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Abstract16

In most large-scale MHD models of Earth’s space environment, coupling between the mag-17

netosphere and the ionosphere-thermosphere (IT) is addressed by representing the lat-18

ter as a two-dimensional spherical shell. Similarly, most empirical models of IT electro-19

dynamics are based on solving the height-integrated ionospheric Ohm’s law on a spher-20

ical shell. We show that there is in general no single suitable definition of the neutral21

wind term in high-latitude, height-integrated IT electrodynamics. Instead, two neutral22

wind terms weighted by Hall and Pedersen conductivities appear. We show that a com-23

monly used expression for Joule heating in terms of height-integrated quantities is a lower24

bound of the actual Joule heating. Using neutral wind profiles derived from sounding25

rocket chemical release experiments near Poker Flat, Alaska, and Poker Flat Incoher-26

ent Scatter Radar (PFISR) measurements, we find differences of order 10–100 m/s be-27

tween the two neutral wind terms.28

Plain Language Summary29

The Earth’s ionosphere at altitudes of ∼80 to a few hundred km overlaps with up-30

per atmospheric layer known as the thermosphere. One of the largest challenges facing31

researchers who are trying to understand how these regions are connected is the fact that32

it is difficult to make measurements of the atmospheric winds at these altitudes. This33

is a problem because these winds can vary drastically with altitude. In this study we demon-34

strate how such variations can make it impossible to faithfully represent the 3D atmo-35

spheric winds with a single 2D vector field in 2D representations of ionospheric electro-36

dynamics, and how 2D representations underestimate the atmospheric heating that is37

caused by friction between charged and neutral particles. We then use radar measure-38

ments and rocket-measured altitude profiles of atmospheric winds to estimate how large39

the errors associated with 2D representations of ionospheric electrodynamics can be.40

1 Introduction41

Earth’s overlapping ionosphere-thermosphere (IT) region is the site of mechanical42

and electrodynamic coupling between the neutral atmosphere and plasmas of both ter-43

restrial (magnetospheric and ionospheric) and extraterrestrial (solar wind) origin. Much44

of the electrodynamics within this region can be described in terms of a three-fluid model45

consisting of neutral, ion, and electron fluids in the presence of a strong background mag-46

netic field (Section 9.5 in Parker, 2007).47

A common point of reference for a vast number of experimental investigations of48

high-latitude IT electrodynamics is the horizontal component of the ionospheric Ohm’s49

law assuming steady-state stress balance between Lorentz and collisional drag forces and50

neglecting all other forces in the ion momentum equation (Section 5 in Chapman, 1956):51

j⊥ = σP (E⊥ + u×B) + σHb× (E⊥ + u×B) , (1)52

with σP and σH Pedersen and Hall conductivities, and E⊥, B, and u the ionospheric53

electric field, the total (background plus perturbation) magnetic field, and the neutral54

wind. The corresponding Joule heating density (heat transfer rate per volume) is given55

by56

wJ = j⊥ · (E⊥ + u×B) = σP | (E⊥ + u×B) |2. (2)57

Both j⊥ and wJ are independent of reference frame in (magnetic) Galilean relativity (Mannucci58

et al., 2022) by virtue of the fact that they are defined in terms of the sum of the elec-59

tric field and the “neutral wind dynamo” u×B.60

One experimental investigation of Equations 1 and 2 was the Joule II suborbital61

sounding rocket campaign. Using in situ measurements of electric field, bulk ion drift,62
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and neutral wind in the vicinity of a relatively quiescent auroral breakup in northern Alaska,63

Sangalli et al. (2009) reported the errors in E -region ion-neutral momentum transfer col-64

lision frequency and Joule heating altitude profiles that would arise if the neutral winds65

were assumed to be zero. In a separate analysis of these and additional rocket and ground-66

based observations from the same campaign, Burchill et al. (2012) found evidence for67

horizontal or vertical structuring in ion-neutral collision frequencies on scales of 1–10 km.68

