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Abstract

Ionospheric conductance plays a crucial and active role in magnetosphere-ionosphere-thermosphere coupling processes. Despite

its importance, direct global observations of conductance are unavailable. This limitation inspires the development of empirical

models that are widely used to specify global distributions of conductance indirectly. In this work, a new model (COMPASS)

describing the statistical relationships between conductance and Field-Aligned Currents (FACs) is presented. The conductance

was determined by the electron densities measured by Poker Flat Incoherent Scattering Radar (PFISR), and the FACs were

determined by the magnetic perturbations measured by SWARM. Between 2014 and 2020, there were $\sim$3900 conjunction

events between PFISR and SWARM, providing a large dataset for investigating the relationship between conductance and

FACs. It is found that both Hall and Pedersen conductances vary as a power of $|j {\parallel}|$, and the power index $a$ is

between 0 and 0.5. This power index $a$ depends on the Magnetic Local Time (MLT) and the direction of FACs: (1) The

largest power index is obtained on the dawn side, and the minimum is at noon, suggesting the strongest/weakest correlation

in the dawn/noon sector; (2) the power indices are positive for both upward and downward FACs and are larger for upward

FACs than downward FACs, except in the dusk sector. The underlying physical mechanisms of the observed variations of the

model parameters are also discussed. This work sheds light on the complicated relationship between FACs and conductance

and provides a convenient way to specify global distributions of the auroral zone conductance.
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Abstract10

Ionospheric conductance plays a crucial and active role in magnetosphere-ionosphere-11

thermosphere coupling processes. Despite its importance, direct global observations of12

conductance are unavailable. This limitation inspires the development of empirical mod-13

els that are widely used to specify global distributions of conductance indirectly. In this14

work, a new model (COMPASS) describing the statistical relationships between conduc-15

tance and Field-Aligned Currents (FACs) is presented. The conductance was determined16

by the electron densities measured by Poker Flat Incoherent Scattering Radar (PFISR),17

and the FACs were determined by the magnetic perturbations measured by SWARM.18

Between 2014 and 2020, there were ∼3900 conjunction events between PFISR and SWARM,19

providing a large dataset for investigating the relationship between conductance and FACs.20

It is found that both Hall and Pedersen conductances vary as a power of |j‖|, and the21

power index a is between 0 and 0.5. This power index a depends on the Magnetic Lo-22

cal Time (MLT) and the direction of FACs: (1) The largest power index is obtained on23

the dawn side, and the minimum is at noon, suggesting the strongest/weakest correla-24

tion in the dawn/noon sector; (2) the power indices are positive for both upward and25

downward FACs and are larger for upward FACs than downward FACs, except in the26

dusk sector. The underlying physical mechanisms of the observed variations of the model27

parameters are also discussed. This work sheds light on the complicated relationship be-28

tween FACs and conductance and provides a convenient way to specify global distribu-29

tions of the auroral zone conductance.30

Plain Language Summary31

Ionospheric conductance is a crucial parameter in the modeling of the geospace re-32

sponse to varying solar wind forcing. However, direct global observations of conductance33

are unavailable. This limitation inspires the development of this new model (COMPASS)34

describing the statistical relationships between conductance and Field-Aligned Currents35

(FACs). Global distributions of FACs are easy to obtain from either observations or nu-36

merical simulations. Thus, this model provides a convenient way to specify the global37

distribution of the ionospheric conductance.38

1 Introduction39

Ionospheric height-integrated conductivity (conductance) is a key parameter in the40

dynamic coupling processes among the magnetosphere, the ionosphere, and the thermo-41

sphere. It is mainly produced by photoionization on the dayside due to solar radiation42

and can be altered by auroral precipitation from the magnetosphere and solar wind due43

to impact ionization. Variations in conductance can in turn influence magnetospheric44

convection. The increase of conductance can also lead to an expansion of the thermo-45

sphere through Joule Heating, which subsequently modifies the conductance. Because46

of the importance of conductance in the coupled system, it is necessary to better deter-47

mine its distribution to improve the characterization of high-latitude electrodynamics.48

A number of approaches have been utilized to specify the high-latitude conductance.49

One conventional direct method is to measure the altitude profiles of electron density50

in the ionosphere using Incoherent Scattering Radars (ISRs). Then, the density profiles51

are used to calculate conductivity. However, due to the limited spatial coverage of ISRs,52

it is impossible to obtain a global map of conductance. An indirect method is to mea-53

sure auroral precipitation (e.g., energy flux and average energy) and then estimate the54

conductance (e.g. Coumans et al., 2004; Fuller-Rowell & Evans, 1987; Germany et al.,55

1994; Hardy et al., 1987; Lummerzheim et al., 1991; McGranaghan et al., 2015; Spiro56

et al., 1982; Wallis & Budzinski, 1981). Precipitation can be measured in-situ by spec-57

trometer onboard Low-Earth Orbital (LEO) satellites (e.g. Fuller-Rowell & Evans, 1987;58

