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Abstract

Electromagnetic energy carried by magnetohydrodynamic modes is an important mechanism in the energy transfer between

the magnetosphere and the ionosphere. Through wave reflection in the ionosphere, Alfvén waves are known to carry field-

aligned currents, and thus play an important role in the dynamics of the ionosphere-magnetosphere coupling. The role of Hall

conductance in this interplay has been explored in magneto-hydrodynamic models of the ionosphere, but has hitherto not been

observed in-situ. We use five years of observations from the Swarm mission to shed light on this interplay. We present the

high-latitude climatology of both the measured Poynting flux and the measured Alfvén wave reflection coefficient. Our results

indicate that high-energy deeply penetrating precipitation, which directly leads to strongly enhanced Hall conductance, is an

important cause of positively interfering Alfvén wave reflection. We present such observational evidence, and with that, suggest

that Hall conductance is substantially more important in the ionospheric wave reflection climatology than hitherto believed.
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Key Points:10

• Enhanced Hall conductance plays a major role in driving Alfvén wave reflection,11

especially on the nightside ionosphere.12

• This is due to high-energy precipitation provided by the nightside aurora.13

• Pedersen conductance and solar zenith angle are strong indicators for Alfvén wave14

reflection on the dayside ionosphere.15
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Abstract16

Electromagnetic energy carried by magnetohydrodynamic modes is an important mech-17

anism in the energy transfer between the magnetosphere and the ionosphere. Through18

wave reflection in the ionosphere, Alfvén waves are known to carry field-aligned currents,19

and thus play an important role in the dynamics of the ionosphere-magnetosphere cou-20

pling. The role of Hall conductance in this interplay has been explored in magneto-hydrodynamic21

models of the ionosphere, but has hitherto not been observed in-situ. We use five years22

of observations from the Swarm mission to shed light on this interplay. We present the23

high-latitude climatology of both the measured Poynting flux and the measured Alfvén24

wave reflection coefficient. Our results indicate that high-energy deeply penetrating pre-25

cipitation, which directly leads to strongly enhanced Hall conductance, is an important26

cause of positively interfering Alfvén wave reflection. We present such observational ev-27

idence, and with that, suggest that Hall conductance is substantially more important in28

the ionospheric wave reflection climatology than hitherto believed.29

1 Introduction30

Of particular importance for the high-latitude ionosphere is the large-scale field-31

aligned current (FAC) system, also called the Birkeland current system (Iijima & Potemra,32

1978; Cowley, 2000). Through the large-scale currents flowing in and out of the ionosphere,33

a massive transfer of energy from the magnetosphere and the solar wind to the ionosphere34

occurs (Dungey, 1961; Siscoe & Huang, 1985; Cowley & Lockwood, 1992; Cowley, 2000).35

The FAC flows, as the name suggests, along magnetic field lines, which in the polar re-36

gions are almost normal to Earth surface. Electrically, the conductance needed to sup-37

port the FACs is provided by the magnetic field-perpendicular Pedersen conductance,38

while, conversely, the conductance perpendicular to both the magnetic and electric field39

is called Hall conductance.40

In the ionosphere, changes in Pedersen conductance are broadly predicted by changes41

in solar extreme-ultraviolet (EUV) photoionization, and so solar zenith angle (SZA, the42

angle between a vector normal to Earth surface and the Sun), is a strong predictor for43

Pedersen conductance (Fujii et al., 1981; Vickrey et al., 1981; Brekke & Moen, 1993; Ri-44

dley et al., 2004). This EUV reliance, which translates to a reliance on SZA, creates a45

clear seasonal dependency in the FAC system, with stronger Pedersen conductance and46

stronger FAC amplitudes during local summer — when the polar regions experience per-47

petual sunlight — compared to local winter (Yamamoto et al., 2003; Haraguchi et al.,48

2004; Coxon et al., 2016).49

In addition to EUV photoionization, both Pedersen and Hall conductivities also50

receive contributions from precipitating electrons (Vickrey et al., 1981). However, in the51