Such comprehensive altitude profiles are rare, and instead one frequently encoun-69

ters a height-integrated form of the ionospheric Ohm’s law:70

J⊥ = ΣP (E⊥ +U×B) + ΣHb× (E⊥ +U×B) , (3)71

where ΣP and ΣH are the Pedersen and Hall conductances (conductivities integrated72

over altitude). This form is obtained by integrating Equation 2 over altitude assuming73

that B is radial, that B and E⊥ are independent of altitude over ionospheric E - and F -74

region altitudes (∼100–250 km), and that U is the height-averaged neutral wind or a “rep-75

resentative” or “effective” neutral wind at a particular altitude. (The neutral wind U76

in particular is often assumed to be zero in Earth’s rotating frame of reference. A brief77

summary of the implications of assuming the E-field is constant with altitude is given78

in Text S1 of the Supporting Information.) With these assumptions one may define a79

height-integrated Joule heating rate80

WJ =

∫
wJ dh = J⊥ · (E⊥ +U×B) = ΣP (E⊥ +U×B)

2
, (4)81

and estimate ionospheric conductances via the expressions82

ΣH = ±r̂ · [J⊥ × (E⊥ +U×B)] /|E⊥ +U×B|2; (5)83

ΣP = J⊥ · (E⊥ +U×B) /|E⊥ +U×B|2; (6)84

where the upper and lower signs of the RHS in Equation 5 are respectively for the North-85

ern and Southern Hemisphere. The approach represented by Equation 4 to estimating86

height-integrated Joule heating dates at least back to the work of Cole (1975) and con-87

tinues to be used widely, while the approach to estimating conductances represented by88

Equations 5–6 originates with Amm (2001). This approach has been used by a number89

of studies over the past two decades, and has elsewhere been referred to as the “elemen-90

tary current method” or the “electrodynamic method” (e.g., Amm, 2001; Green et al.,91

2007; Weimer & Edwards, 2021; Hatch et al., 2023).92

The height-integrated approach to ionospheric electrodynamics represented by Equa-93

tions 3–6 is oversimplified: Earth’s magnetic field lines are not radial, ionospheric elec-94

tric fields do not necessarily map along field lines (Farley, 1959), and the horizontal com-95

ponents of the neutral wind exhibit the nearly permanent presence of vertical shears over96

altitudes of 80 to 140 km (Heppner & Miller, 1982; Larsen, 2002; Sangalli et al., 2009).97

More advanced treatments of ionospheric electrodynamics that account for such com-98

plications, such as that presented by Richmond (1995), nevertheless remain unused in99

a large number of experimental studies and data assimilation techniques (e.g., Richmond100

& Kamide, 1988; Matsuo, 2020; Laundal et al., 2022) because we lack the body of ro-101

bust 3D measurements of the IT system needed to make use of them (Palmroth et al.,102

2021). For similar reasons, in the majority of existing global MHD models the coupling103

between the magnetosphere and the IT system is founded on what Mannucci et al. (2022)104

term a “key magnetosphere-ionosphere coupling equation” derived from current conti-105

nuity (their Equation 11; see also Merkin & Lyon, 2010; Mukhopadhyay et al., 2021, and106

references therein) in which the neutral wind is assumed to be zero or constant with al-107

titude.108

In this study, we explore some of the implications of the commonly employed as-109

sumption that the neutral wind is independent of altitude that is necessary to arrive at110
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Equations 3–6 and the current continuity equation used in magnetosphere-ionosphere111

coupling. In Section 2 we summarize central quantities and equations in a height-integrated112

description of IT electrodynamics when the neutral wind is not assumed to be indepen-113

dent of altitude. In Section 3 we present neutral wind profiles derived from rocket-borne114

trimethylaluminum (TMA) chemical release experiments launched from the Poker Flat115

Research Range (PFRR) between 2007 and 2018 together with conductivity profiles cal-116

culated from measurements made by the Poker Flat Incoherent Scatter Radar (PFISR),117

and use these to understand how the assessment of the local IT electrodynamics is mod-118

ified by assuming the neutral wind is independent of altitude. In Section 4 we summa-119

rize our findings.120

2 Defining the neutral wind in height-integrated IT electrodynamics121

Relaxing the assumption that u does not vary with height, integration of Ohm’s122

law (Equation 1) over ionospheric altitudes yields123

J⊥ = ΣPFP +ΣH b̂× FH = ΣPFP +ΣH b̂× FP +ΣH b̂× (UH −UP )×B, (7)124

where125

Fc = E⊥ +Uc ×B; (8)126

Uc =
1

Σc

∫
σc u dh; (9)127

and c is either H or P . The integration is performed over all ionospheric altitudes. We128

refer to the conductivity-weighted neutral wind terms UH and UP as the Hall-weighted129

or Pedersen-weighted neutral winds. The latter has been termed the “effective neutral130

wind” by Lu et al. (1995) and plays a role in estimates of height-integrated Joule heat-131

ing and the Pedersen conductance, which we discuss below. The distinction between the132