Hardy et al., 1987; McGranaghan et al., 2015; Spiro et al., 1982; Wallis & Budzinski, 1981)59
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or inferred from the optical emissions observed by auroral imagers onboard satellites (e.g.60

Lummerzheim et al., 1991; Germany et al., 1994; Coumans et al., 2004). Observed pre-61

cipitation information is then passed into empirical (e.g. Robinson et al., 1987) or nu-62

merical models (e.g. Solomon et al., 1988) to obtain electron density profiles and/or con-63

ductance. However, the precipitation observed by in-situ spectrometers cannot provide64

a global coverage, and the precipitation inferred from imagers onboard satellites may not65

provide data with sufficient temporal cadence. Besides satellite observations, precipita-66

tion can also be inferred from ground-based measurements. For instance, Kaeppler et67

al. (2015) combined the observations from All Sky Imagers and scanning Doppler Imag-68

ing Fabry-Perot interferometers to calculate conductance. Grubbs II et al. (2018) also69

reported that the multispectral images can be used to estimate the characteristics of pre-70

cipitating in the inverted-V aurora. However, these techniques cannot provide a global71

coverage either.72

Due to the limitations of observations, numerous empirical models were developed73

to specify conductance distributions in the absence of direct observation assets. A group74

of empirical models depend on solar wind or geomagnetic conditions (e.g. Carter et al.,75

2020; Fuller-Rowell & Evans, 1987; Hardy et al., 1987; Spiro et al., 1982; Wallis & Budzin-76

ski, 1981). Due to their statistical nature, these empirical models provide smooth con-77

ductance distributions without meso-scale spatial structures that are necessary for ac-78

curate ionospheric electrodynamic specification (Robinson et al., 2020). Conductance can79

also be expressed as a function of ground magnetic disturbances (Ahn et al., 1983, 1998)80

or FACs (Ridley et al., 2004; Mukhopadhyay et al., 2020). Unlike the models that de-81

pend on solar wind and/or geomagnetic conditions, the dependence on these two types82

of local observations enables capturing the spatial and temporal details of conductance.83

Furthermore, a global coverage and a high time cadence of both types of observations84

are available (Anderson et al., 2014; Gjerloev, 2012), meaning that a continuous global85

map of conductance is achievable. Recently, Robinson et al. (2020) reported a linear re-86

lationship between FACs and conductance in both upward and downward current regions87

over some MLTs based on AMPERE and PFISR observations. Robinson et al. further88

built a framework to characterize various electrodynamics variables (e.g., electric fields,89

Joule heating rate) in the high-latitude region based on AMPERE data (Robinson et al.,90

2018, 2020, 2021; Robinson & Zanetti, 2021).91

Launched in 2013, SWARM has high-precision magnetometers measuring the mag-92

nitude and direction of the magnetic field, and thus the FACs can be derived from the93

calculated magnetic perturbation with high spatial and temporal resolution (Lühr et al.,94

2016), but no global coverage. Thus, we aim to build a conductance model using FACs95

data from SWARM and conductance data from PFISR, which can later be used to spec-96

ify global conductance based on FACs from AMPERE observations or numerical sim-97

ulations. It is also interesting to investigate whether different FAC data sources can lead98

to a different relationship between FACs and conductance.99

The purpose of this work is to investigate the statistical relationship between FACs100

and conductance using a combination of SWARM and PFISR observations. The plan101

of this paper is as follows. In Section 2, the datasets used in this study are introduced.102

In Section 3, the statistical relationship between FACs and conductance is analyzed based103

on the observations in darkness; the new model is further tested on the observations in104

sunlight. In Section 4, physical implications, limitations, and applications of the rela-105

tionship are discussed.106

2 Methods107

In this work, conductance was calculated based on the electron density measure-108

ments from PFISR (Heinselman & Nicolls, 2008), which is located at 65.13◦N , 147.47◦W109

in Alaska. PFISR can offer subauroral or auroral zone observations depending on geo-110
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magnetic activity levels. Operating in alternating coded (AC) pulses, it provides alti-111

tude density profiles with an altitude resolution of ∼4.5 km. These profiles were then112

used to calculate conductance. The formulas for calculating the Pedersen and Hall con-113

ductivities are given by114

σP (z) =
en(z)

B(z)
[
νenΩe

ν2en + Ω2
e

+
∑
i

Ci
νinΩi

ν2in + Ω2
i

], (1)115

σH(z) =
en(z)