E-region ionosphere, Hall conductivity peaks at a lower altitude than Pedersen conduc-52

tivity, making Hall conductance more susceptible to deeply penetrating precipitating elec-53

trons, and thus to higher energy electrons (Coumans et al., 2004; Nishimura et al., 2020).54

In fact, when considering high latitude Hall conductance, auroral precipitation has a greater55

impact than EUV photoionization (Lotko et al., 2014). Using incoherent scatter radar56

measurements during nightside pulsating aurora, Hosokawa et al. (2010) found that Hall57

conductance doubled during periods of elevated auroral activity, at times reaching 30 S,58

and was up to three times greater than the measured Pedersen conductance. Similar re-59

sults were reported by Senior et al. (1982), likewise showing a Hall to Pedersen conduc-60

tance ratio of 3 in incoherent scatter radar measurements under similar conditions. Since61

the flux of highly energetic auroral precipitation exhibits opposite seasonal behaviour62

to that of EUV photoionization (Newell et al., 2010), Hall conductance does not exhibit63

the same seasonal dependencies as Pedersen conductance (Kwak & Richmond, 2007).64

In Fig. 1, we show the impact of deeply penetrating electron precipitation on Pedersen65

and Hall conductances, where we use values given in Vickrey et al. (1981). One can see66
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Figure 1. The impact of electron precipitation on ionospheric Pedersen (solid line) and Hall

(dotted line) conductances, with precipitating electron energy shown on a logarithmic scale along

the x-axis. While the impact on Pedersen conductance peaks at an electron energy around 1.5

keV, the lower altitude Hall conductance receives a peak impact from electron precipitation at an

energy around 6 keV. The figure is plotted using values provided in Vickrey et al. (1981) [see also

Coumans et al. (2004)].

that, while Pedersen conductance is more strongly impacted by low-energy precipitation,67

Hall conductance can get a many times higher contribution for high-energy electrons.68

The diffuse aurora is a frequent source of high-energy precipitating electron, and69

is the dominant source of total auroral energy flux (Newell et al., 2009; Nishimura et al.,70

2020). Consisting of higher energy particles than its counterpart, the discrete aurora,71

the diffuse aurora is largely observed in the equatorward portion of the auroral oval (Nishimura72

et al., 2020). The nightside diffuse aurora is strongest in the early morning sector, with73

the region of strongest energy flux centered on 3h magnetic local time (MLT) (Newell74

et al., 2010). Nightside pulsating aurora, a type of diffuse aurora, occurs almost daily75

in the northern hemisphere between midnight and 07h MLT, largely between 63◦ and76

73◦ magnetic latitudes (Grono & Donovan, 2020). Conversely, dayside diffuse aurora oc-77

curs further poleward, near cusp latitudes, and tends to be associated with substorms78

(Han et al., 2015; Nishimura et al., 2020). The dayside diffuse aurora tends to have a79

stronger number flux rather than to carry high energy electrons (Newell et al., 2010).80

As mentioned, seasonal changes in the energy of auroral precipitation are opposite81

from those of EUV photoionization: Precipitating particle energy is markedly higher dur-82

ing local winter compared to local summer (Liou et al., 2001). Overall, the number flux83

of precipitating electrons tends to be higher during local summer and on the dayside,84

while, conversely, the average energy of precipitating electrons tends to be higher dur-85

ing local winter and even in darkness (Liou et al., 2001). Returning to diffuse aurora,86

a local winter increase in precipitating electron energy causes the total energy flux of dif-87

fuse aurora to peak during local winter (Newell et al., 2010; Nishimura et al., 2020). As88

mentioned, compared to Pedersen conductance, changes in Hall conductance are more89

dependent on high-energy deeply penetrating precipitation, we thus expect Hall conduc-90

tance to get a peak contribution from precipitation during local winter and in darkness91

(SZA > 90◦).92
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Figure 2. Contour lines of constant α (Eq. 2) plotted against Pedersen conductance on the

y-axis, and Hall conductance on the x-axis, with a constant Alfvén conductance ΣA = 3 S. The

dot-dashed black line shows the particular ratio of ΣH to ΣP displayed in Fig. 1. For input val-

ues in Eq. (2), we used Eqs. (58-61) in Yoshikawa and Itonaga (2000) for η, and Eq. (1) in the

present study for values of α0. The values of α for ΣH = 0 (close to the y-axis) correspond to α0

(Eq. 1). Three regimes are marked in green roman numerals; high ΣP - low ΣH (I), intermediate

ΣP - intermediate ΣH (II), and low ΣP - high ΣH (III), to be referenced in the text.

