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Key Points:9

• Observations from an FPI and SuperDARN radar were used to estimate quiet-10

time mid-latitude Joule heating rates during 16 July 2014.11

• The neutral winds accounted for between 24% to 43% of the total observed local12

Joule heating rates.13

• Joule heating enhancements were observed approximately 8 times higher than mod-14

elled by TIEGCM due to excitations in sub-auroral ion motion.15
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Abstract16

Joule heating is a major energy sink in the solar wind-magnetosphere-ionosphere sys-17

tem and modelling it is key to understanding the impact of space weather on the neu-18

tral atmosphere. Ion drifts and neutral wind velocities are key parameters when mod-19

elling Joule heating, however there is limited validation of the modelled ion and neutral20

velocities at mid-latitudes. We use the Blackstone Super Dual Auroral Radar Network21

(SuperDARN) radar and the Michigan North American Thermosphere Ionosphere Ob-22

serving Network (NATION) Fabry-Perot interferometer (FPI) to obtain the local night-23

side ion and neutral velocities at ∼ 40◦geographic latitude during the nighttime of 1624

July 2014. Despite being a geomagnetically quiet period, we observe significant sub-auroral25

ion flows in excess of 200ms−1. We calculate an enhancement to the local Joule heat-26

ing rate due to these ion flows and find that the neutrals impart a significant increase27

or decrease to the total Joule heating rate of > 75% depending on their direction. We28

compare our observations to outputs from the Thermosphere Ionosphere Electrodynamic29

General Circulation Model (TIEGCM). At such a low geomagnetic activity however, TIEGCM30

was not able to model significant sub-auroral ion flows and any resulting Joule heating31

enhancements equivalent to our observations. We found that the neutral winds were the32

primary contributor to the Joule heating rates modelled by TIEGCM rather than the33

ions as suggested by our observations.34

Plain Language Summary35

Charged particle motion in Earth’s upper atmosphere creates heating called Joule36

heating which causes the atmosphere to expand, increasing drag for objects and satel-37

lites. Charged particle velocities are typically greater at high-latitudes than mid and lower38

latitudes. At mid and lower latitudes, Earth’s neutral atmosphere can move faster than39

the charged particles and produce Joule heating. We can use ground based instruments40

to observe this particle motion and estimate the Joule heating. Physical models can es-41

timate the Joule heating for different space weather conditions. These physical models42

show good estimations of the high-latitude Joule heating compared to estimations, how-43

ever there is limited validation of their performance at mid-latitudes.44

We use ground based instruments to estimate the Joule heating over mid-latitude45

North America for one night and compare to outputs from a physics model called TIEGCM.46

Despite quiet driving conditions, we observe significant charged particle motion driving47

enhanced Joule heating rates. We find that TIEGCM was unable to model these strong48

charged particle motions nor any Joule heating enhancements equivalent to our obser-49

vations. While the observed heating resulted from faster charged particle motion, the50

Joule heating rates in TIEGCM were produced by the greater neutral winds instead of51

ion drifts.52

1 Introduction53

A significant fraction of the energy flowing through the magnetosphere-ionosphere54

system is lost to the atmosphere via Joule heating, which in the ionosphere-thermosphere55

system can be equated to frictional heating between charge carriers and neutral constituents56

within Earth’s upper atmosphere (Vasyliunas & Song, 2005). Joule heating is the dom-57

inant magnetosphere-ionosphere energy input source, typically responsible for twice as58

much energy input compared to auroral power (Lu et al., 1996, 1998; Knipp et al., 2004;59

Lu et al., 2016) and up to 70% of the total ionospheric power input during geomagnetic60

storms (Knipp et al., 2004). This heating can cause ionospheric and thermospheric ex-61

pansion (Rishbeth et al., 1969; Fuller-Rowell et al., 1997; Knipp et al., 1998; Lu et al.,62

2016; S. R. Zhang et al., 2017) which can result in enhanced ion outflow (Wahlund et63

al., 1992) and increased satellite drag that can reduce operational lifetime (Dang et al.,64
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2022; Fang et al., 2022; Lin et al., 2022). It is therefore important that we understand65

the causes of Joule heating across all regions of the ionosphere.66

Joule heating has been extensively studied at the high-latitudes (Kiene et al., 2019;67

Wang et al., 2020). Ion motion is controlled by magnetic reconnection between the in-68

terplanetary magnetic field (IMF) and Earth’s magnetosphere, circulating due to E⃗×69

B⃗ drift antisunwards at polar latitudes then returning sunwards at lower latitudes (Dungey,70

1961; Cowley & Lockwood, 1992) under southwards IMF conditions. Motion of the neu-71

trals in the thermosphere is driven by a combination of solar pressure gradients, cori-72

olis forces and drag from ion motion (Rishbeth, 1977). Typically at high-latitudes, neu-73

tral velocities are small relative to the ion velocities such that Joule heating is primar-74

ily due to motion of the ions. High-latitude Joule heating calculations have therefore of-75

ten discounted contributions from the neutrals. However during non-storm times and76

at lower latitudes, the velocities of the neutrals relative to the ions can be significant.77

Using model simulations, Lu et al. (1995) calculated the neutrals to have an approximate78

28% negative effect on Joule heating. Often the neutral velocities at mid-latitudes can79

exceed the ion velocities. Both Zou and Nishitani (2014) and Joshi et al. (2015) used Su-80

per Dual Auroral Radar Network (SuperDARN) data to show that neutral motion driven81

by expanded E⃗ × B⃗ ion drift due to intense geomagnetic storms can persist up to 2082

hours after the recovery phase, resulting in neutral wind driven mid-latitude ion motion83

known as the disturbance dynamo effect. A study by Billett et al. (2018) focusing on the84

high-latitudes used a combination of SuperDARN and neutral wind model data to find85

that global Joule heating patterns have a significant dependence on UT due to neutral86

wind enhancements. Studies including the mid-lower latitudes and during periods of weaker87

geomagnetic activity must therefore include neutral wind contributions when calculat-88

ing the Joule heating.89

Joule heating is calculated as the dissipation rate of currents perpendicular to the90

magnetic field, J⃗⊥ · E⃗ (Lu et al., 1995) and the total Joule heating rate can be calcu-91

lated with equation (1) (Baker et al., 2004),92

J⃗⊥ · E⃗⊥ = σp(E⃗ + V⃗n × B⃗)2 (1)

where E⃗ = −⃗Vi×B⃗ is the electric field in the Earth’s reference frame due to the93

ion motion, V⃗i, assuming a stationary neutral background, σp is the conductivity in the94

direction of the electric field (Pedersen conductivity), Vn is the velocity of the background95

neutrals and B⃗ is the magnetic field strength. V⃗n×B⃗ accounts for the electric field gen-96

erated by the neutral wind dynamo due to the drag imposed on charged particles in the97

ionosphere.98

Equation 1 can be expanded into equation 2 (Billett et al., 2018) which conveniently99

breaks it down into the three terms that individually describe the main contributors to100

the total Joule heating.101

Qj =

Qi︷ ︸︸ ︷
σpE

2 +

Qw︷ ︸︸ ︷
2σpE⃗ · (V⃗n × B⃗)︸ ︷︷ ︸

Qw1

+σp(V⃗n × B⃗)2︸ ︷︷ ︸
Qw2

(2)

Qi is the ion heating and is the heating that would be generated by ions moving102

against a stationary neutral background. Qw1 is the 1st wind correction term and ac-103

counts for the direction of the ions relative to the neutrals. If the neutrals and ions move104

in the same direction then the difference between their velocities is smaller and the fric-105

tional heating due to collisions between the neutrals and ions will be lower. Conversely,106

if they move in opposing directions the difference in their velocities will be greater and107
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the heating will be larger, therefore Qw1 can act to either increase or decrease the to-108

tal Joule heating. Qw2 is the heating that would be generated by the neutrals moving109

against a stationary ion background. Together, Qw1 and Qw2 create the wind correction110

term Qw, which describes the total heating accounted for by motion of the neutral wind111

relative to the ions.112

Except for geomagnetic storms, where the twin cell E⃗×B⃗ convection pattern ex-113

pands to 40◦ magnetic latitude (Walach & Grocott, 2019; Walach et al., 2021) from its114

high-latitude (> 60◦ magnetic latitude) boundary, most ion flows at the mid-latitudes115