B(z)
[

Ω2
e

ν2en + Ω2
e

−
∑
i

Ci
Ω2

i

ν2in + Ω2
i

], (2)116

where n(z) is the electron density measured by ISR, Ω is the gyro frequency, Ci is the117

number abundance of different ions, νen is the collision frequency between electrons and118

neutrals, and νin is the collision frequency between ions and neutrals. i represents the119

different species of ions. In this study, important major ion and neutral species O+, O+
2 ,120

NO+, N2, O2 and O were considered. The collision coefficients were taken from Schunk121

and Nagy (2009), the neutral densities were from MSIS (Picone et al., 2002), and the122

local magnetic fields were from International Geomagnetic Reference Field (IGRF) (Thébault123

et al., 2015). In this work, only data from the field-aligned beam was used, along which124

the calculated conductivity was integrated to obtain conductance.125

FACs were derived from the magnetic field perturbation measurements from the126

SWARM mission (Ritter et al., 2013). SWARM consists of three identical satellites in127

a near-polar (87.5◦ inclination) orbit. SWARM-A and -C, are flying side by side, sep-128

arated by only 1.4◦ in longitude and at an altitude of about 460 km, while SWARM-B129

orbits the Earth at about 520 km with a higher inclination. Based on the magnetic field130

measurements of a single satellite, FACs can be derived with the assumption that the131

FAC current sheets are perpendicular to the flight directions. Lühr et al. (2014) suggested132

that FACs with latitudinal scales less than 150 km cannot be determined reliably from133

single-satellite measurements. Therefore, in this study, FAC variations were smoothed134

with a moving average window of 21 s (a latitudinal scale of 150 km). Note that an al-135

ternative method, a low-pass filter with a cutoff frequency of 0.05 Hz, has also been used136

to remove the high frequency fluctuation of the FACs. The filtered FACs were then used137

to identify the relationship between FACs and conductance. The results show that the138

relationship between FACs and conductance is not sensitive to the filters used. Thus,139

in this paper, we present the FACs after the moving average. SWARM also offers a FAC140

database using a dual-satellite technique (SWARM- A and C). However, this database141

is much smaller. To make sure a sufficiently large FAC dataset for statistical analysis,142

we chose to use the single-satellite FAC instead of the dual-satellite.143

To determine the conjunction between the SWARM satellites and PFISR, the lo-144

cation of PFISR was first mapped to the altitude of SWARM using Altitude-Adjusted145

Corrected Geomagnetic (AACGM) (Shepherd, 2014). The mapped location was then com-146

pared to the location of the satellite. The comparison criteria were as follows: the lon-147

gitudinal difference between the satellite and PFISR should be less than 4 degrees. This148

specific number was chosen because the longitudinal scale of FACs with a latitudinal scale149

of 150 km was about 4 degrees on the nightside (Lühr et al., 2014). During each orbit,150

the time cadence when the satellite was closest to PFISR in latitude was selected, i.e.,151

the latitudinal difference between the SWARM satellite and PFISR was less than 0.075152

degrees (7.5 km). In total, there were ∼3900 available conjunction events between 2014153

and 2020. These events had simultaneous FAC and conductance measurements.154

The distributions of conjunction events as a function of MLT, Dst, F10.7, and months155

are shown in Figure 1. Several trends can be found in this dataset: (1) there is an even156

distribution across different MLTs. (2) A majority of the cases occur during quiet or mod-157

erate geomagnetic activity with Dst larger than -50 nT, similar to the general Dst dis-158

tribution. (3) A majority of the cases occur during or near the solar minimum of solar159
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cycle 24 with F10.7 smaller than 100 sfu. (4) The event distribution as a function of month160

is roughly uniform, except November.161

All cases were then divided into two subsets: in darkness (A) and in sunlight (B).162

If the solar zenith angle (SZA) was larger than 90 degrees, then the case was in Dataset163

A (in darkness). Otherwise, it was in Dataset B (in sunlight). The relationship between164

FACs and conductance was investigated solely in Dataset A to avoid contributions from165

solar radiation-induced photoionization. Another reason is that FACs are more sheet-166

like on the nightside than on the dayside (Lühr et al., 2014), i.e., the FACs based on a167

single satellite are more reliable on the nightside. The newly derived empirical model was168

later tested on Dataset B.169

3 Data Analysis170

3.1 New Parameters Obtained using Dataset A171

Figure 2 shows the scatter plots of FACs vs conductance in Dataset A in a log-log172

scale. A linear relationship between ln(|j‖|) and ln(Σ) exists despite strong scatter. The173

scatter decreases as the amplitude of FACs increases, in particular in the upward FAC174

case. To better capture the statistical trend, all data points were binned into 3-hour MLT175

intervals before linear least square fitting was conducted. Fitting results are shown in176

