) are
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from two different solar cycles and two different versions of SSJ, our results are qualitatively
consistent with Hardy et al. (1985). However, the Kp index is a low-resolution (3-h)
geomagnetic index, and the IMF and solar wind conditions can be considerably different even
though the Kp index is similar. Thus, the electron precipitation evolutions may not be well
captured in a Kp-based electron precipitation model. Therefore, a Kp-based electron
precipitation model may provide same electron precipitation patterns for 3 hours while an
electron precipitation model based on the IMF and solar wind may better capture the evolution of
the electron precipitation in such case. Moreover, a positive IMF By condition probably gives a
very similar Kp as a negative IMF By condition as long as the magnitude of By and solar wind
conditions are similar (Newell et al., 2008). However, as shown in Figure 8, the differences in
the soft electron precipitation are significant when the direction of the IMF By is opposite
although differences in the keV electrons are less significant. Therefore, the IMF By dependence
of the soft electron precipitation may not be well specified in the statistical patterns built by
Hardy et al. (1985) as compared with those provided by ASHLEY-A. Furthermore, ASHLEY-A
can provide distributions of the energy spectrum under intense IMF and solar wind conditions
based on reasonable extrapolations and expansions. Therefore, ASHLEY-A can be more useful
in studying the I-T system during intense geomagnetic storms when coupling into GCMs.

In addition to the Hardy model, the Ovation Prime (OP) models developed by Newell et al.
(2009, 2014) also improve the energy spectrum specification in empirical models. The major
characteristic of the OP models is that they provide the total energy flux, total number flux and
probability of three types of electron precipitations: diffuse, mono-energetic and broadband.
However, it is still challenging to correctly identify the precipitation type to date (e.g., Dombeck

et al., 2018; Wing et al., 2019). For example, as pointed out by Wing et al (2019), it is highly

26



585

586

587

588

589

590

591

592

593

594

595

596

597

598

599

600

601

602

603

604

605

606

607

possible that an energy spectrum matches none of the above three types and is labeled as the
diffuse type for simplicity and convenience, so that the diffuse precipitation may still dominate
in the OP models. Moreover, like the Kp index, the Newell coupling function used to drive OP
models does not distinguish the IMF By polarity either. Furthermore, the total energy flux, total
number flux and probability in each MLAT-MLT bin from the OP models is assumed to be
linear with the Newell coupling function. However, a linear fitting may underestimate the
evolution of <500 eV electron precipitations as implied by Figure 1. Therefore, the contribution

of the soft electron precipitation may still not be accurately estimated in the OP models.

6.1.2 Electric field variability

While most electric field models only provide large-scale high-latitude mean electric fields,
there are some efforts in studying the statistical distribution of the high-latitude electric field
variability. For example, Codrescu et al. (2000) established the electric field variability pattern in
10 auroral activity index bins and in different seasons according the Millstone Hill incoherent
scatter radar (ISR) measurements. Similarly, Cosgrove and Thayer (2006) established a Kp-
based statistic pattern based on Sondrestrom ISR measurements in a limited latitudinal region.
Matsuo et al. (2003) studied the distributions of the mean electric field and electric field
variability at high latitudes under several different IMF conditions and in different seasons based
on the Dynamic Explorer 2 (DE-2) satellite ion bulk drift measurements and the Weimer (2001)
empirical electric potential model which is also developed based on the DE-2 data. Moreover,
Matsuo and Richmond (2008) further analyzed the distribution of the electric field variability on
different scales under several different IMF conditions and in different seasons, and they found