(40◦ − 60◦ magnetic latitude) are sub-auroral. At sub-auroral latitudes, ion motion is116

often associated with sub-auroral polarization streams (SAPS) (Clausen et al., 2012; Bil-117

lett et al., 2022), penetrating electric fields (Maimaiti et al., 2018, 2019) and pressure118

gradient drifts (Hudson & Kelley, 1976; Greenwald et al., 2006; Liu et al., 2021) that are119

mostly responsible for driving subauroral ion flows. Billett et al. (2022) observed signif-120

icant equatorward and westward neutral wind disturbances during a SAPS event. They121

found that the response of the neutrals close to the SAPS was almost immediate and was122

likely driven by ion neutral coupling. They did however also find neutral disturbances123

further from the SAPS after a 2 hour time lag that they propose were due to pressure124

gradient and Coriolis forces from the SAPS heating. The difference in neutral response125

due to location indicates the importance of considering the mesoscale structure of iono-126

spheric events when accounting for neutral particle motion. Furthermore a study by Kiene127

et al. (2019) found that the difference in high-latitude Joule heating rates varied by as128

much as a factor of 10 due to local variations in the observed ion-neutral structure. If129

we are to accurately estimate the Joule heating rate during ionosphere-thermosphere dis-130

turbances it is then necessary to ensure that the ion and neutral measurements are as131

colocated as possible.132

The Blackstone (BKS) Super Dual Auroral Radar Network (SuperDARN) radar133

and the Ann Arbor (ANN) North American Thermosphere Ionosphere Observation Net-134

work (NATION) interferometer are two mid-latitude ground-based instruments, used for135

observing ion and neutral flows in the F-region of the ionosphere respectively, (see sec-136

tion 2) whose fields of view (FOV’s) overlap each other, allowing for colocated observa-137

tions of mid-latitude ion and neutral flows. As the majority of ion motion at the mid-138

latitudes occur during quiet periods we search for quiet time coincident ion and neutral139

observations. Identifying times of high-quality colocated observations during quiet times140

is extremely difficult. Both instruments need to be operational, the BKS radar needs to141

observe ionospheric scatter during the nighttime period in the region over the FPI and142

the ANN FPI needs to have suitable (uncloudy) observation conditions. Intervals where143

all these requirements are satisfied are unfortunately rare. Nevertheless we have iden-144

tified the nighttime of 16 July 2014 as a period where all the necessary conditions are145

met, allowing us to study the local quiet-time mid-latitude Joule heating during this in-146

terval.147

Global circulation models are often used to study high-latitude ionosphere-thermosphere148

and Joule heating processes (Lu et al., 2016; Wang et al., 2020), however a lack of stud-149

ies using global models focused on the mid-latitudes leaves some uncertainty in their re-150

liability to provide accurate mid-latitude modelling. We therefore compare our ion and151

neutral observations and Joule heating estimations with equivalent outputs from the Ther-152

mosphere Ionosphere General Circulation Model (TIEGCM, see section 2). This paper153

is split into the following sections: Section 2 details the observed and modelled data used154

in this study, Section 3 provides an overview of the geomagnetic conditions and obser-155

vations made during the night of 16 July 2014. Section 4 details the methods used to156

estimate the Joule heating rate while presenting the results of those estimations. Finally,157

section 5 discusses the results in context of the wider literature and scientific commu-158

nity.159
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2 Parameters and Models160

2.1 Ion Motion161

The Super Dual Auroral Radar Network (SuperDARN) (Greenwald et al., 1995;162

Chisham et al., 2007; Nishitani et al., 2019) is a series of high frequency radars in the163

northern and southern hemispheres that provide observations of ionospheric dynamics164

across high and mid-latitudes. In the northern hemisphere, SuperDARN comprises radars165

which have near total hemispheric coverage of the polar, high-latitude and mid-latitude166

regions. For this investigation we consider data from the Blackstone (BKS) radar due167

to its field of view (FOV) overlapping the FPI used in this study (see section 2.2). Each168

radar can electronically steer its look direction, centred on which it forms a beam typ-169

ically 3◦ wide and consisting of 75-100 range gates with a 45km range resolution. Each170

radar can sweep through 16-24 beams with the FOV being roughly 50◦ where a full az-171

imuthal scan across all beams takes 1-2 min.172

SuperDARN radars detect field-aligned plasma irregularities in the E and F regions173

of the ionosphere by recording the backscattered signal from decameter scale electron174

density structures. Plasma irregularities in the F region drift with E⃗×B⃗ velocities and175

their Doppler shift can be used to infer properties of the ionosphere. Due to refraction,176

the radar beam can reflect off of the ground, known as groundscatter. Groundscatter is177

typically characterised by a velocity of only a few ms−1 and produces a low spectral width,178

which is often sufficient to distinguish between ionospheric and ground scatter at the high-179

latitudes. At the mid-latitudes however, and particularly during periods of low geomag-180

netic activity, ionospheric scatter can often be much slower while exhibiting low spec-181

tral widths and these techniques can often eliminate observations of relevant ion motion.182

Instead we use the algorithm developed by Ribeiro et al. (2011, 2012) which has been183

specifically designed for identifying mid-latitude ionospheric scatter. The algorithm uses184

a 3×3×3 beam by range gate by scan boxcar filter that identifies individual clusters185

of scatter connected by range gate and scan and determines the ratio of fast to slow mov-186

ing scatter within each cluster. Errors associated with the filtered velocities are derived187

using the method described by Ruohoniemi and Baker (1998), however we have mod-188

ified the method so that velocities are removed if they are two median absolute devia-189

tions (Howell, 2005) from the median instead of two standard deviations from the mean.190

This reduces the impact of unphysical outliers that result in excessive standard devia-191

tions due to the lower velocities associated with the mid-latitudes. Since an individual192

cluster of returned scatter can usually be attributed to either ionospheric backscatter193

or groundscatter, the algorithm identifies and marks which clusters contain ionospheric194

scatter. The Ribeiro et al. (2011) algorithm also automatically excludes backscatter from195

ranges within 315km of the radar to eliminate scatter originating from the E-region and196

meteor echoes at near ranges. Furthermore, in this study we modify the algorithm such197

that it can consider clusters spanning multiple beams similar to A. G. Burrell et al. (2018).198

This whole approach enables a quantitative ionospheric/groundscatter classification of199

mid-latitude backscatter.200

2.2 Neutral Wind Motion201

The North American Thermosphere Ionosphere Observing Network (NATION) (Makela202

et al., 2012) was a network of five Fabry-Perot Interferometers that observed the neu-203

tral wind velocity and temperature in Earth’s thermosphere across the mid and eastern204

parts of the United States of America. Each FPI observes the Doppler shift of the 630nm205