When trapped in resonators and waveguides, magnetohydrodynamic (MHD) modes93

in the ionosphere deposit electromagnetic energy (E. Fedorov et al., 2016). Of these MHD94

modes, Alfvén waves (Alfvén, 1942) are the only waves associated with FACs (Siscoe,95

1983; Yoshikawa & Itonaga, 1996; Burke et al., 2016). The dynamics of Alfvén waves can96

be affected by the ionospheric Alfvén resonator (IAR), which is an effective cavity cre-97

ated by the altitude-gradient in the Alfvén velocity, which causes modulation of the dy-98

namics surrounding wave reflection (Lysak, 1991). The reflection coefficient can be ex-99

pressed in the following manner (Park et al., 2017),100

α0 =
ΣP − ΣA

ΣP + ΣA
, (1)

where ΣP,A are the Pedersen and Alfvén conductances respectively. Note that the sign101

convention in Eq. 1 is opposite from that used in e.g. Lysak (1991), and therefore can102

be viewed as a magnetic, as opposed to electric, field reflection coefficient.103

Eq. (1) offers key insight into the dynamics surrounding wave reflection. If Ped-104

ersen and Alfvén conductances are equal, α0 = 0, and there is no wave reflection. If,105

on the other hand, α0 6= 0, the incoming wave is reflected, leading to an outgoing wave.106

The sign of α0 controls the sign of the outgoing wave magnetic field component, mean-107

ing that the sign of α0 controls whether there is positive or negative interference between108

the incoming and outgoing wave (Lysak, 1991). The two extremes, α0 = ±1, corre-109

spond to doubling and cancellation of the B-field respectively (Park et al., 2017). That110

is, α0 = + 1 corresponds to the reflected E-field being antiparallel to the incident111

E-field, with equal magnitude. This yields zero net E-field, and a doubling of the net112
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B-field. Conversely, α0 = − 1 here corresponds to the net E-field doubling, with113

zero net B-field.114

Since ΣA is independent of Hall conductance, for a given value of ΣA, α0 in Eq. 1115

should depend only on Pedersen conductance, and thus on SZA. In reality, however, the116

Alfvén wave reflection coefficient is also affected by Hall conductance (Yoshikawa & Iton-117

aga, 2000; Waters et al., 2013; E. N. Fedorov et al., 2018). Yoshikawa and Itonaga (2000),118

developing a model of the reflection and mode conversion of MHD waves in the high-latitude119

ionosphere, found that the role of the Hall conductance is to couple energy from the shear120

Alfvén mode to the compressional mode, which is generally evanescent within the au-121

roral zone. Since the compressional mode is not guided by the magnetic field, it can ra-122

diate horizontally away from the coupling region and couple to more distant ionospheric123

regions. Furthermore, Yoshikawa and Itonaga (2000) found that the following expres-124

sion is consistent with the theoretical underpinnings of MHD,125

α = α0 + (α0 − 1)
η

1− η
, (2)

where α is the effective Alfvén reflection coefficient, and η is the mutual inductance co-126

efficient. In broad terms, η is determined mostly by (ΣH/ΣP )2, ΣH being Hall conduc-127

tance, and incorporates all the contributions to wave reflection by the Hall conductance128