that the large-scale electric field variability tends to be larger than the small-scale and mesoscale
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electric field variabilities. Similar conclusion has been reached by Cosgrove et al. (2011) based
on Sondrestrom ISR measurements. Later, Cousins and Shepherd (2012) developed several
statistical maps of the small-scale and mesoscale electric field variabilities for different
interplanetary electric fields, in different seasons and in different hemispheres based on Super
Dual Auroral Radar Network (SuperDARN) radar measurements. Although statistical patterns of
high-latitude electric field variability have been established under different geophysical
conditions, a dynamic empirical electric field variability model that is consistent with the
background large-scale mean electric field model is still lacking to date. To our knowledge, the
empirical model used in Deng et al. (2009) is the only existing empirical model provide
consistent mean electric field and electric field variability which is based on the DE-2 ion bulk
drift measurements. The methodology used to develope that model is implemented in the
development of ASHLEY-E and ASHLEY-Evar. In comparison to the model used in Deng et al.
(2009), the solar wind dependences of the electric field and electric field variability are
implemented in ASHLEY-E and ASHLEY-Evar while the seasonal dependences of the electric
field and electric field variability are not taken into account. Meanwhile, the expansions of the
electric potential and electric field variability patterns are considered in ASHLEY-E and

ASHLEY-Evar under intense IMF and solar wind conditions.

6.2 Low-energy tail of the energy spectrum

The strong low-energy tail shown in the ASHLEY-A energy spectrum (Figure 8a) is
frequently seen in observations (e.g., Evans, 1974; Fung and Hoffman, 1988; Hardy et al., 1985;
MclIntosh and Anderson, 2014; Wing et al., 2019) and its sources are considerably complex since

the electron precipitation is not a simple one-way transport of electrons from the magnetosphere
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to the ionosphere (Khazanov and Glocer, 2020, and references therein). For example, if a field-
aligned potential drop is present, the upgoing electrons without sufficient kinetic energy to
overcome such potential drop will be reflected downward and subsequently are observed as
downward precipitation flux (Evans, 1994; Evans and Moore, 1979; Richards, 2013). In
addition, it is also possible that the upgoing superthermal electrons from the conjugate
hemisphere contribute to the formation of the low-energy tail (Khazanov and Glocer, 2020).
Meier et al. (1989) developed an empirical formula (hereafter, M89 formula) to account for
the low-energy tail which was later used in the model developed by Strickland et al. (1993). The
blue dashed line in Figure 8b shows the spectrum constructed by the M89 formula using Qo=
4.87 mW/m?, E = 5.08 keV (hereafter, M89-I spectrum). Although the low-energy tail has been
significantly improved in contrast to a simple Maxwellian energy spectrum, the magnitude of the
low-energy tail is still underestimated by 50% in comparison with that of the ASHLEY energy
spectrum in general. However, it is worth noting that the M89 formula is based on the total
energy and average energy of the whole energy spectrum while the total energy and average
energy outputs of ASHLEY-A are calculated by using the >500 eV portion of the energy
spectrum (Section 5.1). The total energy and average energy calculated from the whole energy
spectrum shown in Figure 8a are Q,=5.01 mW/m? and E' = 2.92 keV, respectively, and the
corresponding spectrum calculated from the M89 formula is indicated by the green dashed line in
Figure 8b (hereafter, M89-II spectrum). It is clear that the low-energy tail calculated by using
Qj and E’ is more comparable with that of the ASHLEY-A energy spectrum as compared with
the low-energy tail calculated by using Qo and E. However, the discrepancies of 1-10 keV
electrons between the M89-11 and ASHLEY-A spectra are larger than those between the M89-1

and ASHLEY-A spectra. The discrepancy shown in Figure 8b is a general case in the auroral
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oval although it may vary quantitively with the location. Therefore, the ionospheric conductances
may be significantly overestimated in the auroral zone when the M89-I1 spectrum is utilized to
drive a GCM, and it might be necessary to propose a new empirical formula for the incident
electron energy spectrum in order to obtain the I-T responses at both E-region and F-region
altitudes correctly. In addition to the empirical formula, physical-based models such as the
SuperThermal Electron Transport (STET) model developed by Khazanov et al. (2014) may also
be useful to reconstruct the low-energy tail. It would be interesting to compare the performance
of different methods in representing the low-energy tail in the future.