OI emission line that is assumed to peak at an altitude of 250km. The FPIs scan at an206

elevation angle of 45◦ and take measurements in the geographic cardinal directions (north,207

east, south, west) and the Zenith through the nighttime period. Data are analyzed us-208

ing the techniques described in Harding et al. (2014) to produce estimates of the hor-209

izontal neutral winds at ∼ 250km altitude.210
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Of the five FPIs in NATION, and assuming that the cardinal measurement loca-211

tions are located at the peak emission altitudes, we only use data from the Michigan (ANN)212

instrument due to it being the only FPI that has all of its measurement locations inter-213

secting with the BKS radar’s FOV.214

2.3 Geomagnetic Field215

The 13th generation International Geomagnetic Reference Field (IGRF) model (Alken216

et al., 2021) profiles the Earth’s tilted dipole as a function of time, geographic position217

and altitude. At high-latitudes, the magnetic field is mostly vertical, however at mid-218

latitudes and lower, there can be a significant tilt to the angle of the field that needs to219

be accounted for when comparing the electric field generated by the neutral wind dy-220

namo (V⃗n × B⃗) with the electric field that is calculated from E⃗ × B⃗ drift, due to the221

difference in angle between the ion and neutral velocity vectors. The IGRF13 model pro-222

vides the declination and inclination of the magnetic field at the ANN FPI’s location,223

which at 250km altitude are −6.49◦ and 69.26◦ respectively. This inclination and dec-224

lination do not change significantly between assumed peak emission locations so we do225

not consider it in our calculations.226

2.4 Auroral Boundary227

Due to the mid-latitude location this study focuses on, it is important to identify228

if any observed ion flows are sub-auroral. It has been shown that the boundary between229

the region 1 and region 2 currents serve as a good approximation for the extent of equa-230

torward boundary of the auroral oval, particularly on the duskside in the northern hemi-231

sphere (Kilcommons et al., 2017). The Active Magnetosphere and Planetary Electrody-232

namics Response Experiment (AMPERE) uses magnetometers on the Iridium constel-233

lation of telecommunication satellites to provide field aligned current measurements across234

both hemispheres. A spherical harmonic fit to the measured radial current densities along-235

side Ampere’s law (B. J. Anderson et al., 2000; Coxon et al., 2018) produces 10-minute236

cadence global current density maps which can be used to determine the location of the237

Region 1 and 2 currents, where we use the boundary between them as a proxy for the238

boundary of the auroral oval.239

2.5 Total Electron Content240

The mid-latitude ionospheric trough plays a significant role in ionospheric processes241

in the mid-latitudes (P. C. Anderson et al., 1993; Kunduri et al., 2021; Liu et al., 2021)242

and can be identified using Total Electron Content (TEC) measurements from Global243

Positioning System (GPS) data. We use the TEC data to further investigate the mid-244

latitude dynamics through identification of the trough. The TEC data are processed us-245

ing the algorithms from Rideout and Coster (2006) and Vierinen et al. (2016). The TEC246

data are placed into 1◦×1◦ geographic latitude by geographic longitude cells integrated247

over 5 minutes. Furthermore we median filter the TEC data as described by Thomas et248

al. (2013) to reduce the geospatial noise among the dataset.249

2.6 TIEGCM250

The Thermosphere Ionosphere Electrodynamic Circulation Model (TIEGCM) (Richmond251

et al., 1992; Qian et al., 2014) is one of the most widely used thermosphere/ionosphere252

models within the upper atmospheric scientific community and is a fully three-dimensional253

time dependent model of Earth’s ionosphere and thermosphere that solves the equations254

of continuity, energy and momentum for the three major ion and neutral species.255

TIEGCM uses either the Weimer (Weimer, 2005) or Heelis (Heelis et al., 1982) elec-256

tric field models as a driver for the E⃗×B⃗ driven high-latitude ion convection and can257
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operate using a 5◦ × 5◦ or 2.5◦ × 2.5◦ resolution in latitude and longitude. Wu et al.258

(2017) compared TIEGCM’s high-latitude thermospheric winds and ion drifts using the259

two electric field models to observational data and found that using the Weimer model260

produces more accurate simulations. In this study we run TIEGCM with the Weimer261

electric field model at a resolution of 2.5◦×2.5◦. When using the Weimer electric field262

model TIEGCM takes the f10.7 solar radio flux, IMF By, IMF Bz, solar wind velocity263

and solar wind density as input drivers for the model.264

TIEGCM produces estimates of the geographic meridional, zonal and vertical ion265

and neutral velocities at the specified run resolution. Outputs from TIEGCM in this study266

are taken at an altitude of 250km, which corresponds to the altitudes of the ion and neu-267

tral observations. As the ion and neutral line of sight velocities show little difference be-268

tween assumed peak emission locations, we simply use the TIEGCM ion and neutral ve-269

locities located at the FPI location.270

TIEGCM also models the Pedersen conductivity, which we use for calculating both271

the observational and modelled Joule heating values. Keeping the Pedersen conductiv-272

ity consistent between observed/modelled methods allows us to better isolate the effect273

from differences between the observed and modelled ion and neutral velocities, which is274

the aim of this study.275

3 Event Overview276

In this section we present observations from 16 July 2014. First we present an overview277

of the geomagnetic conditions, before looking in detail at the ion and neutral velocity278

observations.279

3.1 Geomagnetic Conditions280

Geomagnetic conditions during this interval were quiet. Figure 1 shows the inter-281

planetary and geomagnetic conditions, IMF By, IMF Bz, SYM-H, ASYM-H and Kp dur-282

ing the hours 0000-1000 UT. Panel 1a shows the solar wind speed while 1b presents the283

y and z components of the IMF. Of particular note is the slight negative IMF Bz between284

0400 and 0700 UT indicating a southwards directed IMF, allowing magnetic reconnec-285

tion to occur between the IMF and Earth’s magnetic field. Panel 1c shows the auroral286

indices with significant enhancements to the AL, AU and derived AE index coincident287

with the period of southwards IMF, indicating an increased intensity of the auroral elec-288

trojet. Similarly, the SYM-H index (1d) shows an increase in ring current intensity from289

0500 UT while the ASYM-H index (1e) shows an increase in asymmetries in the ring cur-290

rent. Figure 1f shows the Kp index of between 1.7 and 2.3, which indicates minor ge-291

omagnetic activity during this period.292

3.2 Radar Observations293

Figure 2a shows the IMF Bz followed by panels presenting measurements of iono-294

spheric ion velocities for selected beams of the BKS SuperDARN radar between 0000-295

1000 UT, specifically beams 15 (b), 17 (c), 7 (d), 9 (e) and 17 (f) which are the beams296

that intersect through the FPI north, east, south, west and zenith assumed peak emis-297

sion locations respectively. Negative velocities indicate line of sight ion motion away from298

the radar and positive velocities towards the radar. The velocity magnitude is given by299

the colorbar on the right. Portions of the observations that have been determined to be300

groundscatter according the Ribeiro et al. (2011, 2012) algorithm have been marked in301

grey. The horizontal dashed lines across each beam range gate panel show the range gate302

where the assumed peak FPI emission point is located, calculated using the standard Su-303

perDARN virtual height model. Across all beam range gate panels we observe enhance-304

ments of the ion velocities during the southwards IMF Bz interval between 0400 and 0700305
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Figure 1. Geomagnetic conditions recorded during the nighttime interval (0000-1000 UT) of

16 July 2014. (a) Shows the IMF solar wind speed, v, (b) the IMF magnetic field strength in the

y and z directions (c) the AU, AL and AE indices, (d) the SYM-H index, (e) the ASYM-H index

and (f) the three hourly Kp index.

UT, with the most persistent flows traversing the southern and western part of the FPI306

region (panels d and e). The observed flows exceed -100 ms−1. At high-latitudes, these307

flows may not be considered to be particularly strong, but at mid-latitudes and especially308

during periods of low geomagnetic activity such as this, these magnitudes particularly309

stand out from the background quiet time velocities of typically less than 20 ms−1 mag-310

nitude. Beams 15 and 17 show positive flows > 40ms−1 between 0500 and 0600 UT close311

to the FPI (panels b and c) emission locations, indicating a change in flow direction dur-312

ing these periods, whereas beams 7 and 9 (panels d and e) show the line of sight ion ve-313

locities remaining strongly negative. The flow direction switch only in two adjacent beams314

indicates that multiple flow channels exist during this interval.315

To illustrate the spatial morphology and geographical mapping of the excited ion316

flows, Figure 3 presents a snapshot of SuperDARN flow data from all the north Amer-317

ican mid-latitude radars from 0600 UT, superimposed with the Total Electron Content318

(TEC) and field-aligned currents (from AMPERE). The background of Figure 3 shows319

the 1◦ × 1◦ geographic latitude by longitude height integrated TEC map, colored ac-320

cording to the white-black colorbar on the bottom. Dashed circles represent each 10◦ of321

geographic latitude. The AMPERE dataset shows the field aligned current densities, given322
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Figure 2. (a) shows the IMF Bz, followed by range gate, time plots for the BKS radar on 16

