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Abstract

Joule heating is one of the main energy inputs into the thermosphere-ionosphere system. Precise modeling of this process is

essential for any space weather application. Existing ionosphere models tend to underestimate the actual Joule heating rate quite

significantly. The Thermosphere-Ionosphere-Electrodynamics General-Circulation-Model applies an empirical scaling factor of

1.5 for compensation. We calculate vertical profiles of Joule heating rates from approximately 2220 h of measurements with the

EISCAT incoherent scatter radar and the corresponding model runs. We investigate model runs with the plasma convection

driven by both the Heelis and the Weimer model. The required scaling of the Joule heating profiles is determined with respect

to the Kp index, the Kan-Lee merging electric field EKL, and the magnetic local time. Though the default scaling factor of 1.5

appears to be adequate on average, we find that the required scaling varies strongly with all three parameters ranging from 0.46

to 20 at geomagnetically disturbed and quiet times, respectively. Furthermore, the required scaling is significantly different in

runs driven by the Heelis and Weimer model. Adjusting the scaling factor with respect to the Kp index, EKL, the magnetic

local time, and the choice of convection model would reduce the difference between measurement and model results.
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Abstract18

Joule heating is one of the main energy inputs into the thermosphere-ionosphere system.19

Precise modeling of this process is essential for any space weather application. Existing20

ionosphere models tend to underestimate the actual Joule heating rate quite significantly.21

The Thermosphere-Ionosphere-Electrodynamics General-Circulation-Model applies an22

empirical scaling factor of 1.5 for compensation. We calculate vertical profiles of Joule23

heating rates from approximately 2220 h of measurements with the EISCAT incoher-24

ent scatter radar and the corresponding model runs. We investigate model runs with the25

plasma convection driven by both the Heelis and the Weimer model. The required scal-26

ing of the Joule heating profiles is determined with respect to the Kp index, the Kan-27

Lee merging electric field EKL, and the magnetic local time. Though the default scal-28

ing factor of 1.5 appears to be adequate on average, we find that the required scaling varies29

strongly with all three parameters ranging from 0.46 to ∼ 20 at geomagnetically dis-30

turbed and quiet times, respectively. Furthermore, the required scaling is significantly31

different in runs driven by the Heelis and Weimer model. Adjusting the scaling factor32

with respect to the Kp index, EKL, the magnetic local time, and the choice of convec-33

tion model would reduce the difference between measurement and model results.34

Plain Language Summary35

The vast majority of the energy input to the Earth system originates from the sun.36

This includes the absorption of various types of radiation, e.g. ultraviolet radiation in37

the ozone layer or visible light and infrared radiation at the surface. In the ionosphere38

above about 80 km altitude, the absorption of extreme ultraviolet radiation and soft X-39

rays plays a major role. However, other processes also contribute significantly to the heat-40

ing of this region, e.g. the dissipation of electric currents, also known as Joule heating.41

Especially during solar storms, which can have potentially disastrous effects on satellites42

and power grids, Joule heating plays a crucial role. Accurate modeling, and therefore43

also prediction, of Joule heating is not possible at the moment since ionosphere models44

have to scale the Joule heating empirically to fit the actual values. We investigate how45

the required scaling changes under different geophysical conditions.46

1 Introduction47

Ionospheric heating is caused by several different mechanisms and their respective48

impacts vary strongly with geomagnetic activity and latitude. Ionospheric modeling and49

space weather prediction require understanding and accurately describing these processes50

such as e.g. energetic particle precipitation or absorption of extreme ultraviolet and soft51

X-ray radiation. At high latitudes, especially during geomagnetic active periods, the Joule52

heating due to dissipation of ionospheric currents is of major importance for the ionosphere-53

thermosphere system. The local Joule heating rate is defined as54

qJ = j ·E (1)

with the current density j and the electric field E.55

At high latitudes, ionospheric currents are induced by the polar plasma convection, which56

results from the interaction of the Earth’s magnetic field and the interplanetary mag-57

netic field (IMF) carried by the solar wind (e.g. Baumjohann & Treumann, 1996; Kel-58

ley, 2009; Schunk & Nagy, 2009). The convection pattern gives rise to an electric field59