The downward low-energy precipitation flux can lead to ionizations of the thermosphere at
the F-region altitudes, which increases the F-region conductivity but may not significantly
change the height-integrated conductivity (i.e., conductance). Therefore, the altitudinal Joule
heating distribution will be significantly changed, which may cause significant changes of the I-
T system. The impacts of soft electron precipitations on the I-T system will be more
comprehensively investigated in the future by coupling the ASHLEY model to a GCM. There
are also other mechanisms altering the altitudinal Joule heating, such as Alfvén waves incident
from the magnetosphere (e.g., Lotko and Zhang, 2018; Verkhoglyadova et al., 2018; Hogan et
al., 2020). The relative significance of two different mechanisms to the I-T system under

different conditions will also be an interesting topic that deserves future explorations.

6.3 Future improvements
As more data become available, we plan to incorporate seasonal variation in ASHLEY. For
example, it is found that the distribution and magnitude of the electron precipitation display

seasonal dependance (e.g., Newell et al., 2010). Therefore, given that the DMSP SSJ data are in
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equally good quality in different seasons, it would be interesting to investigate the seasonal
dependance of the differential energy flux in each DMSP SSJ energy channel. Besides, we will
include the electron precipitation variability together with its correlation with the electric field
variability on different scales, so that the estimation of the localized Joule heating can be
improved (Zhu et al., 2018). Moreover, a boundary-oriented binning technique (Zhu et al.,
2020a) will be utilized instead of the static-binning method utilized in this study, which can help
resolve the smoothing issue caused by the static-binning method and further improve the total

Joule heating estimation.

7. Summary

In this study, we have developed a new empirical model, ASHLEY, that can improve
specifications of the electron precipitation energy spectrum and high-latitude electric field
variability in GCMs based on the DMSP electron precipitation and bulk ion drift measurements
in the solar cycle 24. In addition to having better consistency between the electron precipitation
and electric field, ASHLEY also has several advantages over other existing empirical models,
which are summarized as follows:

1) The auroral electron precipitation component, ASHLEY-A, provides the averaged
differential energy flux in the 19 DMSP energy channels under different IMF and solar wind
conditions without making any assumptions about the energy spectrum. It is found that soft
electron precipitation specifications can be remarkably improved as compared with the typically
assumed Maxwellian energy spectrum having the same total energy flux and average energy.
The outputs of ASHLEY-A indicate that the distributions of >500 eV and <500 eV electrons can

be significantly different: >500 eV electrons mainly precipitate on the night side whereas <500
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electrons mainly precipitate on the day side. Moreover, the differential energy flux displays a
salient peak near the local noon in channels with their central energy around 100 eV, which may
correspond to the dayside cusp. Furthermore, the impact of the IMF By polarity on the electron
precipitation is better taken into account in ASHLEY-A than existing electron precipitation
models. It is found that the polarity of the IMF By component can significantly affect the
distributions of <500 eV electron precipitations.

2) ASHLEY provides consistent high-latitude mean electric field and electric field variability
under different IMF and solar wind conditions through ASHLEY-E and ASHLEY-Evar,
respectively. The modeled electric potential and electric field variability distributions are

generally consistent with previous statistical results.

Appendix:

Al. MLT and IMF clock angle fitting

For the differential energy flux (Jg) or g; or o, in each bin of MLAT, &, and 6., a fourth-
order Fourier series has been used to capture their MLT variations. Let us call the quantity to be
fitted y, thus:

4
y = Z (A, cos(mo) + By, sin(md)) (A1)
m=0

Here, ¢ = %n, and An and By, are MLT fitting coefficients at the order of m, and are a

function of MLAT, &; and 6,.. The maximum order of 4 is determined after trial-and-error tests,
where it has been found that a higher-order Fourier series would not improve the fitting results

yet would introduce unrealistic small-scale structures. For each bin of MLAT and &; (median

Oc
180°

£>3000), Am and By, are fitted to a fourth-order Fourier series constructed by w (w = m):
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Ap(or B,) = Z(Cn cos(nw) + D,sin (nw)) (A2)

721 Here, Am and Bn, in each 6, bin are assumed to represent the fitting coefficients at its central

722 6., 1i.e., amultiple of 45° (i.e., a multiple of % for w), and in order to implement a fourth-order
723  fitting, Am and By, are linearly interpolated to @ equal to multiples of g. The Fourier fitting is

724 done using numpy.linalg.Istsq in Python’s NumPy package (Harris et al., 2020).