Figures 3-6 and Table 1. Note that the cases between 9 and 12 MLT are so few that the177

fitting is not applicable. According to the linear least square fitting between ln(|j‖|) and178

ln(Σ), the Pedersen and Hall conductances are given as179

ln(ΣP orH) = k × ln(|j‖|) + b, (3)180

It can also be written as181

ΣP orH = c× |j‖|a, (4)182

where k = a and c = eb. All parameters (k, b, c, a) depend on both the MLT and the183

direction of FACs. The results show that the power index is much less than 1, different184

from the linear relationship in Robinson et al. (2020). In addition, the slopes are all pos-185

itive except in two bins: upward vs Pedersen between 12 and 15 MLT, and downward186

vs Pedersen between 6 and 9 MLT. Both of them have near zero slopes although slightly187

negative. Furthermore, it is worthwhile to note that the slopes for both upward and down-188

ward FACs are larger on the nightside (MLT>18 or MLT<6), suggesting a stronger de-189

pendence of the conductance on the FAC magnitude on the nightside.190

Figures 7 and 8 further shows the dependence of the fitting parameters on MLTs.191

The error bars represent the one-sigma uncertainties of the slopes and intercepts. When192

the model is applied, the negative parameters are regarded as zero to avoid the infinitely193

large conductance when FACs are close to zero. In addition, the slopes and intercepts194

between 9 and 12 MLT are calculated using linear interpolation and thus have no error195

bars. The slopes peak in the 3-6 MLT sector and dip in the noon sector for all four re-196

lationships. On the dawn side, the slopes of upward FACs are significantly larger than197

those of downward FACs. However, on the dusk side, the difference is much smaller. Be-198

tween 15 and 18 MLT, the slopes of downward FACs are even larger than those of up-199

ward FACs. In addition, the slopes of Hall conductance are larger than those of the Ped-200

ersen conductance on the dawn side, while the difference again minimizes on the dusk201

side. Similar features are also found in the intercepts plot. The physical implications of202

these results are discussed later in Section 4. In the next section, this new empirical model203

is tested using Dataset B.204
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3.2 Testing New Parameters using Dataset B205

All events in Dataset B are in the sunlit region, so the conductance was calculated206

by including solar photoionization207

ΣP = (Σ2
Psolar

+ Σ2
Pprec

)1/2, (5)208

ΣH = (Σ2
Hsolar

+ Σ2
Hprec

)1/2. (6)209

Because the ionization rates at each altitude add linearly (Robinson et al., 2020), and210

the ionization rate is proportional to the square of the electron density and conductance,211

a quadratic summation is often used. According to Moen and Brekke (1993), the solar212

radiation-induced conductance contribution is empirically given by213

ΣPsolar
= F 0.49

10.7 (0.34cos(SZA) + 0.93cos0.5(SZA)), (7)214

ΣHsolar
= F 0.53

10.7 (0.81cos(SZA) + 0.54cos0.5(SZA)). (8)215

where the F10.7 parameter is the solar radio flux measured at 10.7 cm with a unit of so-216

lar flux unit (sfu), and SZA is the solar zenith angle. The conductance due to precip-217

itating particle impact ionization was calculated using the new empirical model. After218

the quadratic summation, the total estimated conductance was compared with the ob-219

served value. The comparisons are shown in Figure 9. In these comparisons, three met-220

rics were used to evaluate the performance of the model: Root Mean Square Error (RMSE),221

Prediction Efficiency (PE), and Mean Error (ME). The definition of each metric is as222

follows:223

RMSE =

√√√√ 1

N − d

N∑
i=1

(Mi −Oi)2, (9)224

PE = 1−
∑

(Mi −Oi)
2∑

(Oi −O)2
, (10)225

ME = M −O, (11)226

where N represents total data points, d is the degrees of freedom, Mi represents the es-227

timations, and Oi represents the observations. In this model, d is 3 (j‖, F10.7, and SZA).228

RMSE represents the accuracy of the model with a unit of mho. PE represents the fit-229

ting performance skill score, also known as the coefficient of determination. An ideal PE230

is 1, meaning that the model can fit the observations perfectly. A value of PE less than231

zero means that the model is worse than the average of the data at predicting the ob-232

servations. ME represents the bias of the model with a unit of mho.233

As shown in Figures 9a and 9c, the absolute values of MEs of Pedersen conductance234

for both upward and downward FACs cases are smaller than 0.2 mho. This means that235

the model predicts Pedersen conductance accurately on average. In Figures 9b and 9d,236

the MEs are negative and around 1 mho, suggesting that the model might slightly un-237

derestimate the Hall conductance. In all panels, PEs are larger than zero, meaning that238

the model can provide meaningful predictions. The PEs of the upward FACs (Figures239

9a-9b) are larger than those of downward FACs (Figures 9c-9d), showing the model can240

predict the conductance under upward FACs more accurately.241

The RMSEs and PEs of this model were further compared with those in Robinson242

et al. (2020) to test its performance. In this comparison, both datasets (A and B) were243
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used. As shown in Figure 10, the RMSE of the Pedersen conductance is 3.17 mho, and244

the RMSE of Hall conductance is 7.23 mho. Both are comparable but smaller than the245