Hall-weighted and Pedersen-weighted neutral winds disappears when the two conduc-133

tivity profiles differ by no more than a constant factor, or when the neutral wind u does134

not vary with altitude. As noted in the Introduction, these idealized conditions are vir-135

tually never manifest in measured altitude profiles of the neutral winds.136

Taking the dot product of Equation 7 with FP yields137

J⊥ · FP = ΣPF
2
P +M ΣH , (10)138

where139

M = B [E⊥ · (UH −UP ) +B · (UH ×UP )] . (11)140

The radial component of the cross product of Equation 7 with FH is141

r̂ · (J⊥ × FH) = ±ΣHF 2
H ±M ΣP , (12)142

with the upper sign for the Northern Hemisphere.143

Equations 10 and 12 can be simultaneously solved to obtain generalizations of Equa-144

tions 5 and 6 for height-integrated conductances in terms of the Hall-weighted and Pedersen-145

weighted neutral winds:146

ΣH =
±|F2

P | r̂ · (J⊥ × FH)−M J⊥ · FP

|F2
H ||F2

P | −M2
; (13)147

ΣP =
J⊥ · FP

|FP |2

(
1 +

M2

|FH |2|FP |2 −M2

)
∓M

r̂ · (J⊥ × FH)

|FH |2|FP |2 −M2
. (14)148

When UH = UP we have M = 0, and Equations 13 and 14 reduce to the expressions149

for Hall and Pedersen conductances given by Equations 5 and 6.150
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Integrating the right-hand side of the expression for Joule heating density (2), we151

obtain152

WJ = ΣP

[
E2

⊥ + 2E⊥ · (UP ×B)
]
+

∫
σP ∥u×B∥2 dh. (15)

This expression cannot directly be brought into the more familiar form ΣP (E⊥ +U×B)
2

153

for some appropriately chosen U (cf. Equation 4) because of the integral in the last term.154

However, one may show explicitly via the Cauchy-Bunyakovsky-Schwarz inequality that155 ∫
σP ∥u×B∥2 dh ≥ ΣP (UP ×B)

2
(see Text S2 in Supporting Information). Then the156

following inequalities hold:157

WJ ≥ ΣP (E⊥ +UP ×B)
2
= ΣPF

2
P ;

ΣP ≤ WJ/F
2
P .

(16)158

Thus when the variable U is replaced with UP in Equations 4 and 6, these equations159

are in fact lower and upper bounds, respectively, on the true height-integrated Joule heat-160

ing and Pedersen conductance. When the neutral wind does not vary with altitude we161

have UP → U in Inequality 16, such that the height-integrated Joule heating WJ =162

ΣP (E+U×B)2 and the Pedersen conductance ΣP = WJ/(E+U×B)2 as given by163

Equations 4 and 6.164

From the foregoing we see that for estimation of height-integrated Joule heating165

and the Pedersen conductance, the Pedersen-weighted neutral wind UP constitutes the166

most natural definition of the “effective” neutral wind, as indirectly suggested by Lu et167

al. (1995).168

3 Experimental examination of Hall- and Pedersen-weighted neutral169

winds170

Section 2 illustrates that it is in general not possible to uniquely define the neu-171

tral wind term in height-integrated (or for that matter field line-integrated) treatments172

of IT electrodynamics. Instead, the neutral wind appears as two separate terms weighted173

separately by the Hall and Pedersen conductivity profiles, here defined by Equation 9174

and respectively denoted by UH and UP . This situation begs the following questions:175

1. How large is the observed difference between UH and UP ?176

2. How much better are various rule-of-thumb approximations for the neutral wind177

(e.g., the suggestion from Lu et al., 1995, that the “winds at 160 km” are repre-178

sentative of the “effective neutral wind”) than simply assuming UH = UP =179

u = 0?180

3. Are the differences between UH and UP meaningful for assessments of IT elec-181

trodynamics?182

To answer these questions we use horizontal neutral wind profiles derived from TMA183

chemical release experiments carried by sounding rockets during five campaigns launched184

from the Poker Flat Research Range (Mesquita, 2021, and references therein), as well185

as conductivity profiles derived from Poker Flat Incoherent Scatter Radar (PFISR) mea-186

surements and empirical models of ionospheric and atmospheric composition, atmospheric187

temperature, and Earth’s magnetic field.188

3.1 Measurements and models189

Figure 1 shows a summary of the 15 wind profiles used in this study, with the zonal190