(Yoshikawa & Itonaga, 2000). Again, α = +1 corresponds to perfect constructive in-129

terference of the magnetic component of the wave, which yields zero net E-field and a130

doubling of the net B-field, while α = −1 corresponds to the net E-field doubling, with131

zero net B-field.132

The effect of Hall conductance on α is illustrated in Fig. 2, where we show contour133

lines of constant α plotted against Pedersen conductance on the y-axis, and Hall con-134

ductance on the x-axis, with an Alfvén conductance ΣA = 3 S. The values of α for135

ΣH = 0 (close to the graph’s y-axis) correspond to an unmodified reflection coefficient,136

α0 (Eq. 1). In addition we display, in dot-dashed black line, the particular ratio of ΣH/ΣP137

shown in Fig. 1, illustrating the impact of precipitation on α, for energies of precipitat-138

ing electrons ranging from 0.5 keV to 8 keV. If moving one’s finger along Fig. 2 from left139

to right, one would cross several more contour lines on the bottom of the graph than one140

would on the top. In other words, an increase in Hall conductance has a much greater141

impact on α when the Pedersen conductance is low. This is true also for moderate ra-142

tios of ΣH/ΣP ≈ 2. Such conditions are fulfilled for high SZA, e.g., during local win-143

ter or on the nightside ionosphere, where a precipitation-induced increase in Hall con-144

ductance would subsequently lead to an increase in the Alfvén reflection coefficient. In145

fact, high-energy deep-penetrating electron precipitation can cause observed Hall con-146

ductance to be up to five times greater than Pedersen conductance (Vickrey et al., 1981;147

Coumans et al., 2004), creating conditions for the effect shown in Fig. 2 to manifest. Note148

that the values of α displayed in Fig. 2 are not meant to form a prediction, but are meant149

as an example of how α is impacted by Hall conductance under example conditions.150

The purpose of the present study is to investigate the relationship between precipitation-151

induced Hall conductance and Alfvén wave reflection. This relationship has been pointed152

out by several theoreticians (see, e.g., Waters et al., 2013; Yoshikawa & Itonaga, 2000;153

E. N. Fedorov et al., 2018), but has hitherto not been observed. To accomplish this, we154

use a large dataset of in-situ observations from the Swarm mission to estimate ionosphere155

Alfvén reflection coefficients, and perform a statistical analysis on the outcome.156

2 Methodology157

In this study we use data from Swarm A, one of three satellites in the Swarm mis-158

sion (Friis-Christensen et al., 2006; Knudsen et al., 2017). Swarm A orbits Earth at an159

altitude of 460 km in the F-region ionosphere, carrying a host of scientific instruments.160

In this study, we use electric field data from the Thermal Ion Imager (TII) 2 Hz ion drift161
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Figure 3. Panel a) shows the orbit of Swarm A across the northern hemisphere polar cap

during an extended time period centered on 2014.05.18 13:52:00 UT. The 2 Hz residual magnetic

field (panel b), and the electric field (panel c), both in MFA-coordinates, for a 4-minute time pe-

riod centered on 13:52:00 UT. Panel d) shows the Poynting flux Sz (Eq. 5). Positive values of Sz

correspond to flux flowing parallel to the mean field, which in the southern hemisphere becomes

upward-going flux. Panel e) shows the resulting 6-second median αobs (Eq. 3), along with ρEB ,

the maximum correlation between either Bx and Ey or By and Ex. All times displayed in the

figure are in UT.

–6–
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dataset (Knudsen et al., 2017; Lomidze et al., 2019). Along- and cross-satellite-track com-162

ponents of the electric field is estimated based on the TII image moments, where the E-163

field reflects the impact of ionospheric flow. The data product provides the 2 Hz E-field,164

in addition to 50 Hz B-field data from the on-board Vector Field Magnetometer, down-165

sampled to 2 Hz. Both the E- and B-field data are provided in satellite track coordinates.166