RMSEs in Robinson et al. (2020) (Pedersen: 3.75 mho; Hall: 9.12 mho). In our model,246

the PE of the Pedersen/Hall conductance is 0.37/0.33. In their model, the PE scores of247

Pedersen and Hall conductance are 0.18 and 0.30, respectively. The above results demon-248

strate that the new empirical model can provide good estimates of conductance, and our249

model showed a comparable but slightly better performance.250

4 Discussions251

In this section, the underlying physical implications, as well as limitations and po-252

tential applications of this new empirical model are discussed.253

4.1 Power Law Dependence254

Figures 3-6 show that conductance varies as a power of |j‖|, and the power indices255

for different MLTs are between 0 and 0.5. Conductance has been shown to vary as a power256

of the precipitation energy flux for both protons and electrons, and the power index is257

around 0.5 (Galand & Richmond, 2001; Germany et al., 1994; Robinson et al., 1987).258

Korth et al. (2014) reported that the electron energy flux was proportional to the square259

of FACs in the afternoon. Therefore, in this case, the conductance should change almost260

linearly with the magnitude of FACs, i.e., a power index around 1 in the afternoon, as261

Robinson et al. (2020) suggested. However, at other MLTs, upward FACs and electron262

energy fluxes are not well correlated (Korth et al., 2014), suggesting that even the re-263

lationship between upward FACs and precipitation is complicated. For example, ion out-264

flow may need to be considered as additional current carriers (Xiong et al., 2020). Thus,265

it is not surprising that the conductance can be expressed as a power of FACs, but the266

power index differs from 1. In addition, it is found that the conductance varies as a power267

of the ground magnetic perturbations in the north-south direction (Ahn et al., 1983).268

In that study, the power index is also between 0 and 1. The similarity of the magnitude269

of the power index between our work and the work by Ahn et al. (1983) implies a close270

relationship between FACs and ground magnetic perturbations in the north-south di-271

rection (Weygand et al., 2011), consistent with our conventional current closure picture272

in the auroral zone (Kamide, 1982).273

Figures 3-6 also show that both upward and downward FACs are positively cor-274

related with conductance in most MLTs except near the morning sector. It is generally275

agreed that upward FACs are closely related to discrete aurora and energetic electron276

precipitation (e.g. Knight, 1973; Korth et al., 2014). However, the positive correlation277

relationship between downward FACs and particle precipitation is less reported. Robinson278

et al. (2020) also found a linear positive relationship between the magnitude of down-279

ward FACs and conductance. The increase of conductance under downward FACs can280

be partly explained by the background electron diffuse precipitation and/or proton pre-281

cipitation: downward FACs may occur in regions of electron diffuse aurora during sub-282

storms (Murphy et al., 2013); downward FACs can be carried by precipitating protons283

(Xiong et al., 2020). Carter et al. (2016) further showed that the region 2 (downward)284

FACs were more closely aligned with the peak of proton aurora emission at dusk. In ad-285

dition, Zou et al. (2009) reported precipitating proton-induced ionization in the dusk sec-286

tor associated with Subauroral Polarization Streams (SAPS) in the Region-2 downward287

FAC region. These observations are consistent with the positive relationship found be-288

tween the downward FACs and conductance.289
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4.2 MLT variations of power index290

Figures 7-8 show that both the slopes and the intercepts of the FAC-conductance291

fitting are larger on the nightside. The maximum of these fitting parameters is located292

between 3 and 6 MLT, while their minimum is around noon. This local time dependence293

can be understood by invoking the MLT dependence of precipitating electrons. The av-294

erage electron energy and the electron energy flux on the dayside are much lower than295

the nightside (Newell et al., 2009). These precipitating electrons cannot penetrate deep296

in the upper atmosphere and thus cannot contribute significantly to the conductance (Robinson297

et al., 2020). However, a large number of these low energy electrons can carry a signif-298

icant amount of currents. In addition, the electron energy flux peaks on the night side299

(Newell et al., 2009), generating larger conductance, while both upward and downward300

FACs typically peak on the day side (He et al., 2012; Iijima & Potemra, 1978). As a re-301

sult, a stronger relationship or a larger slope between the FACs and conductance is needed302

to account for the larger conductance on the night side, as shown in our results.303