July 2014, with beams slicing through the assumed peak emission observation locations of the

ANN FPI where beam 15 slices through north (b), 17 east (c), 7 south (d), 9 west (e) and 12 the

zenith (e). Line of sight ion velocities follow the colorbar on the right, where positive values in-

dicates motion towards the radar and negative away. Grey values are groundscatter. The dashed

horizontal lines represent the range gate where the beam slices through the assumed cardinal

peak emission of the ANN FPI.

by the blue-red colorscale; upward field aligned currents are in blue and downwards in323

red. Line of sight ion velocities from all the North American mid-latitude SuperDARN324

radars are plotted according to the purple-green colorbar, velocities < |15|ms−1, which325

is the boundary for low/high velocity scatter in the Ribeiro et al. (2011) groundscatter326

algorithm, have been removed to improve visual clarity. Multiple radars are used in or-327

der to identify the spatial extent of the ionospheric scatter over the FPI, given as an or-328

ange box at around 85◦ west, 42◦ north, which traces the boundaries of the assumed peak329

neutral wind emission locations. The sign of the SuperDARN ion velocities have been330

altered from the presentation in figure 2 such that here positive velocities indicates east-331

wards directed ion flows and negative westwards.332

Figure 3 corresponds to 0600 UT (0100 local time at the ANN FPI), chosen due333

to a strong westwards flow in the south-west region of the FPI area. By tracing a west-334

wards line that starts at 40◦N ∼ 85◦W and finishes at 45◦N 105◦W, we can see that the335

strong ion velocities close to the FPI persist through multiple ionospheric scatter ranges336
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Figure 3. Geographic plot at 0600 UT 16 July 2016, showing the 1◦ × 1◦ latitude × longitude

height integrated global total electron content according to the colorscale on the bottom. Dashed

lines represent every 10◦ line of geographic latitude. Also shown is the AMPERE field aligned

current density data, binned into 1◦ magnetic latitude by 1 hour MLT. Upward field aligned cur-

rents are given in blue and downwards in red with magnitude according to the red-blue colorbar.

Further plotted are line of sight ion velocities from all the north American mid-latitude Super-

DARN radars according to the purple-green colorbar, where absolute velocities < 15ms−1 have

been removed. Note that the line of sight SuperDARN ion velocities are colored so that positive

values indicate an eastwards motion and negative a westwards directed flow. Plotted in orange

is the box that bounds the FPI cardinal observation locations, where the FPI is located at 0100

local time in this Figure.
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and into the FOV of more westwards located radars. The AMPERE dataset indicates337

that the R1/R2 boundary at midnight is between 60◦ and 50◦ geographic latitude, ap-338

proximately 20◦ poleward of the FPI, we thus conclude that the observed flows are sub-339

auroral. From the TEC data we can see the formation of the ionospheric trough equa-340

torward of the region 2 currents and poleward of the FPI, starting at ∼ 50◦ geographic341

latitude at local midnight and wrapping around to ∼ 70◦ geographic latitude at the dusk-342

side.343

A more detailed presentation of the ion flow data from the BKS radar overlook-344

ing the ANN FPI is provided by figure 4, which shows the line of sight velocities for the345

BKS radar beam range gates that are assumed to contain the cardinal peak emission lo-346

cation of the FPI. Panels, a, b, c, and d are for the beams that slice through the north,347

south, east and west locations respectively at the range gate that contains the assumed348

peak emission location. Note, that the panels do not indicate that motion is north/south/east/westwards,349

instead positive values indicate motion towards the radar and negative away along the350

azimuth of the radar beam. The recorded line of sight ion velocities are indicated in blue.351

Shaded regions indicate the errors calculated using the method described in section 2.352

Compared in orange are the line of sight velocities from TIEGCM taken at an altitude353

of 250km at the same geographic latitude and longitude as the beam range gates and354

projected into the same direction as the radar beams.355

The line of sight velocities show high activity across all beams between 0400 UT356

and 0700 UT. The northern and eastward observations show an early spike at 0400 UT357

with line of sight velocities of approximately 160ms−1. The southern observations show358

several spikes of high velocities from 0400 to 0630 UT peaking at −180ms−1 slightly af-359

ter 0530 UT. The westward observations show high velocity spikes occurring between360

0500 and 0600 UT, peaking at slightly less than −150ms−1. An interesting observation361

is that the IMF Bz was directed northwards until after 0400 UT, however the north and362

southward BKS radar line of sight measurements show strong flows from as early as 0330363

UT, and the eastwards observation starts to spike just before 0400 UT, indicating some364

driver other than the IMF Bz contributed to the fast ion motion. Furthermore, we can365

see that the westwards spikes begin (∼ 0510 UT) shortly after the strong eastwards ob-366

servations end (∼ 0445 UT), which could indicate that it is the same patch of scatter367

that traverses across the FOV of the radar. The TIEGCM line of sight resolved ion ve-368

locities follow the same general trend over each observation point. Differences between369

each region can be identified most notably at 0500 UT, where the east location is around370

−10ms−1 while the southern point has model velocities of ∼ −25ms−1. There are also371

slight variations in the magnitudes of the velocities due to the difference in the beam az-372

imuth relative to TIEGCM’s modelled three-dimensional ion flows. The TIEGCM line373

of sight ion velocities hover around their peak value of between 40−60ms−1 in all cells374

from roughly 0100 to 0300 UT, well before the first observed ion velocity spikes and south-375

wards directed IMF Bz. They then decrease in velocity to close to 0ms−1 between 0500376

UT (for the east observation point) and 0700 UT (for the south observation point).377

3.3 FPI Observations378

Figure 5 compares the FPI line of sight velocities (blue) with the neutral veloci-379

ties modelled by TIEGCM at the assumed peak emission locations (orange). Panels a,380

b, c and d show the north, south, east and west observation directions respectively. Since381

TIEGCM’s output velocities are given as geographic meridional and zonal magnitudes,382

we take TIEGCM’s meridional flow for the north and south observations and the zonal383

flow for the east and west observations at each assumed peak emission location. We then384

project them into the same elevation angle as observed by the FPI. Positive velocities385

indicate motion to the north (meridionally) and east (zonally). The Zonal directions (east,386

west) show generally low velocities throughout the nighttime period, the meridional ve-387

locities however, show a gradual increase, particularly after the IMF Bz turns southward388
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Figure 4. Line of sight ion velocities (blue) recorded from the BKS radar through 0000-1000

UT from the beam range-gate cells which overlay the ANN FPI assumed peak emission locations,

north (a), south (b), east (c) and west (d). The overlaying FPI assumed peak emission locations

for the cardinal directions are also indicated in each panel header. Positive values indicate motion

towards the radar and negative away. Shaded regions indicate errors calculated by the method

from Ruohoniemi and Baker (1998) but filtering out velocities two median absolute deviations

from the median instead of two standard deviations from the mean. Also plotted are the equiva-

lent line of sight ion velocities modelled by TIEGCM (orange).
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Figure 5. Line of sight neutral velocities recorded by the ANN FPI (blue) through 0000-

1000 UT for each cardinal observation direction, north (a), south (b), east (c), west (d) and the

vertical velocity measured by the zenith (e). Shaded regions show the error in the ANN obser-

vations. Positive velocities indicate motion north/east/upwards. Gaps are left where sequential

measurements are made more than 20 minutes apart. Also plotted are the neutral velocities from

TIEGCM for the equivalent line of sight locations and directions.
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after 0500 UT. The north facing observations especially, show a large increase in mag-389

nitude up to a peak value of −150 ms−1 whereas the south facing observations peak at390

roughly −80ms−1. The zonal velocities show similar magnitudes with the East look di-391

rection peaking at −30ms−1 and the west look direction at −40ms−1. Although in our392