In broad outlines, we follow Park et al. (2017) in transforming the E- and B-fields to the167

mean-field aligned (MFA) coordinate system. The procedure is as follows. First, we ap-168

ply a 2nd order Savitzky-Golay filter with a window size of 225-seconds to the magnetic169

field data to obtain the ambient magnetic field. Due to inaccuracies in the filtering near170

the geographic poles, we exclude points sampled below -78◦ magnetic latitude (MLAT)171

and above 82◦ MLAT, limits determined after extensive testing. The residual 2 Hz B172

field is then obtained after subtracting the mean field. The next step is to transform the173

residual B-field and the E-field vectors into the MFA coordinate system, after we ap-174

ply a high-pass filter to the E-field data to remove large-scale offsets. The MFA coor-175

dinate system has one component parallel to the mean-field (z), one pointing in geomag-176

netic east (y), with the third component completing the triad (meridional, x).177

Again following Park et al. (2017) and Burke et al. (2016), we can now calculate178

quantities related to ionospheric Alfvén wave reflection. The Alfvén wave reflection co-179

efficient, (Eq. 2), is approximated by,180

αobs =
K − |Sz|
K + |Sz|

, (3)

where K is defined as,181

K =
VA
µ0

(B2
x +B2

y), (4)

while Sz is the field-parallel Poynting flux,182

Sz =
ExBy − EyBx

µ0
, (5)

where Bx,y is the 2 Hz residual B-field, and Ex,y is the raw E-field, x and y refer to MFA-183

meridional and MFA-east coordinates respectively; µ0 is the vacuum permeability, and184

VA is the Alfvén speed. Sz represents the flux of electromagnetic energy along the field185

lines, and is a measure of energy transfer between the magnetosphere and the ionosphere186

(Gary et al., 1995; Waters et al., 2004). Note that, as a consequence of the model de-187

veloped by Yoshikawa and Itonaga (2000), we expect Eq. (3) to measure the effective Alfvén188

wave reflection coefficient, which will approach the theoretical value (Eq. 1) only when189

the impact of Hall conductance is negligible.190

Before evaluating Eq. (3), we follow Park et al. (2017) in imposing a series of data191

selection criteria to ensure good data quality: the magnitude of the Poynting flux should192

be at least 1 µW/m2, and the angle between the E- and B-fields should not be smaller193

than 78◦. Additionally, the transverse components of the B- and E-fields should corre-194

late reasonably well. Specifically, in a 6-second window centered on the relevant data point,195

either By and Ex or Bx and Ey should have an absolute Pearson correlation coefficient196

(the degree to which points fall on a straight line when plotted against each other) of197

at least 0.4 (Park et al., 2017). We will refer to this quantity, calculated for every 6-second198

bin, as the E-B correlation, or ρEB . Given that the criteria are fulfilled, we calculate the199

median αobs, ρEB and the SZA for every 6-second data bin mentioned above. The SZA200

is adjusted for the altitude of Swarm A orbit, meaning that the sunlight terminator at201

an altitude of 460 km is defined as 90◦ SZA.202

In Fig. 3 we illustrate the process. In panel a), we present a stretch of the orbit of203

Swarm A, showing the satellite approaching the southern hemisphere nightside aurora204

from the dayside. For a four-minute stretch centered on 13:52:00 UT, we show the 2 Hz205

residual magnetic field (panel b), and the electric field (panel c). In panel d), we show206
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Figure 4. Climatological maps of the high-latitude ionosphere showing the distribution of

observed αobs between ±60◦ and ±86◦ MLAT, where MLT is marked on each graph; 12h (noon)

faces the Sun. Panels a), c), and e) show the northern hemisphere summer, equinoxes, and winter

respectively, while panels b), d), and f) show the same local seasons for the southern hemisphere.

Summer and winter is here defined as a 131-day period centered on each solstice, while the com-

bined equinoxes consist of a 65.5 day period centered on both the autumn and spring equinoxes,

meaning each season spans the same number of days each year, with overlap. The data used

comes from Swarm A, and spans a time period from 18 January 2014 until 3 March 2019.
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Figure 5. Climatological distribution of the Poynting flux, for the downward-going (a, c)

and upward-going (b, d) Poynting vector. Panels a) and b) show the northern hemisphere, while

panels c) and d) show the southern hemisphere.