and meridional components displayed respectively in the left and center columns, and191

the horizontal magnitudes in the right column. The vertical component is not estimated192

and is ignored throughout this study. The text label at right shows the date, campaign193

name, and Kp value for each group of wind profiles. The chronological ordering of the194
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Figure 1. Summary of neutral wind profiles used in this study, given in the same order as the

rocket campaigns in Table S1 in the Supporting Information. The zonal and meridional compo-

nents are shown in the left and center columns, with the magnitude profiles shown in the right

column. The campaign name and degree of geomagnetic activity are indicated in the caption at

far right in each row.
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Figure 2. (a) Statistics of UH , UP , UH − UP . (b) The magnitude of the difference of UH

and UP against the square root of the magnitude of their cross product. (c) The magnitude of

the difference of UH and UP against Kp. This figure answers Question 1 posed at the beginning

of Section 3 (“How large is the observed difference between UH and UP ?”), and gives an impres-

sion of the typical magnitudes of these quantities, which appear in Equations 10–12.

rows of Figure 1 coincidentally also orders the wind profiles by Kp, aside from the last195

row (Super Soaker campaign) for which Kp was lowest (Kp= 0.3). The magnitudes of196

the wind profiles show a clear tendency to increase with increasing Kp. Some details about197

each campaign, including the time of each measurement (center time of images used for198

triangulation) and the availability of PFISR measurements, are given in Table S1 of the199

Supporting Information.200

For each wind profile shown in Figure 1 we calculate corresponding UH and UP201

vectors via Equation 9. This calculation in turn requires calculation of conductivity pro-202

files, which we perform using Poker Flat Incoherent Scatter Radar (PFISR) measure-203

ments, the NRLMSIS®2.0 empirical atmospheric model (Emmert et al., 2020), and the204

International Reference Ionosphere (IRI) 2016 model (Bilitza et al., 2017), following the205

methodology of Ieda (2020). The steps of this process are summarized and illustrated206

in Text S3 and Figure S1 of the Supporting Information.207

3.2 Statistics of UH and UP208

After performing the procedure described in the previous subsection for all 15 neu-209

tral wind profiles, we obtain the estimates of UH and UP as well as their difference (UH−210

UP ) shown in Figure 2a. For these neutral wind profiles the zonal component of UH and211

UP exhibits a tendency to be negative (westward), while the meridional components ex-212

hibit a slight tendency to be positive (northward). The magnitudes of UH and UP are213

of order 10–100 m/s, with the magnitude of the former tending to be the smaller of the214

two. Given the magnitude of the geomagnetic field at PFRR (∼54,000 nT at 110-km al-215

titude), these magnitudes correspond to electric field equivalents of ∼0.5–5 mV/m.216

We do not attempt to draw general conclusions about UH and UP on the basis217

of the estimates shown in Figure 2a, as they are representative of only one location (PFRR)218

for a sparsely sampled range of universal times (∼06–14 UT) and one season (January219

to March), as indicated in Table S1 of the Supporting Information. It nevertheless seems220

probable that the range of magnitudes of UH and UP shown in Figure 2a is typical at221

high latitudes during low to moderate geomagnetic activity.222

Figure 2b plots |UH−UP | against the magnitude of their cross product. The mag-223

nitudes of these two quantities are relevant to examine as they both appear in Equations 10224

and 12. From values in this panel we see that the typical magnitude of “mismatch” be-225
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Figure 3. (a) For 15 neutral wind profiles, statistics of the magnitude of the Pedersen-

weighted neutral wind (UP , pink), the magnitude of the differences between UP and the neutral

wind at 160-km altitude (u160, blue), the magnitude of the difference between UP and the neu-

tral wind at the height at which the Pedersen conductance maximizes (uσP peak, green), and the

magnitude of the difference between UP and the neutral wind at the height at which the Hall

conductance maximizes (uσHpeak, violet). The first and second represent the error associated

with assuming UP = 0 m/s and UP = u160; the latter two represent the error associated with

assuming UP is one of the two proxies. The horizontal lines above and below each box plot are

respectively given by Q3 + 1.5IQR and Q1 − 1.5IQR (see main text). (b) Same as panel a, but

for the Hall-weighted neutral wind UH . The point of this figure is to answer Question 2 posed at

the beginning of Section 3 by assessing whether any proxy for the Hall- and Pedersen-weighted

neutral winds statistically incurs less error than simply assuming that they are zero.