ANN data, the south observations stop after 0630 UT and a 3 hour data gap occurs in393

the east observations between 0400 and 0700 UT due to the presence of the moon in that394

direction, the trend in the data between the opposing observation points are similar enough395

that we can assume that there are no significant changes in the spatial distribution of396

the neutral wind flows over the ANN FPI. The vertical velocities are shown to fluctu-397

ate highly relative to their greatest magnitude, ranging from values of 5ms−1 to −20ms−1.398

When comparing TIEGCM’s output, we find that the modelled meridional veloc-399

ities are similar in magnitude to the observations. At the north location, TIEGCM’s neu-400

tral velocities are closely aligned with these observations. TIEGCM’s velocities at the401

southern location follow a similar pattern and although the observations stop after 0600402

UT, the trend of increasing magnitude from 0200 UT is apparent in both the observed403

and modelled data. The meridional velocities then match well with our observations. Both404

TIEGCM’s velocities at the east and west locations are shown to have a large difference405

to the observations. Although the trend of a somewhat sinunsoidal variation in both the406

observed and modelled neutral velocities between 0000 UT and 0900 UT, peaking at 0500407

UT, are somewhat similar, TIEGCM’s velocities are significantly faster, especially at the408

peak. TIEGCM is more accurate when estimating the mid-latitude meridional neutral409

flows than in the zonal direction in this case.410

4 Joule Heating Analysis411

4.1 Methodology412

Estimation of the Joule heating over the region requires at least the two-dimensional413

ion and neutral velocities for use in Equation 1. We use a technique similar to L-shell414

fitting (Villain et al., 1987; Ruohoniemi et al., 1989) which has been used for other mid-415

latitude ion studies (Clausen et al., 2012; Kunduri et al., 2018; Maimaiti et al., 2018, 2019),416

whereby the ion motion is assumed to be constant across some area. If such a flow is ob-417

served by a SuperDARN radar then the line of sight velocities vary azimuthally across418

the beams such that if a beam crosses the flow perpendicular to the flow direction it will419

return with a zero velocity. Conversely, if the beam is sounding in the direction parallel/anti-420

parallel to the full flow then it will return its full velocity. We can fit a cosine curve to421

the line of sight velocities against beam azimuth, where the magnitude of the fit provides422

the full 2D ion flow perpendicular to the magnetic field.423

Initially a pre-defined area around the FPI was used where velocities in that area424

were selected and fit to a cosine curve, however this resulted in poor fits as it became425

apparent that there were multiple flow patches within the FPI region. Therefore, in or-426

der to accurately capture the dynamic ion motion over the FPI, we manually identified427

the individual ionospheric scatter patches, first by time-integrating the scans over pe-428

riods of 10 minutes to reduce temporal variability and then by marking the boundaries429

of each patch spatially and temporally. We then selected the highest magnitude veloc-430

ity from each beam within each defined patch and fit to those points. A minimum of five431

unique beams were used to constrain the fits, which although is less than used in other432

studies, e.g. Thomas and Shepherd (2018); Kunduri et al. (2018), manual (rather than433

automated) selection and review of the points ensures that they are still constrained to434

the fit. This further allowed deselecting beams at the sides of patches if by inspecting435

the fits it became clear that part the flow does not belong to the patch, ensuring that436

motion only belonging to that patch was captured.437
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Figure 6 shows an example of this fitting technique for the BKS scan from 0551438

to 0601 UT. The top panel shows the scan of line of sight ion velocities plotted onto a439

geographic grid with the ion velocities corresponding to the colorbar to the right. Pos-440

itive velocities indicate motion towards the radar, negative velocities away. Non-F-region441

ionospheric scatter or groundscatter identified by the Ribeiro algorithm has been col-442

ored grey. The location of the FPI is plotted at approximately 42◦ north, 84◦ west by443

the orange triangle. The assumed location of the peak neutral wind measurements are444

shown by the orange dots. The orange boxes mark what has been determined to be a445

patch of fast moving ionospheric scatter. Since we take the maximum velocity of each446

beam within a patch, it is only necessary to ensure that the highest velocity within a beam447

is included within the patch boundaries rather than needing to determine the exact spa-448

tial structure of the patch across all radar range gates. At the top right corner of each449

patch outline, a letter identifier (A, B, C, D and E) has been used to track each patch.450

At the time of the plot only patches C and D are present. Patches A and B occurred be-451

fore 0551 UT, while E after 0601 UT and so are not shown here. The two panels below452

show the highest line of sight ion velocities in each beam for both the patches outlined453

(C) and (D), plotted against their beam azimuths and the resulting cosine fits for each454

of those cells. A beam azimuth of 0◦ would point directly to magnetic north, negative455

azimuths indicate a westwards direction and positive eastwards. If we investigate the points456

used for fitting, patch C shows velocities that trend to positive at +90◦ azimuth, while457

patch D shows velocities that trend to a negative at +90◦ azimuth. Furthermore Patch458

C’s eastmost beam and patch D’s westmost beam show a difference of ∼ 150ms−1 within459

an azimuth range of only 10-15◦. If both of these were included in the same fit, as would460

occur with a static fitting area, we would be unable to accurately fit it to a sinusoid. This461

analysis shows that points contained within C and D are therefore part of two separate462

patches of scatter. Therefore, by including the velocity-azimuth points and their fit re-463

sults in the patch determination process, we ensure that individual patches are accurately464

tracked.465

By taking the fit magnitudes throughout the interval we are able to estimate the466

two dimensional ion flow during this period. Then by applying equation 2 with the IGRF467

magnetic field strength we can calculate the total local Joule heating across this inter-468

val. At high-latitudes, the quasi-vertical magnetic field results in the ion drift travel-469

ling approximately parallel to the Earth’s surface in the same plane as the neutrals. How-470

ever, since the magnetic field is inclined (69.26◦ to the horizontal) at this latitude, the471

ions and neutrals reference planes are instead inclined roughly 20◦ relative to each other.472

The BKS radar only measures the ion velocity in the component perpendicular to B⃗, it473

is therefore necessary to mention that the derived fitted velocities may not be the rep-474

resentative of the full three dimensional ion velocities, but only the two dimensional ve-475

locities perpendicular to the magnetic field inclination. Due to the magnetic field incli-476

nation, it is also important that calculations of the coupling between the ions and neu-477

trals are made in the same plane relative to each other. As there is no estimate of the478

ion velocity in the direction parallel to the magnetic field, it is not possible to calculate479

the ion velocity in the plane horizontal to the Earth’s surface. Since the FPI observes480

the geographic horizontal and vertical directions, the neutral wind velocity is obtainable481

fully in three-dimensions. By applying the three-dimensional rotation matrix transfor-482

mation given by equation 3,483

 NBz

NBx

NBy

 =

 Nmer

Nzon

Nver

 cos(θ) − sin(θ) 0
sin(θ) cos(θ) 0

0 0 1

 cos(ϕ) 0 sin(ϕ)
0 1 0

− sin(ϕ) 0 cos(ϕ)

 (3)

where NBz, NBx and NBy are the neutral wind components in the z, x, and y di-484

rections in magnetic field aligned coordinates respectively, and assuming the magnetic485

field is entirely in the z direction. Nmer, Nzon & Nver are the geographic meridional, zonal486
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and vertical neutral wind components, θ is the angle subtended by the great circle lines487

connecting the FPI location to the geographic and magnetic north pole, while ϕ is the488

angle subtended between the magnetic field and the plane horizontal to Earth’s surface489

at the location of the FPI.490

As the observed neutral velocities are in the line of sight direction (45◦ inclination)491

of the FPI, we calculate the horizontal components of each cardinal observation, Wh, us-492

ing equation 4 (Makela et al., 2012),493

Wh =
WLOS −Wv sin(α)

cos(α)
(4)

where WLOS is the line-of-sight Doppler velocity, Wv is the vertical neutral veloc-494

ity and α is the elevation angle of the line of sight measurements. We assume that the495

zenith velocity measured above the FPI is consistent across the cardinal locations and496

so use that as the vertical velocity. The signs of the velocities are then changed such that497

positive velocities are directed northwards (meridionally). Because the FPI observations498

are made at different times with irregular cadences for each cardinal location, we linearly499

interpolate the observations so that the cadence of opposing east/west observations match.500