the Poynting flux parallel to the mean field (Eq. 5), and in panel e) we show the result-207

ing 6-second median αobs (Eq. 3), along with ρEB , the maximum E-B Pearson corre-208

lation coefficient for the 6-second windows. We see that as Swarm A approaches the south-209

ern hemisphere pre-midnight aurora, the observed Alfvén reflection coefficient αobs (Eq. 3)210

fluctuates around 0, before increasing to 1 at 13:51:00 UT, dipping to 0 at 13:51:30 UT,211

then hovering around 1 until 13:53:15 UT. The observed Poynting flux Sz (Eq. 5) indi-212

cates strong electromagnetic flux roughly between 13:51:15 UT and 13:52:50 UT, which213

can indicate the presence of Alfvén waves (Keiling et al., 2003). The upward-flowing Poynt-214

ing flux at 13:51:50 UT is incidentally accompanied by αobs = 1, and a strong increase215

in the magntitude of Bx, the meridional component of the magnetic perturbations. Note216

that, as Fig. 3 shows data from the southern hemisphere, negative values of Sz corre-217

spond to downward-going flux. Throughout the time period, ρEB generally stays above218

the threshold of 0.4, with interspersed dips occurring.219

3 Results220

We aggregate Swarm A TII data according to the selection criteria detailed above,221

gathered between ±60◦ and ±86◦ MLAT. The data covers a period from 18 January 2014222

until 3 March 2019, with uneven breaks in the data coverage; however, all seasons are223

represented with roughly the same number of data points. From the data, a total num-224

ber of 16 million 6-second segments of Swarm A data made the selection according to225

the criteria outlined above. In Fig. 4, we show the distribution of Alfvén reflection co-226

efficient, αobs, during local summer, equinoxes, and winter in climatological maps of the227

ionosphere. In each panel, an MLT of 12h is situated on the top of each graph. Here,228

local summer and winter are defined as a 131-day period centered on each solstice, while229

the combined equinoxes consist of a 65.5 day period centered on both the autumn and230

spring equinoxes, such that each season spans the same number of days each year, with231

overlap. The Swarm satellites span all MLTs in a time period of 131 days, meaning each232

season contains data from each year. Panels a), c), and e) contain northern hemisphere233

data, while panels b), d), and f) contain southern hemisphere data.234

For all seasons, the distribution of highly positive αobs is co-located with the dis-235

tribution of diffuse aurora, both on the dayside and the nightside (Newell et al., 2010;236
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Han et al., 2015). Clear seasonal dependencies in the distribution of αobs are visible. For237

both hemispheres, αobs peaks on the nightside during local winter, roughly between 64◦238

and 72◦ MLAT. In the northern hemisphere, αobs > 0.5 throughout the nightside, while239

the values of αobs are somewhat lower for the southern hemisphere. On the dayside, αobs240

peaks during local summer, between 73◦ and 82◦ MLAT, for both hemispheres.241

In Fig. 5, we show the climatological distribution of the Poynting flux Sz (Eq. 5),242

for the northern (panels a, b) and southern (panels c, d) hemispheres. Panels a) and c)243

show downward-going flux, while panels b) and d) show upward-going flux. The Poynt-244

ing flux does not exhibit strong seasonal dependencies, and so Fig. 5 includes data from245

all seasons. For both hemispheres, we see that the downward-going Sz is clearly stronger246

than upward-going flux for both hemispheres, with the downward-going flux magnitude247

peaking in the pre-noon sector. The distribution of measured Sz is in clear agreement248

with previously reported global distributions of field-parallel Poynting flux (Gary et al.,249

1995; Keiling et al., 2003).250

To better discern the effect of SZA, and thus of underlying ionospheric conductance251

on the Alfvén wave reflection climatology, we present in Fig. 6 αobs binned by SZA (x-252

axis) and absolute MLAT (y-axis), in a 64×64 grid for the northern (a) and southern253

(b) hemispheres. Here, we include all the data that adheres to the selection criteria de-254

tailed above, excluding individual bins the populations of which number less than 100.255

