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Introduction

Text S1 describes how assuming the ionospheric electric field is independent of height in

the presence of tilted field lines implicitly assumes that the electric field does not vary over

scale sizes smaller than a predetermined limit. Text S2 provides a proof of the statement
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in the main text that the following inequality is true:
∫
σP |u×B|2dh ≥ ΣP |UP×B|2. Text

S3 summarizes the Ieda (2020) procedure for calculating Hall and Pedersen conductivity

profiles.

Table S1 summarizes some details of each rocket, including the time of each measure-

ment (center time of images used for triangulation of chemical release experiments) and

the availability of Poker Flat Incoherent Scatter Radar (PFISR) measurements.

Figure S1 illustrates how conductivity profiles derived from PFISR measurements and

empirical models are used together with neutral wind profiles derived from chemical release

experiements to estimate the Hall- and Pedersen-weighted neutral winds.

May 1, 2024, 4:29am



: X - 3

Text S1: Relationship between assumed E-field height independence and scale

size of variations

Suppose magnetic field lines are locally tilted by an angle θ relative to the vertical

direction (i.e., inclination I = 90◦−θ), and that we have a coordinate system x′yz′ that is

such that z′ is parallel to field lines locally and x′ and y are perpendicular. This coordinate

system is tilted relative to a local xyz coordinate system, with the x direction of the latter

determined by ensuring that the field lines are contained within the xz plane and the z

direction upward. The transformations from xyz to x′yz′ coordinates are then

x′ = x cos θ − z sin θ;

z′ = x sin θ + z cos θ.

The perpendicular electric field E⊥ (x′, y) = E⊥ (x cos θ − z sin θ, y) = E⊥,x′x̂′ + E⊥,yŷ.

Averaging the electric field over height at x = 0, we find

⟨E⊥⟩ =
∫ z2

z1

E⊥(−z sin θ, y)dz/(z2 − z1), (1)

If E⊥ is constant with altitude, it is equivalently constant over a horizontal distance

d = (z2 − z1) sin θ. For example, if the local field inclination I = 70◦ and the effective

vertical extent of the ionosphere ∆z = z2 − z1 = 50 km, assuming E⊥ does not vary with

altitude is equivalent to assuming that it does not vary within a circle of radius d = 17 km,

or about 0.2◦. The situation is more drastic in the Southern Hemisphere, where if the

inclination I = 50◦ the radius of the circle is ∼30 km, or 0.3◦. (As an example of where

this could be taken into account, see text right after Equation 9 in Aikio et al. (2012).)
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Text S2: Cauchy-Bunyakovsky-Schwarz proof

Let L2
w(X,µ) be a weighted L2 space over X with measure µ. The corresponding inner

product for functions f and g is

⟨f, g⟩ =
∫
X

f(t)g(t)w(t)dt, (2)

with w(t) > 0 for all t. The inner product (2) obeys the Cauchy-Bunyakovsky-Schwarz

inequality

|⟨f, g⟩|2 ≤ ⟨f, f⟩⟨g, g⟩.

Taking f = 1, g = ui (the ith component of the neutral wind u), and µ = σP , we have

∣∣∣∣∫ σPuidh

∣∣∣∣2 = Σ2
PU

2
P,i ≤ ΣP

∫
σPu

2
i dh,

or rearranging,

∫
σPu

2
i dh ≥ ΣPU

2
P,i.

Summing this inequality for each component of u we find

∫
σP |u|2dh ≥ ΣP |UP |2. (3)

If in addition the magnetic field B is approximately constant between altitudes of ∼80–

200 km, then multiplying both sides of Inequality 3 by |B sin θ|2 and applying the geo-

metric definition of the cross product (|u||B| sin θ = u×B) we have∫
σP |u×B|2dh ≥ ΣP |UP ×B|2. (4)
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Text S3: Calculation of conductivity profiles

Hall and Pedersen conductivity profiles σH and σP are derived following Ieda (2020),

with

(σH , σP ) = (σH,e − σH,i, σP,e + σP,i) . (5)

Subscripts e and i refer to the contributions from electrons and ions. For each conductivity

the ion contribution is a sum over ion species:

σ{H,P},i =
∑

l=NO+,O+
2 ,O+

σ{H,P},l. (6)

The contribution from each charged particle species j (NO+, O+
2 , O

+, and e−) is given by

(σH,j, σP,j) =
enj

B

(
k2
j

1 + k2
j

,
kj

1 + k2
j

)
, (7)

with kj = Ωj/νjn, and Ωj and νjn respectively the gyrofrequency and collision frequency

for momentum transfer between charged particle species j and neutrals.