On the night side, it is shown that the slopes in the postmidnight sector are larger304

than those in the premidnight sector. This can also be explained by the larger energy305

flux on the dawn side. Xiong et al. (2020) showed that the electron energy flux is larger306

at dawn than that at dusk, even though the magnitudes of the upward FACs were com-307

parable. This also implies that the average energy of the precipitating electrons is higher308

at dawn than that at dusk (Newell et al., 2010), thus generating larger conductance (Robinson309

et al., 1987).310

On the dawn side, the four lines representing the slopes in Figure 7 are widely spaced311

from each other. The order of the slope magnitude is as follows: Upward vs Hall > Up-312

ward vs Pedersen > Downward vs Hall > Downward vs Pedersen. This order can be eas-313

ily understood as follows. Upward FACs are usually associated with stronger electron314

precipitation flux and larger average energy, generating larger conductance; energetic pre-315

cipitating electrons can penetrate deeper into the atmosphere, and thus the induced Hall316

conductance is usually larger than the Pedersen conductance. However, between 15 and317

18 MLT, the order of the slope magnitude is inverted: Upward vs Hall < Upward vs Ped-318

ersen < Downward vs Hall < Downward vs Pedersen. On the dusk side, the slopes for319

the Hall conductance are lower than those for the Pedersen conductance for the same320

FAC polarity. This can either be explained by the fact that the average energy of pre-321

cipitating electrons is lower on the dusk side than that on the dawn side (Newell et al.,322

2010) or by the fact that the proton precipitations contribute more to the Pedersen con-323

ductance due to proton beam spreading and thus stopping at higher altitudes (Fang et324

al., 2013).325

At the dusk side, the slopes associated with downward FACs are larger than those326

with upward FACs for both Petersen and Hall conductances. This puzzling signature may327

again be explained by invoking the proton precipitation on the dusk side. The more sen-328

sitive dependence of the conductance on the downward FACs in the dusk sector implies329

that these downward FACs are carried by precipitating protons. Carter et al. (2016) showed330

that at dusk the region 2 (downward) FACs collocate with the peak of proton aurora.331

This suggests that the downward FACs are accompanied by a strong proton flux as cur-332

rent carriers. If the energy flux is the same, the proton precipitation can generate a larger333

Pedersen conductance than the electron precipitation (Galand & Richmond, 2001). In334

addition, Hall conductance is more sensitive to electron average energy than proton av-335

erage energy (Galand & Richmond, 2001). Considering the higher proton energy flux and336

the lower average energy of the electron precipitation on the dusk side, the proton pre-337

cipitation may generate a larger conductance than the electron precipitation. Note that338

the slope and intercept values at 12-15 MLTs are clustered, and the uncertainties are too339

large for meaningful distinction.340

–8–



manuscript submitted to Space Weather

4.3 Model performance341

Figure 9 shows that the PE under upward FACs is larger than that under down-342

ward FACs. This is because the upward FACs are mainly carried by precipitating elec-343

trons, which are expected to increase the conductance via impact ionization (e.g. Knight,344

1973; Korth et al., 2014). On the other hand, the relationship between the downward345

FACs and particle precipitation is more complicated. In the case of precipitating pro-346

tons as downward FAC carriers, they can increase the conductance via impact ionization(Galand347

& Richmond, 2001). If the downward FACs are mainly carried by upward going iono-348

spheric electrons, the conductance is expected to decrease as a result of reduced iono-349

spheric density due to evacuation (Karlsson & Marklund, 1998; Karlsson et al., 2007; Zou350

et al., 2013). Therefore, due to the complex current carriers of downward FACs, it is not351

surprising that the model performs better under upward FACs.352

The quantitative metrics in the previous section indicate that the model can pro-353

vide reasonable estimations of the conductance. However, several limitations should be354

considered. First, there are few cases (2 %) with FACs larger than 1µA/m2, because the355

majority of the conjunction dataset is during the geomagnetic quiet or moderate activ-356

ity time. In addition, the linear least square fitting in a log-log scale skews toward small357

values. These two factors may lead to an underestimation of conductance when the FACs358

are large. Caution is needed when applying the model to extreme events since extreme359

events are rarely observed in the dataset used to train this model. Second, FACs are in-360

directly associated with the conductance and these two parameters are linked by cur-361

rent carriers. Usually, the precipitating flux and average energy are used together to spec-362

ify conductance (e.g. Robinson et al., 1987). Recently, the whole precipitating particle363

energy spectra have been used in the GLOW model to calculate conductance(McGranaghan364

et al., 2015). Adding more variables (e.g., average energy) may improve the performance365

by including more physics. However, accurate characteristics of global precipitation are366

hard to obtain in both observations and simulations. Single variable (i.e., FAC) is used367

in this work to ensure that the model is easy to apply. The last caveat is that the model368

is based on PFISR observations and thus needs to be further tested for other latitudes,369

such as the polar cap. Under different geomagnetic conditions, PFISR can be in the sub-370

auroral region or auroral oval, but rarely in the polar cap. Generalization of this model371

to other latitudes will be the focus of our future work.372

4.4 Potential application373

The primary goal of this model is to improve the estimation of the global ionospheric374

conductance distribution and apply these conductance maps to global MHD simulations,375

because an accurate description of the conductance is of vital importance to improve the376

performance of space weather modeling. Up till now, several models have been proposed377

with different functions between FACs and conductance: linear function (Robinson et378

al., 2020); exponential function (Ridley et al., 2004); power function (this work). It is379

useful to plug the different conductance models into a standard modeling framework, e.g.,380