725 A2. Expansions of Eq1 and Eqz in terms of spherical harmonics and electric potential
726  fitting

727 According to Eq. 2 in this paper and Egs. 4.8 and 4.9 in Richmond (1995), the expansions of

728  Eg and Eg can be expressed as follows:

Ea1(6,0) = 212 Zmiy " g (Fim sinmep — Gipm cos mep) P (cos 6) (A3)
729
45in 6 aPY (x)
Eq(0,9) = Rssil;l (Zl ZoF lol—xlx cosg T
(A4)
l
Yz mm( & (Fyy cosmaep + Gy, sSinme) Pl ( CLHC] Y
730 The coefficients in Eqs. A3 and A4 are the same as those in Eq. 2, R in Eqgs. A3 and A4 is

731 6482 (6372+110) km and sin I,,, in Eq. A4 can be calculated by using Eq. 3.7 in Richmond

732 (1995).

733 By using the electric potential data and their locations, we can construct A1X=B1 from Eq 2,
734  where X is constructed by Fj,,, and G;,,. Similarly, by using Eqi and Eq> data and their locations,
735  we can construct A2X=B; and A3X=B; from Eqgs. A3 and A4, respectively. The three equations

736  can further be combined to AX=B, where AT=[A:", A>T, A3"] and B'™=[B:", B,', B3']. Similar to
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the Fourier fitting, we also use numpy.linalg.Istsq in Python’s NumPy package (Harris et al.,
2020) to achieve the fitting.

A3. Reconstruct the electron precipitation pattern for £, < 22770

Case 1: If &, < 2579, then the MLT Fourier fitting coefficients in the first &, bin are used to
reconstruct the differential energy flux in different MLAT bins and energy channels (In this
subsection, the &; bins correspond to those listed in Table 1a). Case 2: If &, > 2579, the two &;
bins with the median value of &; closest to the given &; are determined at first by using Table la.
Then the differential energy flux patterns from those two &; bins are combined according to their

weights wi and w2, which can be calculated using following procedures: Assume the closest two

. . Exr—E&
median values of & are &; and &,, respectively (¢; < & < &), thenw; = =2—tandw, =1 —
1

£—€
w;. For the & bin with the median value of &, greater than 3000, the MLT fitting coefficients in
each MLAT bin and in each channel are reconstructed according to the IMF clock angle Fourier
fitting coefficients (determined in Section 3.1.1) and the given IMF clock angle 6.. Then the
differential energy flux is calculated using the MLT Fourier fitting coefficients.

A4. Reconstruct the electric potential and electric field variability patterns for &, <
18357

Case 1: If e, < 2583, then the spherical harmonics fitting coefficients in the first €, bin are
used to reconstruct the electric potential (In this subsection, the &; bins discussed are those listed
in Table 1b). Similarly, the MLT Fourier fitting coefficients in different MLAT bins and in the
first & bin are used to reconstruct g; and g, in different MLAT bins. Case 2: If &, > 2583, the
two &; bins with the median value of &; closest to the given &; are determined at first by using
Table 1b. Then the patterns from those two &; bins are combined according to their weights w1

and wa, which can be calculated using following procedures: Assume the closest two median
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values of €, are &; and &,, respectively, then w; = 5 2_5 and w, = 1 — w;. Here, f;, §, and
27P1