We provide contour lines of constant αobs (calculated on a lower resolution grid). For256

the northern hemisphere, three regimes are marked in green roman numerals I (high MLAT,257

low SZA), II (intermediate MLAT, intermediate SZA), and III (low MLAT, high SZA).258

Two clear regions of enhanced αobs are situated at I (the dayside αobs-enhancements seen259

in Fig. 4) and III (the nightside αobs-enhancements seen in Fig. 4). An intermediary regime260

of αobs = 0 is situated at II. The same pattern is valid for the southern hemisphere261

(panel b).262

4 Discussion263

The seasonal dependencies visible in the distribution of αobs (Fig. 4) match the re-264

ported seasonal dependencies of the diffuse aurora, both on the dayside and the night-265

side (Liou et al., 2001; Newell et al., 2010; Nishimura et al., 2020), and, in particular,266

the general distribution of pulsating aurora (Grono & Donovan, 2020). For the most part,267

we do not observe an enhancement of αobs co-located with monoenergetic or broadband268

aurora, which primarily are distributed poleward of ±70◦ MLAT in the evening sector269

(Newell et al., 2009) and carrie a wide range of electron energies (Fang et al., 2010). We270

thus observe a strong co-location between the high-energy deeply penetrating electron271

precipitation of the diffuse aurora and increases in αobs. However, the relationship be-272

tween diffuse aurora-induced Hall conductance and enhanced values of Alfvén wave re-273

flection, which we will now explore, goes deeper than a mere co-location.274

Consider the regimes marked by roman numerals in panel a) of Fig. 6. The regime275

labeled with roman numeral I is characterized by high MLAT and low SZA, which co-276

incides with the summer hemisphere daytime cusp. This region sees soft precipitation277

directly from the magnetosheath. Despite the very high number flux, the daytime pre-278

cipitation does not carry high-energy deeply penetrating electrons, and so will have a279

limited impact on Hall conductance (Vickrey et al., 1981; Liou et al., 2001; Kwak & Rich-280

mond, 2007). This low-energy high-number flux precipitation will, however, have a high281

impact on Pedersen conductance (Vickrey et al., 1981; Coumans et al., 2004). In addi-282

tion, the comparatively low values of SZA in this region lead both Pedersen and Hall con-283

ductances to receive moderate contributions from EUV photoionization (Brekke & Moen,284

1993; Ridley et al., 2004). Due to dayside auroral precipitation, regime I can then be con-285

sidered a relatively high-ΣP low-ΣH regime, and the observed increase in αobs is wholly286

expected and predicted by the classical α0 (Eq. 1). Conversely, regime II is character-287
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Figure 6. The distribution of αobs, here binned by absolute MLAT (y-axis) and SZA (x-axis),

in a 64 × 64 grid, for the northern (a) and southern (b) hemispheres. Also shown are contour

lines of constant αobs (calculated on a 12 × 12 grid) as a visual aid. Three regimes are marked

in green roman numerals; high MLAT - low SZA (I), intermediate MLAT - intermediate SZA

(II), and low MLAT - high SZA (III). The data used comes from Swarm A, spans a time period

from 18 January 2014 until 3 March 2019, and consists of 9.6 million 6-second segments from the

northern hemisphere and 6.5 million from the southern hemisphere. Bins in MLAT-SZA with bin

populations of less than 100 were discarded.
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ized by a moderately high SZA, and is situated away from the ion-outflow of the cusp.288

Without any predicted enhancement of Pedersen conductance, we then expect no increase289

in αobs here. In panel a) of Fig. 6, this region exhibits average values of αobs ≈ 0. Regimes290

I and II in panel a) of Fig. 6 can then be explained by the corresponding regimes I and291

II in the illustrating Fig. 2.292

The strongly enhanced αobs in the regime marked by roman numeral III (Fig. 6 panel293

a), on the other hand, cannot be explained using the classical Alfvén reflection coeffi-294

cient. This region is characterized by lower MLAT (roughly between 64◦ and 73◦), and295

very high SZA (>100◦). Due to complete lack of EUV photoionization in this regime,296