SWMF, and assess their performances, which is similar to the validation efforts in Pulkkinen381

et al. (2013), or perform ensemble runs to provide uncertainty quantification forecasts.382

In addition, the model could be further used to characterize various electrodynamic vari-383

ables in the high-latitude region, such as the work performed in Robinson et al. (2018,384

2020, 2021); Robinson and Zanetti (2021). Our model provides another option for the385

community to estimate the global conductance distribution using the FAC information386

either from measurements (e.g., AMPERE), from empirical models of FACs, or numer-387

ical models that can calculate FACs.388
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5 Summary and conclusions389

Based on the conjunction observations from SWARM and PFISR between 2014 and390

2020, a power-law relationship between the conductance and FACs is found: ΣP orH =391

c|j‖|a. The power index a is between 0 and 0.5. We show that both Hall and Pedersen392

conductances increase with the magnitudes of both upward and downward FACs. In ad-393

dition, upward FACs are associated with a larger power index than downward FACs, sug-394

gesting a stronger dependence of conductance on upward FACs. The power index varies395

as a function of MLTs. The largest power or the strongest dependence of conductance396

on FACs is found in the postmidnight sector, and the smallest power index or the weak-397

est dependence is around noon. These results shed light on the complicated relationship398

between the polarity and magnitude of FACs and conductance at various MLTs. Sev-399

eral metrics (ME, RMSE, and PE) have been used to test the goodness of the estima-400

tions. For example, the RMSE of the Pedersen conductance specification is 3.17 mho,401

and the RMSE of the Hall conductance specification is 7.23 mho. These metrics indi-402

cate that the model can provide good estimates of the global conductance given the global403

FAC polarity and magnitude. A couple of limitations of the model have also been dis-404

cussed: (1) the model may underestimate conductance during extreme events; (2) FACs405

are indirectly associated with the conductance; (3) the model needs to be further tested406

for other latitudes, such as the polar cap. Despite these limitations, this new model pro-407

vides a convenient and accurate way to estimate the global conductance distributions408

in the high-latitude region and should be useful for high-latitude electrodynamics spec-409

ification and space weather research.410
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Beaujardiére, O., & Akasofu, S.-I. (1998). An ionospheric conductance418

model based on ground magnetic disturbance data. Journal of Geophys-419

ical Research: Space Physics, 103 (A7), 14769-14780. Retrieved from420

https://agupubs.onlinelibrary.wiley.com/doi/abs/10.1029/97JA03088421

doi: https://doi.org/10.1029/97JA03088422

Ahn, B.-H., Robinson, R., Kamide, Y., & Akasofu, S.-I. (1983). Electric con-423

ductivities, electric fields and auroral particle energy injection rate in the424

auroral ionosphere and their empirical relations to the horizontal magnetic425

disturbances. Planetary and Space Science, 31 (6), 641-653. Retrieved from426

https://www.sciencedirect.com/science/article/pii/0032063383900053427

doi: https://doi.org/10.1016/0032-0633(83)90005-3428

Anderson, B. J., Korth, H., Waters, C. L., Green, D. L., Merkin, V. G., Barnes,429

R. J., & Dyrud, L. P. (2014). Development of large-scale birkeland cur-430

rents determined from the active magnetosphere and planetary electrodynam-431

ics response experiment. Geophysical Research Letters, 41 (9), 3017-3025.432

Retrieved from https://agupubs.onlinelibrary.wiley.com/doi/abs/433

10.1002/2014GL059941 doi: https://doi.org/10.1002/2014GL059941434

Carter, J. A., Milan, S. E., Coxon, J. C., Walach, M. T., & Anderson, B. J. (2016,435

2). Average field-aligned current configuration parameterized by solar wind436

conditions. Journal of Geophysical Research A: Space Physics, 121 , 1294-1307.437

doi: 10.1002/2015JA021567438

Carter, J. A., Milan, S. E., Paxton, L. J., Anderson, B. J., & Gjerloev, J. (2020).439