are calculated from ¢, &, and &, respectively ( & < & < &), using Eq.3 and ¢;,,y = 40,000.
For the &; bin with the median value of &, greater than 3000, the spherical harmonics fitting
coefficients are reconstructed according to the IMF clock angle Fourier fitting coefficients
determined in Section 3.1.2 and the given IMF clock angle 6., and the electric potential can be
determined using the spherical harmonics fitting coefficients. Similarly, for the &; bin with the
median value of ¢, greater than 3000, the MLT Fourier fitting coefficients in each MLAT bin are
reconstructed according to the IMF clock angle Fourier fitting coefficients determined in Section
3.1.3 and the given IMF clock angle 8. Then o, and g, in different MLAT bins can be
determined using the MLT Fourier fitting coefficients.

AS. Variables defined in Sections 2-5
Table 2 lists all variables defined in Sections 2-5, including their definitions, units, calculations

and places of first shown, for better references.
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(https://omniweb.gsfc.nasa.gov). The DMSP electron precipitation and auroral boundary data

can be found at NASA SPDF CDAWeb (https://cdaweb.sci.gsfc.nasa.gov/index.html/) and the

DMSP ion drift data can be obtained at NOAA NCEI (https://satdat.ngdc.noaa.gov/dmsp/data/).

The codes of auroral boundary identification technique developed by Kilcommons et al. (2017)
are available at Kilcommons and Burrell (2019) and the link is
http://doi.org/10.5281/zenodo0.3267415. The data used to generate the figures are available at
Zhu et al., (2020b) and the link is http://doi.org/10.5281/zenodo.4151717. The codes of
ASHLEY are available at Zhu et al., (2020c) and the link is

https://doi.org/10.5281/zenodo.4152364.
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Tables and Figures

Table 1a. Electron precipitation

1 2 3 4 5 6 7 8 9
Lower 0 3000 5000 7000 9000 11000 13000 16000 20000
boundary
Upper
3000 5000 7000 9000 11000 13000 16000 20000 30000
boundary
Median 2579 4283 6073 7956 9930 11942 14254 17590 22770
Table 1b. Electric field/potential
1 2 3 4 5 6 7
Lower 0 3000 5500 7500 9500 12000 16000
boundary
Upper 3000 5500 7500 9500 12000 16000 24000
boundary
Median 2583 4615 6539 8456 10614 13524 18357

Table 1. Summary of the lower and upper boundaries along with the median value of each &; bin
used in binning (a) the electron precipitation and (b) electric field/potential data.
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First

Variable(s) Meaning Unit Calculation
shown
, bulk ion drift vector before B Section
viv) (after) baseline correction m/s 2.1
Vx, Vy, V, Components of V (V) in the /s 3 Section
(Vx, Vy, V) spacecraft coordinate system 2.1
Background geomagnetic main
B. B field vector and its vertical oT B Section
0, =0 component at the satellite 2.1
location, respectively
E Electric field vector mV/m —-V' X B, Se2ction
Along-track electric field o~ ! Section
Ex component mV/m ~ = VyBo, 2.1
B.. B IMF y and z components in the T B Section
o GSM coordinates 2.2
IMF transverse component 2 2 Section
Br magnitude nT \/ By + Bz 2.2
0c IMF clock angle degree atan2(By, B;) Sezc t;on
Vew. New Solar wind ﬂow speed. and ks, cm? B Section
proton density, respectively 2.2
(km?*? 543 '
i i 2/3 ia-1/2 4/3 52/3,1/6 Section
€t Coupling function nT*” em™?) Vo Bt “Ngiy 53
. . eV/(cm? 5! 3 Section
JE Differential energy flux sl eVl 311
) ) MLT Section
) Azimuthal angle radian T 311
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W IMF clock angle in radians radian T80° ™ 311
. . B Section
) Electric potential kV
3.1.2
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Am MLAT in radians radian - 312
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1178
1179

Ea1, Ea2

! !
Eq1, Eaz

01, 03

Qo E

Edla EdZ

Polar angle

Electric field components in d;
and d» directions (Richmond,
1995)