If only one opposing cardinal measurement is available at a given time, such as after 0600501

UT where no southwards observations were taken, we use the measurement we do have502

as the full meridional/zonal flow.503

4.2 Results504

Figure 7 shows IMF Bz (a) followed by the estimated observed (blue) and mod-505

elled (orange) magnitude of the full neutral wind vector (b). Figure 7c shows the fitted506

two dimensional ion velocities for each identified patch compared with those modelled507

by TIEGCM, while (d) shows the Pedersen conductivity, σp at the FPI location as mod-508

elled by TIEGCM and used for calculating the Joule heating. The solid lines represent509

the magnitude of the fitted velocity while the shaded region is the RMSE error of the510

fits. The largest RMSE is less than 20ms−1, which given that the two major patches (B511

and C) are always at least 100ms−1 indicates that the fits to determine the two dimen-512

sional ion velocities are excellent. The time boundaries for the plot have been restricted513

to between 0400 and 0800 UT since no significant ion patches were identified either side514

of these times. The observed neutral’s speed is seen to steadily increase from ∼ 40 to515

∼ 200ms−1 over the course of the night. TIEGCM overestimates the neutral velocities516

prior to 0600 UT, however afterwards, the total velocity magnitude is in line with the517

observations. Of the identified ion patches, two take precedence, patches B and C. Patch518

B appears at 0400 UT with velocities of 100ms−1, increasing to in excess of 250ms−1 at519

0500 UT before dissipating. Patch C starts at 0500 UT, hovering at between 100 and520

200ms−1 until it also dissipates at 0700 UT. It is worth noting that the patches were only521

marked if they were at least covering part of the region within the FPI measurement lo-522

cations. It is likely that the patches originated or dissipated outside of this area and merely523

traversed through the region over the FPI, we have only noted the times where the patch524

is contained within the FPI region. Furthermore, patch A was identified to occur between525

0350 and 0420 UT, however the azimuthal span of the patch was not enough to satisfy526

the conditions we set in section 3 to fit a two-dimensional velocity, hence it is missing527

in this and further presentations of the patch ion velocities and Joule heating. TIEGCM’s528

ion velocities remain a fairly steady 20−40ms−1 throughout the interval. As TIEGCM529

is a global large-scale model, it lacks the micro/mesoscale physics to capture the ion ir-530

regularities that produce the ion drift patches observed by the BKS radar, as evidenced531

here. The Pedersen conductivity is modelled to be relatively constant, although decreas-532

ing throughout the nighttime period.533
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Using the estimated two dimensional ion and neutral velocities, we have calculated534

the Joule heating rate and its components for each patch, assuming an altitude of 250km,535

plotted in Figure 8. Panels a, b, c, d and e show the Joule heating rate and components536

for patches A, B, C, D and E respectively. The blue line represents the ion heating rate,537

Qi, the orange and green lines the two wind correction terms, Qw1 and Qw2 respectively538

and the red line the total Joule heating rate of the patch, calculated as the sum of the539

three components. A negative Qw1 indicates that the direction of the ion and neutrals540

were aligned with each other, resulting in fewer collisional interactions and thus damp-541

ening the overall heating rate, a positive value indicates the ions and neutrals were op-542

posed. Panel f shows the same components, but as modelled by TIEGCM. The final panel,543

g, compares the average total Joule heating rate from all the patches over the FPI re-544

gion, with the total heating rate modelled by TIEGCM. The TIEGCM Joule heating has545

been calculated by using its ion and neutral velocities for use in Equation 2, while keep-546

ing the other parameters the same as the observations, therefore the only difference be-547

tween the observed and modelled Joule heating rates, are the observed and modelled ion/neutral548

velocities. Based on the measurements, the most significant heating rate occurred be-549

tween 0430 and 0500 UT which resulted from ion motion from patch B, with heating due550

to ion motion, Qi, peaking at roughly 236pWm−3 out of its total heating, Qj , of 237pWm−3.551

Patch C also exhibited some enhanced ion heating at 49.1pWm−3, however this is some-552

what lower than the severe excitations in patch B.553

The positive magnitude of Qw1 in patch C and D indicates that the ions and neu-554

trals were opposed in direction for most of each patch and so collisional interactions were555

increased. This increase is greatest in patch D at ∼ 0520 UT, where the total heating556

is increased by 47pWm−3 to 109pWm−3, resulting in a 78% increase due to the ion-neutral557

directions. The impact of this term is further shown in patch D, where at ∼0550 UT,558

Qw1 is its most negative value and results in decreasing the total Joule heating by ∼ 76%.559

The heating directly due to the neutrals Qw2 is low throughout the entire interval, hov-560

ering at around ∼ 5pWm−3, therefore despite the large influence of the neutral wind di-561

rection on the total heating rate, the overall Joule heating magnitude is only significantly562

enhanced by ion motion.563

The Joule heating enhancement observed in panel g at 0500 UT that peaked with564

a magnitude of 235pWm−3 is nearly 8 times higher than the TIEGCM modelled Joule565

heating of 30.8pWm−3. Aside from ± 20 minutes of the 0500 UT peak, the TIEGCM566

Joule heating rate is significantly higher than the observational estimate. When we in-567

vestigate the reason behind the heating we find that the larger magnitudes in the ob-568

served ion heating, Qi, especially in patch C, indicates that the observed heating is due569

to ion motion. Panel f shows that the magnitude of the total heating in TIEGCM is due570

to faster motion of the neutral winds, Qw2, whose significance increases throughout the571

interval compared to the ion contribution. During this event, we find that our observa-572

tions disagree with not just the magnitude of the modelled Joule heating rate at the mid-573

latitudes, but the modelled Joule heating being from greater neutral wind motion dis-574

agrees with that calculated from our observations.575

5 Discussion576

The strong westwards driven ion flows that are observed in Figure 3 which persist577

through a longitude range of approximately 30◦ from 80◦W to 110◦W, could indicate578

that the flows captured in the FPI region are part of a SAPS. SAPS do not typically oc-579

cur during low geomagnetic activities, however Kunduri et al. (2017) found SAPS to oc-580

cur 15% of the time in the nightside during relatively quiet conditions with velocities ∼581

100ms−1 (Kunduri et al., 2018). Kunduri et al. (2021) also found SAPS latitudinal dis-582

tribution to correlate strongly with the ionospheric trough, which during this interval583

lies poleward of the FPI, suggesting that it would be unlikely for the flows to be a SAPS.584

Confirmation of the ion flows (not) being part of SAPS would require ion flux measure-585

–17–



manuscript submitted to JGR: Space Physics

ments from satellite observations (Grocott et al., 2011; Clausen et al., 2012; Kunduri et586

al., 2017, 2018), however coincidental measurements were not available for the interval587

of this study. Instead we compare with findings from Kunduri et al. (2017), which stud-588

ied the latitudinal distribution of SAPS with correlation to the DST index. At 0600 UT589

(0030 MLT at the FPI location) the DST index was -1, which according to Kunduri et590

al. (2017), would place the mean SAPS position at 61◦ magnetic latitude (∼ 51◦ geo-591

graphic) with a minimum of 59◦ magnetic latitude (∼ 49◦ geographic), which would still592

be at least 7◦ poleward of the FPI location. Furthermore Nagano et al. (2015) calculated593

a quantitative estimation of the lower latitudinal boundary for SAPS keyed by SYM-H,594

which during this interval reached a minimum of -20nT. According to Nagano et al. (2015)595

this would result in a lower latitude boundary for SAPS of ∼ 58◦ magnetic latitude (∼596