–10–



manuscript submitted to Space Weather

Height-integrated ionospheric conductances parameterized by interplan-440

etary magnetic field and substorm phase. Journal of Geophysical Re-441

search: Space Physics, 125 (10), e2020JA028121. Retrieved from https://442

agupubs.onlinelibrary.wiley.com/doi/abs/10.1029/2020JA028121443

(e2020JA028121 10.1029/2020JA028121) doi: https://doi.org/10.1029/444

2020JA028121445

Coumans, V., Gérard, J.-C., Hubert, B., Meurant, M., & Mende, S. B. (2004).446

Global auroral conductance distribution due to electron and proton precipi-447

tation from image-fuv observations. Annales Geophysicae, 22 (5), 1595–1611.448

Retrieved from https://angeo.copernicus.org/articles/22/1595/2004/449

doi: 10.5194/angeo-22-1595-2004450

Fang, X., Lummerzheim, D., & Jackman, C. H. (2013). Proton impact451

ionization and a fast calculation method. Journal of Geophysical Re-452

search: Space Physics, 118 (8), 5369-5378. Retrieved from https://453

agupubs.onlinelibrary.wiley.com/doi/abs/10.1002/jgra.50484 doi:454

https://doi.org/10.1002/jgra.50484455

Fuller-Rowell, T., & Evans, D. (1987). Height-integrated pedersen and hall conduc-456

tivity patterns inferred from the tiros-noaa satellite data. Journal of Geophysi-457

cal Research: Space Physics, 92 (A7), 7606–7618.458

Galand, M., & Richmond, A. D. (2001). Ionospheric electrical conductances pro-459

duced by auroral proton precipitation. Journal of Geophysical Research: Space460

Physics, 106 (A1), 117-125. Retrieved from https://agupubs.onlinelibrary461

.wiley.com/doi/abs/10.1029/1999JA002001 doi: https://doi.org/10.1029/462

1999JA002001463

Germany, G., Torr, D., Richards, P., Torr, M., & John, S. (1994). Determination464

of ionospheric conductivities from fuv auroral emissions. Journal of Geophysi-465

cal Research: Space Physics, 99 (A12), 23297–23305.466

Gjerloev, J. W. (2012). The supermag data processing technique. Journal of Geo-467

physical Research: Space Physics, 117 (A9). Retrieved from https://agupubs468

.onlinelibrary.wiley.com/doi/abs/10.1029/2012JA017683 doi: https://469

doi.org/10.1029/2012JA017683470

Grubbs II, G., Michell, R., Samara, M., Hampton, D., & Jahn, J.-M. (2018). Pre-471

dicting electron population characteristics in 2-d using multispectral ground-472

based imaging. Geophysical Research Letters, 45 (1), 15-20. Retrieved473

from https://agupubs.onlinelibrary.wiley.com/doi/abs/10.1002/474

2017GL075873 doi: https://doi.org/10.1002/2017GL075873475

Hardy, D. A., Gussenhoven, M., Raistrick, R., & McNeil, W. (1987). Statistical and476

functional representations of the pattern of auroral energy flux, number flux,477

and conductivity. Journal of Geophysical Research: Space Physics, 92 (A11),478

12275–12294.479
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0-3 0.287 2.47 0.345 3.14 0.155 2.26 0.178 2.78

3-6 0.365 2.55 0.439 3.41 0.217 2.17 0.276 2.99

6-9 0.133 1.67 0.266 2.83 -0.01689 (0) 0.996 0.105 2.00

9-12 0.0665* 1.38* 0.136* 2.11* 0.0141* 1.16* 0.0638* 1.81*

12-15 -0.0134 (0) 1.08 0.00592 1.38 0.0281 1.33 0.0226 1.62

15-18 0.0827 1.38 0.0634 1.63 0.132 1.63 0.109 1.91
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21-0 0.274 2.36 0.303 2.86 0.203 2.05 0.214 2.46

* means that the values are calculated by interpolation. (0) means that the negative values are

replaced with 0 in the application.
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Figure 1. Distributions of MLT, Dst, F10.7, and month in the whole dataset.

Figure 2. The scattering plots of the FACs and conductance in a log-log scale. The unit of

the FACs is µA/m2, and the unit of conductance is mho. The colors represent MLTs. (a) Up-

ward FAC vs Pedersen conductance. (b) Upward FAC vs Hall conductance. (c) Downward FAC

vs Pedersen conductance. (d) Downward FAC vs Hall conductance.
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Figure 3. Statistical relations between Pedersen conductance and upward FACs in a log-log

scale at different MLTs.
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Figure 4. Statistical relations between Hall conductance and upward FACs in a log-log scale

at different MLTs.
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Figure 5. Statistical relations between Pedersen conductance and downward FACs in a log-log

scale at different MLTs.
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Figure 6. Statistical relations between Hall conductance and downward FACs in a log-log

scale at different MLTs.
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Figure 7. The dependence of slopes on MLTs.

Figure 8. The dependence of intercepts on MLTs.
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Figure 9. Comparisons between the estimated conductance and the observed conductance.

RMSE, PE, ME are printed in the title of each panel.
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Figure 10. Comparisons between the estimated conductance and the observed conductance

in the whole dataset. Red points represent in sunlight, while blue points represent in darkness.

RMSE, PE, ME are printed in the title of each panel.
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