Residuals between the
measured and modeled Eq; and
Ea, respectively

Standard deviation of Ejj; and

Ej,, respectively

Cross-polar-cap potential

Saturation level of &,

Saturation factor

Averaged co-MLAT of the
boundary identified on dawn
and dusk sides

Total energy flux and average
energy, respectively

Ed1 and Eqg calculated from &,
respectively

Mean electric field magnitude

Electric field variability
magnitude

-
radian T T
4
mV/m -
mV/m -
mV/m -
kV -
(km4/3 s-4/3
nT23 Cm-1/2) -
€t
1+ (=+
(Sinf)
degree -
Eq. 2 in Robinson
2
mW/m®, eVl (1987)
Egs. 4.8 and 4.9 in
mV/m - pichmond (1995)
mV/m / EZ, + EZ,
mV/m /0‘% + 0%

Section
3.1.2

Section
3.1.2

Section
3.13

Section
3.13

Section
32.1.2

Section
3.2.1.2

Section
32.1.2

Section
32.1.2

Section
5.1

Section
52

Section
52

Section
52

Table 2. Summary of variables defined in Sections 2-5.
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Figure 1. Hemispheric-integrated differential energy fluxes in the 19 DMSP energy channels
from all 8 €,-8,. bins for the ASHLEY-A development where 6, is centered at 225°. The blue
dashed lines represent the best-fit lines (parabolas) according to the red dots in the first 11 (last
8) plots.
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Figure 2. The cross-polar-cap potentials (CPCPs) from all 6 €,-8, bins for the ASHLEY-E

development where 6, is centered at 180°. The red thick line represents the best-fit curve
according to the blue circles.
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Figure 3. (a) Evolution of the averaged co-MLATs of the poleward auroral boundary (PAB)
identified on the dawn (4-8 MLT) and dusk (16-20 MLT) sides along the same polar crossing as
a function of &, when 157.5°<6,.<202.5°. (b) Evolution of the averaged co-MLATSs of the
convection reversal boundary (CRB) identified on the dawn (4-8 MLT) and dusk (16-20 MLT)
sides along the same polar crossing as a function of &, when 157.5°<6,.<202.5°. The red-thick
line in each plot indicates the best-fit curve according to the black dots. (MLAT=magnetic
latitude)
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Figure 4. Comparisons of the averages of measured and modeled differential energy fluxes from

all MLT-MLAT and &;-6, bins in the 19 DMSP energy channels. The numbers of the MLT,
MLAT and &;-6, bin are 24, 40 (50°-90° MLAT) and 65, respectively. The blue dashed line in

each plot denotes the y = x line, and the red thick line indicates the best-fit line according to the
grey dots. The equation of the best-fit line is given in each plot.
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Figure 5. (Top) Comparisons of the averages of measured and modeled (a) electric potential, (b)
Eq1 and (¢) Eq from all MLT-MLAT and &,-6,. bins. (Bottom) Comparisons of (d) the standard
deviation of measured Eq1 and the root mean square (RMS) of modeled Eq: variability along with
(e) the standard deviation of measured Eq> and the RMS of modeled Eq variability from all
MLT-MLAT and &;-6, bins. The numbers of the MLT, MLAT and &;-6, bin are 24, 20 (50°-90°
MLAT) and 49, respectively. The blue dashed line in each plot denotes the y = x line, and the red
thick line represents indicate the best-fit line according to the grey dots. The equation of the best-