48◦ geographic), still poleward of the FPI. We therefore suggest that the observations597

during this interval are not likely due to SAPS. If the ion enhancements are not due to598

high-latitude convection or to a SAPS, they may instead be part of a persistent quiet-599

time mid-latitude nighttime feature (Greenwald et al., 2006; Clausen et al., 2012) that600

appears due to pressure gradient instabilities often found at the equatorward boundary601

of the ionospheric trough (Hudson & Kelley, 1976; Greenwald et al., 2006; Liu et al., 2021),602

which would align spatially with our observations. While we suggest the ions to be pri-603

marily responsible for the increased Joule heating rates, we might expect currents to be604

present in the region of those Joule heating enhancements. However, there is no evidence605

of field-aligned currents at the FPI location, which is concerning and could be investi-606

gated further in future works. We do provide one possible explanation for the lack of FAC’s607

in the region, which could be due to ions and electrons flowing in the same direction at608

250km altitude, potentially preventing any current from being produced.609

Previous studies investigating mid-latitude nighttime ionospheric scatter have found610

ion velocities typically less than 100ms−1 (Greenwald et al., 2006; Maimaiti et al., 2018,611

2019). They are often attributed to penetrating electric fields, driven by the neutral wind612

dynamo or due to pressure gradient forces. Given the magnitude of Qw2 is small com-613

pared to the total Joule heating rate, Qj , in this study, we infer that the ions are respon-614

sible for driving the increased Joule heating rate. Maimaiti et al. (2018, 2019) carried615

out statistical studies of the nightside mid-latitude and sub-auroral ionospheric convec-616

tion and found persistent westward flows between 20−90ms−1 depending on season and617

MLT, which is somewhat slower than our results, particularly as they found that the fastest618

flows occured in winter. Although Maimaiti et al. (2018) used the same groundscatter619

algorithm (Ribeiro et al., 2011) as in this study to remove low velocity non-ionospheric620

scatter, they also deployed the additional technique as described in (Ribeiro et al., 2012),621

where events were only considered if the 3rd and 97th percentile of their ion velocity dis-622

tributions were greater than −120ms−1 and less than 120ms−1 respectively. This ensured623

that they only studied the quiet time mid-latitude nighttime scatter, however rare fast624

events may have been lost. By selecting active patches in this study, we have not con-625

sidered low-velocity ionospheric scatter during this event, this will have skewed our ve-626

locities to a higher range than theirs. We believe that the higher ion velocities estimated627

in this study are therefore reasonable. Furthermore, despite our ion velocities being greater628

than other quiet time studies, they are significantly slower than other mid-latitude stud-629

ies that occur under geomagnetically active periods. When enhanced ion velocities have630

been observed due to the equatorward expansion of auroral convection (Joshi et al., 2015)631

or SAPS (Clausen et al., 2012; Billett et al., 2022) velocities are observed in excess of632

500ms−1 and up to 1000ms−1. Our observed ion velocities therefore fall within a rea-633

sonable expectation when considering the geomagnetic activity and methods used in this634

study.635

Strong ion motion has been shown to drive the neutral atmosphere into a similar636

direction as momentum is exchanged through frictional collisions. During both patches637

C and D the directions of the ions and neutrals are initially opposed, resulting in an in-638

creased Joule heating rate, however as both patches persist, the neutrals are slowly driven639
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into the same direction as the ions, given by Qw1 decreasing. When the ion driving to640

the neutrals is at its greatest Qw1 would reach its peak negative value, and start to in-641

crease once the ion driving recedes and the neutrals retain momentum and start to drive642

the ions. In our observations Qw1 continues to decrease and never reach a negative peak643

over the tracked lifespan of both patches, with patch B lasting ∼ 1.5 hours and patch644

C ∼ 2 hours, suggesting the ions continue to drive the neutral motion throughout the645

period where we track them. Joshi et al. (2015) calculated the mid-latitude ion neutral646

coupling timescale during a geomagnetic storm and found a time-lag of ∼84 minutes for647

the neutrals to respond to the ion driving. Billett et al. (2022) found a response time648

of 2h for mid-latitude neutral wind to respond to pressure gradient forces. In the case649

of Joshi et al. (2015), ions were driven by expanded auroral convection during a geomag-650

netic storm, and for Billett et al. (2022) a SAPS event, with ion velocities several 100ms−1
651

faster than this study’s quiet time events. Kosch et al. (2001) found an average of high-652

latitude response times during geomagnetically quiet periods to be 3.3 hours. While we653

cannot calculate the full neutral coupling timescale because the neutrals never reach a654

steady state with the ions, the timescales in our observations can be viewed as the min-655

imum value for the coupling timescale. Our values are close to the full values from Joshi656

et al. (2015) and Billett et al. (2022), but are still smaller than those from the high-latitude657

timescales from Kosch et al. (2001), indicating that our values are reasonable.658

Studies by Aruliah et al. (2005) and C. Anderson et al. (2013) investigated the im-659

pact that neutral winds have on Joule heating rate estimations. They calculated the high-660

latitude neutral wind dynamo to account for 29% (Aruliah et al., 2005) and 36% (C. An-661

derson et al., 2013) of the total Joule heating rates. Across patches B, C and D, the av-662

erage neutral contribution (Qw) to the total heating rate was 24.7%, 40.4% and 43.1%663

respectively, which is consistent with the previous studies, albeit at different latitudes.664

Patch B’s lower neutral contribution can be accounted for by the significantly stronger665

ion enhancements than in the other two patches, while their contributions although higher,666

still signify the majority of mid-latitude Joule heating response being due to the ions.667

Billett et al. (2018) indicated that the high-latitude Joule heating rate was nearly en-668

tirely eliminated when the neutral wind was pulled into the orientation of the ion flow.669

Kiene et al. (2019) used a scanning doppler imager with a SuperDARN radar to estimate670

high-latitude local Joule heating rates. They found that inclusion of the neutral winds671

in their Joule heating rate calculations dropped the total heating rate by a factor of ≃672

3 at high-latitudes. At the minimum value of Qw1, which occurred in patch D, the Joule673

heating rate was decreased from 24.1pWm−3 to 5.61pWm−3, representing a 4.2 times674

decrease, similar to the observations found in Kiene et al. (2019). However, our obser-675

vations vary substantially with the winds either contributing positively or negatively to676

the total heating rate, amounting to either a > |75%| increase or reduction in the to-677

tal Joule heating rate depending on the neutral flow direction relative to the ions. When678

considering the multiplicative reduction, and the percentage decreases, our results show679

that the neutral winds have a significant reducing action on the overall Joule heating rate680

in line with the results obtained by the high-latitude studies of Billett et al. (2018); Kiene681

et al. (2019). Although these studies did not show cases of the neutrals increasing the682

heating, Aruliah et al. (2005) and C. Anderson et al. (2013) did find that high-latitude683

neutrals were able to enhance or reduce the total Joule heating rates as similarly shown684

in this study. The increased heating rate magnitude of ∼ 75% in this study is symmet-685

rical to the heating magnitude when the neutrals were decreasing the heating rate, im-686

plying that the neutrals are equally effective at enhancing Joule heating rates as they687

are at dampening them.688

Typically, studies investigating Joule heating rates calculate a height-integrated value689

using model values (McHarg et al., 2005; X. X. Zhang et al., 2005; Lu et al., 2016) or690

based on assumptions of the height integrated neutral pattern being representative of691

the neutral pattern at approximately 160km altitude (Billett et al., 2018) as shown by692