tween UH and UP is ∼5–130 m/s. It is also evident that the quantities |UH−UP | and226

|UH ×UP | are positively correlated.227

Figure 2c plots |UH−UP | against the Kp value during each rocket launch, with228

the former tending to be smallest for low Kp and the degree of scatter increasing for in-229

creasing Kp.230

3.3 Proxies for the Hall- and Pedersen-weighted neutral winds231

Here we address Question 2 posed at the beginning of this section: How much bet-232

ter are various rule-of-thumb approximations for the neutral wind than simply assum-233

ing UH = UP = u = 0? To answer this question, Figure 3a shows the error distri-234

bution Error (UP = uproxy) = |UP − uproxy| associated with the assumption UP =235

uproxy, where uproxy is taken to be one of 0, u160, uσP peak, or uσHpeak. These are respec-236

tively the zero vector, the neutral wind at 160-km altitude, the neutral wind at the al-237

titude where the Pedersen conductivity profile peaks, and the neutral wind at the alti-238

tude where the Hall conductivity profile peaks. Each distribution is presented as a ver-239

tical box plot, where each box indicates (from top to bottom) the upper quartile Q3, the240

median, and lower quartile Q1. The horizontal lines above and below are respectively241

given by Q3 + 1.5IQR and Q1 − 1.5IQR, where IQR = Q3 − Q1 is the interquartile242

range. In analogy with Figure 3a, Figure 3b shows the error associated with assuming243

UH = uproxy.244

Figure 3a demonstrates that for the 15 neutral wind profiles examined in this study,245

assuming UP = uσP peak statistically incurs less error than assuming UP = 0, UP =246
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u160, or UP = uσHpeak. For UH , Figure 3b shows that assuming UH = 0 incurs the247

least median error of any proxy, although the overall range of errors is smallest for UH =248

uσHpeak.249

In the simulations that Lu et al. (1995) presented, they found that the “effective250

neutral wind pattern” (what we term the Pedersen-weighted neutral wind UP ) is equiv-251

alent to the neutral wind pattern at 160-km altitude. This rule of thumb has been em-252

ployed by Baker et al. (2004) and Billett et al. (2018). Figure 3a shows that for the ma-253

jority of the 15 neutral wind profiles examined in this study, this rule of thumb yields254

a larger error than the more näıve assumption that u = 0.255

4 Discussion256

Lu et al. (1995), Baker et al. (2004), and Billett et al. (2018) all make use of the257

idea of a two-dimensional “effective neutral wind” pattern. As we have shown in Sec-258

tion 2, the most suitable definition for the “effective neutral wind” in terms of smallest259

error incurred is what we have termed the Pedersen-weighted neutral wind UP given in260

Equation 9. Based on Lu et al. (1995), the latter two pick up on the idea of the neutral261

winds at 160-km altitude as being the “effective” altitude.262

Regarding Question 3 posed at the beginning of Section 3—whether the observed263

differences between UH and UP are meaningful for assessments of IT electrodynamics—264

we get some idea of the importance of the distinction between them by examining the265

magnitude of the quantity BB·(UH ×UP ) in the expression for M given by Equation 11.266

This quantity appears in the expressions 13 and 14 for height-integrated conductances267

when the distinction between UH and UP is maintained. From Figure 2, we have |UH×268

UP | ∼ O(102–104) (m/s)2 such that
√

|BB · (UH ×UP ) | ∼ O(0.5–5) mV/m. This269

makes clear that ignoring the distinction between UH and UP can incur a non-negligible270

error in estimation of ΣH and ΣP , even when the “effective neutral wind” UP is used271

in Equations 5–6 for height-integrated conductance. With the present severe lack of sys-272

tematic measurements of the neutral wind, this result underscores the difficult situation273

facing studies such as those of Weimer and Edwards (2021) and Hatch et al. (2023), in274

which the authors attempt to estimate ΣH and ΣP on the basis of Equations 5–6 assum-275

ing u = 0: in a number of scenarios where one wishes to represent high-latitude IT elec-276

trodynamics in two dimensions, one misses potentially important aspects of this coupling277

by representing the neutral wind with a single variable.278

In the context of Question 3 it is also relevant to compare the neutral wind term279

ΣP |UP×B|2 with the explicitly height-integrated term
∫
σP |u×B|2dh in Equation 15,280

as discussed in Section 2. Figure 4 shows that the former underestimates the latter by281