fit line is given in each plot.
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All plots are presented in geomagnetic coordinates. (DMSP: Defense Meteorological Satellite
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coordinates. (DMSP: Defense Meteorological Satellite Program; MLT=magnetic local time;
MLAT=magnetic latitude; IMF=interplanetary magnetic field)
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Figure 8 (a) Comparisons of the differential number fluxes between the modeled spectrum (Red
dots) and a Maxwellian spectrum (Blue crosses) derived from the total energy flux and average
energy of the >500 eV portion of the modeled spectrum. (b) Comparisons of the differential
number fluxes between the modeled spectrum (Red dots) and two spectra calculated by using the
Meier 1989 formula (blue and green dashed lines). The blue and green dashed lines indicate the
spectra calculated by using the total energy flux and average energy of the >500 eV portion of
the modeled spectrum and the whole modeled spectrum, respectively. The location is at
MLT=4.5 h and MLAT=64.5°. The IMF and solar wind conditions are: IMF By =0, IMF B, =
—8 nT, Vsw = 450 km/s and Nsw = 5 cm 3. (MLT=magnetic local time; MLAT=magnetic

latitude; IMF=interplanetary magnetic field)
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Figure 9. High-latitude electric potential outputs of ASHLEY-E at eight different IMF clock
angles as a function of MLAT and MLT. For the cases shown in this figure, the solar wind and
IMF conditions are: IMF Bt = 8 nT, Vsw = 450 km/s and Nsw = 5 cm>. The maximum and
minimum electric potential of each case are indicated on the bottom left and right sides of each
plot, respectively, and the contour interval is 4 kV. All plots are presented in geomagnetic
coordinates. (IMF=interplanetary magnetic field)
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Figure 10. Distributions of the (a) mean electric field and (b) electric field variability magnitudes
as a function of MLAT and MLT for eight different IMF clock angles. For the cases shown here,
the IMF and solar wind conditions are: IMF Br = 8 nT, Vsw = 450 km/s and Nsw = 5 cm ™. All
plots are presented in geomagnetic coordinates. (MLT=magnetic local time; MLAT=magnetic
latitude; IMF=interplanetary magnetic field)
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Figure 11. (a) Variation of the cross-polar-cap potential (CPCP) with respect to the IMF clock
angle; (b) Variations of the averages of the mean electric field magnitude (E1, red) and electric
field variability magnitude (E2, blue) over the region where MLAT|>60° as a function of the
IMF clock angle. For the cases shown here, the IMF and solar wind conditions are: IMF Br =8
nT, Vsw =450 km/s and Nsw = 5 cm . (MLAT=magnetic latitude; IMF=interplanetary
magnetic field)
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Figure S1. Distributions of the IMF and solar wind data used for the ASHLEY-A development.
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Figure S2. Distributions of the IMF and solar wind data used for the ASHLEY-E and ASHLEY-

Evar developments.
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Figure S3. Comparisons of averages of the measured and modeled integrated differential energy

fluxes in different MLAT-MLT bins under (a) low IMF and solar wind conditions (5000 < &,
7000, 157.5°<6,<202.5°) and (b) high IMF and solar wind conditions (20000 < & < 30000,
112.5°<6,.<157.5°). The parameters shown in the top and bottom row of each plot are the
integrated differential energy fluxes of >500 eV and <500 eV electrons, respectively. All plots
are presented in geomagnetic coordinates.
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(a) Low IMF and solar wind conditions
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(b) High IMF and solar wind conditions
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Figure S4. Comparisons of averages of the measured and modeled electric potential, Eq1 and Eq
in different MLAT-MLT bins under (a) low IMF and solar wind conditions (5500 < g < 7500,

157.5°<6,.<202.5°) and (b) high IMF and solar wind conditions (12000 < g, < 16000,
157.5°<6,.<202.5°). Here, Eq1 and Eq, are magnetic eastward and northward components of the

electric field, respectively. All plots are presented in geomagnetic coordinates.
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Figure S5. Comparisons of the standard deviations of measured Eq1 and Eq2 and the root mean
squares (RMSs) of modeled Eq1 and Eqg» variabilities in different MLAT-MLT bins under (a) low
IMF and solar wind conditions (5500 < g, < 7500, 157.5°<6,<202.5°) and (b) high IMF and
solar wind conditions (12000 < g < 16000, 157.5°<0,<202.5°). Here, Eq1 and Eq> are
magnetic eastward and northward components of the electric field, respectively. All plots are
presented in geomagnetic coordinates.
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