Pedersen conductance should be low (Vickrey et al., 1981; Moen & Brekke, 1993). Based297

on Eq. (1), then, this region should not exhibit enhanced values of αobs, since the Alfvén298

conductance in Eq. 1 does not vary strongly with SZA. However, this regime is domi-299

nated by the nightside diffuse aurora, which provides high-energy deeply penetrating elec-300

trons (Newell et al., 2010; Nishimura et al., 2020). In addition, since SZA> 90◦, regime301

III contains datapoints sampled exclusively in darkness, when precipitating electrons tend302

to carry higher energy (Liou et al., 2001). (Note that regime III does not contain data303

from the cusp region.)304

Deeply penetrating electron precipitation in regime III will strongly impact Hall305

conductance (Vickrey et al., 1981; Coumans et al., 2004). Indeed, Senior et al. (1982)306

and Hosokawa et al. (2010) measured ratios of ΣH/ΣP ≈ 3 under the diffuse aurora.307

Regime III can then be considered a high-ΣH regime. According to the model presented308

in Yoshikawa and Itonaga (2000), this increase in Hall conductance should increase αobs309

substantially (Yoshikawa & Itonaga, 2000). As illustrated by the dot-dashed line in Fig. 2,310

an increase in the energy of precipitating electrons from 0.5 keV to 8 keV has the capac-311

ity, under the example conditions of Fig. 2, to raise α from 0 to 0.6, corresponding to312

a transition from II to III. We observe a clear enhancement in αobs in regime III, which313

we interpret as evidence for the role of Hall conductance in the Alfvén wave reflection314

climatology.315

The early morning sector, where we to a large degree observe the low-ΣP high-ΣH316

regime, is not characterized by a particularly strong Poynting flux (Fig. 5). However, the317

highly positive Alfvén wave reflection coefficient here yields an increase in local FAC through318

positive wave interference. This increase in FAC comes in addition to electron precip-319

itation in the diffuse aurora, highlighting the duality between electromagnetic energy flux320

and auroral precipitation in the magnetosphere-ionosphere energy transfer, and should321

be seen in context with reports that electromagnetic Poynting flux powers auroral pre-322

cipitation (Keiling et al., 2003, 2020). Furthermore, the co-location of areas of enhanced323

αobs and of pulsating aurora (Grono & Donovan, 2020) should likewise be seen in con-324

text with reports that pulsating aurora significantly modulates the FAC system (Hosokawa325

et al., 2010).326

Finally, regarding the high latitude distribution of Poynting flux (Fig. 5), it is im-327

portant to bear in mind the following. The high-pass filter applied to the raw E-field data,328

which is intended to correct for large-scale offsets, does to a certain degree suppress the329

Poynting flux magnitude, causing the flux displayed in Fig. 5 to be somewhat lower than330

previous investigations have shown. The results presented in the present study are, how-331

ever, qualitatively consistent both with or without filtering the raw E-field data.332

5 Conclusion333

In this study, we present a large statistical analysis of Alfvén wave reflection based334

on in-situ satellite observations from the Swarm mission for both the northern and south-335

ern hemispheres. We have discovered three distinct regimes in the Alfvén climatology,336

two of which can be explained by classical Alfvén wave reflection, and one which can-337
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not. The latter regime, characterized by a relatively low Pedersen conductance and a high338

Hall conductance, is explained by the theoretical work presented by Yoshikawa and Iton-339

aga (2000). This greatly increased role of Hall conductance has been pointed out in the340

theoretical literature, but has hitherto not been observed in-situ. Our results provide ob-341

servational evidence for this new role of Hall conductance in the ionospheric wave reflec-342

tion climatology. Since Alfvén wave reflection modulates FAC amplitudes, this result har-343

monizes with recent reports that Hall conductance by proxy can act as a generator for344

FAC amplitude (Ebihara et al., 2020).345

However, further investigations into the link between Hall conductance and Alfvén346

wave reflection are needed, for example by application of numerical models. We hope347

the result presented in the present study might encourage future investigations into the348

matter.349
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