9–96%, with the magnitude of underestimation decreasing as
∫
σP |u×B|2dh increases,282

and the gap between ΣP |UP×B|2 and
∫
σp|uB|2dh tending to decrease with increas-283

ing Kp.284

The results in Section 2 have some bearing on the “key MI coupling equation” de-285

rived from current continuity that is mentioned in the introduction,286

∇ · J⊥ = −j∥, (17)287

where the integrated perpendicular current J⊥ is given by a height- or field line-integrated288

form of Ohm’s law (i.e., J⊥ = ¯̄Σ·[E⊥ +U×B]) in terms of the potential electric field289

E⊥ = −∇⊥Φ and the ionospheric conductance tensor ¯̄Σ. The development in Section 2290

shows that it is strictly speaking not possible to formulate the height-integrated iono-291

spheric Ohm’s law as given by Equation 7 in terms of the conductance tensor ¯̄Σ, because292

FH and FP are generally not identical. It is unclear from the results presented in Fig-293

ure 3 how much the differences between UH and UP can affect the description of IT elec-294

trodynamics in models that employ some form of this equation. What is true statisti-295
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Figure 4. (a) Comparison of the difference between the height-integrated neutral wind

term
∫
σP |u × B|2dh (last term on RHS of Equation 15) and the lower-bound approximation

ΣP |UP × B|2. (b) Percent difference between these quantities relative to
∫
σP |u × B|2dh. (c)

Percent difference as a function of Kp. The point of this figure is to assess how much the lower-

bound approximation underestimates the magnitude of the integral
∫
σP |u×B|2dh.

cally is that the magnitude of the difference between the Hall-weighted and Pedersen-296

weighted neutral wind terms tends to increase with increasing geomagnetic activity (Fig-297

ure 2c), where in this study the latter is measured by the Kp index.298

Regarding MI coupling in global models, it is relevant to observe that Equation 17299

is not the state of the art: ionosphere-thermosphere models such as the Whole Atmo-300

sphere Community Climate Model With Thermosphere and Ionosphere Extension (WACCM-301

X, Liu et al., 2018) and the Thermosphere-Ionosphere-Electrodynamics General Circu-302

lation Model (Qian et al., 2014) use the 2D continuity equation given in the more ad-303

vanced treatment of Richmond (1995). The Richmond (1995) equation generalizes Equa-304

tion 17 and does, in fact, take stock of the three-dimensional nature of the neutral wind305

field.306

In one sense this study is only one more voice in the chorus of recent literature call-307

ing for additional neutral wind measurements (Sarris, 2019; Heelis & Maute, 2020; Palm-308

roth et al., 2021; Dhadly et al., 2023). On the other hand, this study points out a fun-309

damental limitation of 2D descriptions of IT electrodynamics: Even when an appropri-310

ately defined neutral wind term is used (the Pedersen-weighted neutral wind), any es-311

timate of height-integrated Joule heating on the basis of height-integrated and averaged312

quantities is mathematically guaranteed to be a lower bound of the actual height-integrated313

Joule heating, with some tendency for the pure neutral wind term to be less strongly un-314

derestimated with increasing Kp.315

Regarding our finding in Section 3.3 and Figure 3 that the assumption u = 0 is316

statistically a better estimate for both UH and UP than the neutral winds at 160-km317

altitude, u160, this study deals with a limited selection of neutral wind profiles at one318

geographical location and over a limited range of altitudes. The lack of statistics pre-319

cludes drawing general conclusions. Our results do nevertheless indicate that one should320

be skeptical of “quick fixes” for the neutral wind problem, such as ignoring the winds321

or representing them with proxies. Figure 3 also suggests that the assumption UH =322

UP = uσP ,peak is likely an improvement over simply assuming UH = UP = u = 0.323

This points to the utility of techniques and measurements involving, for example, Doppler324

spectroscopy which in some conditions enable estimation of the neutral wind profiles over325

limited ranges of altitudes between 120 and 200 km where the Pedersen conductivity pro-326

file may peak (Branning et al., 2022; Dhadly et al., 2023).327
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Open Research Section328

The NRLMSIS®2.0, IRI 2016, and IGRF-13 models are respectively queried via329

the nrlmsis2.0 (Hirsch, 2020), iri2016 (Hirsch, 2018), and ppigrf (Laundal, 2023) Python330

packages. Scripts and data used to make the plots shown in this study are available at331

Zenodo (Hatch & Mesquita, 2024).332
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