Expressions for νjn are given in Appendix A of Ieda (2020) for the three ion species

just mentioned and neutral species N2, O2, and O. These expressions take stock of non-

resonant collisions between parental pairs such as O+
2 and O2 that are neglected by, for

example, Schunk & Nagy (2009), but are nevertheless an essential part of the description

of ion-neutral collisions for ion and neutral temperatures below approximately 600 K.

Figure S1 illustrates the quantities involved in the calculation of conductivity for a wind

profile measured during the Mesospheric Inversion Layer Stratified Turbulence (MIST)

campaign on January 26, 2015. In Figure S1a densities of neutral species are given by

the NRLMSIS®2.0 empirical atmospheric model (Emmert et al., 2020). In Figure S1b

the electron density (labeled e−) is measured by PFISR, and the ion species densities are

given by multiplying the electron density by the fractional composition of each species as
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given by the International Reference Ionosphere (IRI) 2016 model (Bilitza et al., 2017).

In Figure S1c the electron and ion temperatures are measured by PFISR, and the neutral

temperature is given by IRI 2016.

From these density and temperature profiles we calculate collision frequencies (Fig-

ure S1d) and conductivity profiles (Figure S1e) that are ultimately used to estimate the

zonal (labeled UH and UP ) and meridional (labeled VH and VP ) components of the Hall-

and Pedersen-weighted neutral winds, which are indicated with vertical lines in Figure S1f.
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Table S1. Rockets from which neutral wind measurements are used in this study.

Rocket Date Launch Alt range PFISR alt rangea,b PFISR meas. Reference

[UT] [km] [km] [UT]

Joule II 2007-01-19 12:31 93.5–140.0 91–300 12:30:00 Burchill et al. (2012)

12:47 91–140 91–274 12:45:20 Sangalli et al. (2009)

12:48 92–128.5 91–274 12:45:20

HEX II 2007-02-14 09:36 91–150 91–326 09:46:08 Scott (2009)

09:38 95–152 91–326 09:46:08

MIST 2015-01-26 09:15 90–144 09:14:55 Larsen et al. (2022)

09:19 86–150 09:19:56

09:48 90–148 83–345 09:44:55

09:52 88–152 09:49:56

Auroral 2017-03-02 05:44 102–187 05:44:11

Jets 05:47 98–183 05:47:15 Akbari et al. (2022)

Super 2018-01-26 14:12 82–320 14:03:36 Mesquita et al. (2020)

Soaker 14:16 96–153 88–320 14:18:41

14:49 81–157 85–347 14:48:51

14:52 86–145 85–347 14:48:51

aWe exclude PFISR measurements for which σne/ne ≥ 1. (ne: plasma density. σne : plasma density uncertainty.)

bValid PFISR measurements available over 87–345 km unless otherwise noted.
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Figure S1. Illustration of altitude profiles needed for calculation of zonal and meridional

components of the Hall- and Pedersen-weighted winds via Equation 10 in the main text. These

profiles correspond to the MIST rocket launched 2015-01-26 09:52 UT during moderate geomag-

netic activity (Kp = 4.0; see Figure 1c1–c3 in the main text). (a) Neutral density profiles from

NRLMSIS®2.0 model. (b) PFISR plasma density profile (e−) with fractional ion species densi-

ties given by IRI 2016. (c) PFISR electron and ion temperature profiles, and IRI 2016 neutral

temperature profile. (d) Ion-neutral collision frequencies calculated from profiles in panels a–c.

(e) Hall and Pedersen conductivity profiles (solid and dashed lines). The peaks of the Hall and

Pedersen conductivity profiles are respectively indicated by a diamond and a square. (f) Neutral

wind profiles. Zonal (UH and UP ) and meridional (VH and VP ) components of the Hall- and

Pedersen-weighted neutral winds are indicated with vertical lines. Neutral wind components at

peaks of the Hall and Pedersen conductivity profiles respectively also indicated by diamond and

square symbols.
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