Lu et al. (1995), or by assuming that F-region altitude measurements map down to a693
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range of altitudes (Cai et al., 2014). Direct comparisons of our values to other studies694

are somewhat limited, however C. Anderson et al. (2013) and Kiene et al. (2019) calcu-695

lated high-resolution high-latitude local Joule-heating rates using instruments observ-696

ing the ions and neutrals at 250km, which provides an excellent comparison to our mid-697

latitude study. The Joule heating rate in this study peaks at ∼ 235pWm−3. Both C. An-698

derson et al. (2013) and Kiene et al. (2019) estimated the local high-latitude Joule heat-699

ing rates up to the order of nWm−3 for geomagnetically active intervals, an order of mag-700

nitude higher than our observations. The majority of their observations however were701

in the tens, or hundreds of pWm−3, which matches our observations, suggesting small702

patches of ion scatter at mid-latitudes are able to produce local Joule heating enhance-703

ments similar to those observed at high-latitudes. Their most dominant Joule heating704

values were coincident with the auroral region, where ion velocities are typically much705

higher, often in excess of 1000ms−2, particularly during geomagnetically intense peri-706

ods (such as in their studies). While we could compare our values with studies calcu-707

lating height-integrated Joule heating rates by assuming that the electric field maps to708

lower altitudes, the neutral wind measurements however do not, and doing so would in-709

troduce significant uncertainty into our calculations that we have attempted to avoid by710

keeping the ion and neutral measurements as co-located as possible. Nethertheless, they711

can be used as an insight into the difference between auroral and sub-auroral Joule heat-712

ing rates, which typically indicate higher magnitudes in the auroral region, with the dif-713

ference of at least an order of magnitude being fairly common (X. X. Zhang et al., 2005;714

Lu et al., 2016; Billett et al., 2018). Our values being an order of magnitude smaller than715

those in the high-latitude studies is reasonable. If we consider the fact that the high-latitude716

studies occured during geomagnetically intense periods, while our mid-latitude study is717

during a quiet time period, our Joule heating values may be closer than expected, in-718

dicating that even small transient events can result in a significant Joule heating depo-719

sition in the mid-latitudes.720

Baloukidis et al. (2023) compared statistical high-latitude Joule heating distribu-721

tions estimated by using the European incoherent scatter scientific association (EISCAT)722

radars with TIEGCM. Their EISCAT Joule heating estimations ranged from altitudes723

of 80− 150km altitude and did not include the neutral wind contributions, so are not724

directly comparable to our estimations in this study, but their comparisons to TIEGCM725

are still useful. They found that during low Kp, TIEGCM’s modelled Joule heating was726

higher than their observed estimates. If we can assume that fast moving ion patches were727

averaged out in their low Kp statistical analysis, then our results of TIEGCM modelling728

higher Joule heating during low velocity ion events agrees with the findings from their729

study. At higher Kp, Baloukidis et al. (2023) also found TIEGCM’s observed Joule heat-730

ing was lower than their observed estimates. Although our study is a low Kp event, our731

periods of significant ion enhancements are more often associated with high levels of ge-732

omagnetic activity, so we can compare our fast moving ion patches to their high Kp anal-733

ysis, whereby we also agree that TIEGCM’s modelled Joule heating is lower than ob-734

served estimations. Similar to our findings, Baloukidis et al. (2023) remark that the dif-735

ference in their discrepancies between TIEGCM and their observations are due to small-736

scale effects that amount to sub-grid variability within TIEGCM that it cannot resolve.737

Due to this sub-grid variability, TIEGCM includes an empirically-derived multiplication738

factor named JOULEFAC to increase its internal Joule heating by a fixed factor of 1.5739

(NCAR, 2016) in order for its neutral temperatures to better agree with statistical ob-740

servations. One solution Baloukidis et al. (2023) propose is to adjust JOULEFAC with741

Kp so that different values are used for different levels of geomagnetic activity. Previ-742

ous studies have manually adjusted the value of JOULEFAC to better reproduce real-743

istic Joule heating values (Emery et al., 1999). Although there may be differences be-744

tween optimised JOULEFAC values for high and mid-latitudes, optimised JOULEFAC745

values may work on a statistical level, however it could not account for small scale spa-746

tial or temporal events such as in this study. A better JOULEFAC for low Kp may bring747

TIEGCM’s modelled Joule heating in line with our observed estimations for low veloc-748
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ity patches, however there would still be a large and potentially greater difference for ex-749

cited ion motion, such as patch B between 0430 and 0500 UT in this study. Furthermore,750

adjusting JOULEFAC may ”correct” the numerical Joule heating value, however it might751

not solve discrepancies between whether greater ion or neutral motion produces Joule752

heating as occurs in this study. Rather, if focusing on localised studies, improvements753

should be made for TIEGCM to better model the microscale electrodynamics of the mid-754

latitude ionosphere.755

6 Conclusion756

During the night of 16 July 2014 over mid-latidude North America the BKS Su-757

perDARN radar observed highly localised ion velocity enhancements of over 200ms−1
758

while ANN FPI observed neutral velocities over 150ms−1 despite the lack of strong ge-759

omagnetic drivers. The use of combined AMPERE and TEC datasets shows the ion en-760

hancements are sub-auroral, and likely driven by plasma gradient instabilities, a com-761

mon quiet-time nighttime mid-latitude occurrence observed at the equatorward edge of762

the mid-latitude trough. The ion velocity increases drove significant Joule heating en-763

hancements to the region, of a similar magnitude to results from high-latitude studies,764

with the maximum increases only a single order of magnitude less than under high-latitude765

geomagnetically active periods. The neutral wind was shown to have a significant im-766

pact on the overall heating rate, accounting for on average between 24% and 43% of the767

total heating, while at the extremes increasing or decreasing the total heating rate by768

in excess of 75%.769

Comparisons with modelled ion and neutral velocities from TIEGCM indicate that770

TIEGCM does not model equivalent enhancements to the ion velocities due to being a771

large-scale model that does not include microscale electrodynamical processes, result-772

ing in an approximate 8 times smaller modelled Joule heating rate than during the peak773

observed estimates. Although TIEGCM does a good job of modelling the meridional neu-774

tral velocities, the zonal velocities were an order of magnitude higher than our observa-775

tions, enough to amplify the total neutral wind velocity such that the mid-latitude Joule776

heating reported by the model was due to greater motion of the neutrals rather than the777

ions as our observations suggest. The strong neutral wind in the model also resulted in778

a greater modelled Joule heating rate than our observational estimates during quieter779

periods of the interval.780

Opportunities for studying mid-latitude ion-neutral coupling and the Joule heat-781

ing response are rare and limited intervals exist with measurements from coincident in-782

struments, particularly during quiet times to study such events, nevertheless further work783

is needed to better understand the dynamics of the mid-latitude ionosphere-thermosphere,784

especially during non-geomagnetically intense periods. Further understanding and bet-785

ter representation of the mid-latitude dynamics could help produce more accurate mod-786

els for Joule heating predictions.787
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Figure 6. Example 10-minutely integrated scan starting from 0551 UT of the BKS radar

on 16 July 2014, plotted on a geographic map in the top panel. Ion velocities are color coded

according to the colorbar on the right, where positive velocities indicate motion towards the

radar and negative away. Non-ionospheric scatter as marked by the Ribeiro algorithm is colored

grey. The orange triangle represents the location of the ANN FPI, and the orange dots mark the

assumed peak neutral wind measurement locations. Outlined in orange with labels are patches

identified as C and D. Patches A, B, E are not present at the time of the plot. Below shows the

line of sight ion velocities plotted as blue dots against their beam azimuth for each patch outlined

in orange and marked with with the letter label. The black line represents the least-squares si-

nusoidal fit where the magnitude of the fit, and azimuth where the fit returns zero is given above

each plotting box.
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Figure 7. (a) IMF Bz followed by, (b) the magnitude of the full neutral wind vector in blue

with TIEGCM’s neutral velocities in orange, (c) the magnitude of the full ion velocities for each

identified patch. The dark lines represent the fitted values, the shaded region either side of the

line shows the root mean squared error (RMSE) of the fit used to estimate the velocity. The

TIEGCM ion velocities are plotted as the burgundy line without a RMSE shaded region. (d)

Shows the Pedersen conductivity at the FPI location, as modelled by TIEGCM.
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Figure 8. Panels a, b, c, d & e shows The estimated Joule heating components and total

heating for each identified patch, the panel labels correspond to the patch velocity labels shown

in figure 7c. Each component is plotted according to the legend in panel a. Panel f shows the

Joule heating components and total heating modelled by TIEGCM. g shows the total Joule

heating rate calculated as the average heating rate of all patches in the common area, while

re-plotting TIEGCM’s total Joule heating in orange for comparison.

–30–