E⊥ perpendicular to the nearly vertical magnetic field lines. In this situation, two types60

of currents can be distinguished: Pedersen currents jP (∥ E⊥) parallel to the electric field61

and Hall currents jH (∥ E⊥ ×B) perpendicular to both the electric field and the mag-62

netic field lines. From Eq. 1, it can be seen that only Pedersen currents contribute to63

the Joule heating rate. Introducing the Pedersen conductivity σP , the Pedersen current64
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can be written as jP = σPE⊥. Including the neutral dynamo effect due to the neutral65

wind u(z), the altitude-dependent Joule heating rate is66

qJ(z) = σP (z) (E⊥ + u(z)×B(z))
2

[Wm−3]. (2)

Integration of Eq. 2 gives the height-integrated Joule heating rate67

QJ =

∫ z2

z1

σP (z) (E⊥ + u(z)×B(z))
2
dz [Wm−2]. (3)

The height-integrated Joule heating rate QJ can be determined from satellite ob-68

servations (e.g. Foster et al., 1983; Rich et al., 1991; Palmroth et al., 2005). To deter-69

mine the vertical profile of the local Joule heating rate qJ , incoherent scatter radar (ISR)70

measurements can be applied (e.g. Vickrey et al., 1982; Thayer, 1998, 2000; Kavanagh71

et al., 2022). Global thermosphere-ionosphere models provide vertical profiles of qJ at72

all geographic locations and are therefore a valuable addition to local ISR measurements73

(e.g. Weimer, 2005; Deng & Ridley, 2007; Deng et al., 2009; Huang et al., 2012; Maute,74

2017). However, it has been noted that ionosphere models tend to underestimate the ac-75

tual Joule heating rate quite significantly (Codrescu et al., 1995; Deng & Ridley, 2007).76

The Thermosphere-Ionosphere-Electrodynamcis Global-Circulation-Model (TIE-GCM)77

(Richmond et al., 1992) therefore multiplies the Joule heating rate by a constant empir-78

ical factor of f = 1.5 (Codrescu et al., 1995; Emery et al., 1999). The aim of this study79

is to investigate the required scaling factor under various different conditions and whether80

a constant f = 1.5 is actually appropriate. We will compare Joule heating rates given81

by the TIE-GCM model with measurements from the EISCAT ISR.82

An important point to consider is the representation of the polar plasma convection in83

ionosphere models. Since the plasma convection depends on the interaction of the IMF84

with the Earth’s magnetic field, a physical convection model would require coupled mod-85

elling of the solar wind, the magnetosphere, and the ionosphere. However, ionosphere-86

thermosphere models generally apply empirical convection models. Two of the most com-87

monly applied convection models are the Heelis model (Heelis et al., 1982) and the Weimer88

model (Weimer, 2005). The Heelis model applies the Kp index as input parameter which89

quantifies the geomagnetic activity from global magnetometer measurements. The Weimer90

model fits the electrostatic potential for given solar wind/IMF parameters using a set91

of spherical harmonics (Weimer, 2005). We use the Kan-Lee merging electric field EKL92

(Kan & Lee, 1979) to combine the solar wind and IMF parameters applied by the Weimer93

convection model. It has been found that EKL correlates well with the polar cap poten-94

tial (Weimer, 1995). The Kan-Lee merging electric field is defined as95

EKL = vswBT sin2
(
θ

2

)
(4)

with the solar wind velocity vsw, BT =
(
B2

y +B2
z

)0.5
, and θ = arctan (By/Bz),96

with the interplanetary magnetic field components By and Bz in the GSM coordinate97

system (Laundal & Richmond, 2017). Since the TIE-GCM model can be driven by both98

the Heelis and the Weimer convection models, we will compare the performance of both99

models within TIE-GCM to obtain Joule heating rates for different forcing conditions.100

It has been shown that the Joule heating rate strongly depends on the magnetic local101

time (MagLT) (Foster et al., 1983; Baloukidis et al., 2023) and therefore we will also in-102

vestigate how the required f factor varies with MagLT.103

Section 2 will introduce the EISCAT ISR instrument and the TIE-GCM model. The ap-104

plied measurement mode as well as the geophysical conditions during the measurements105

will be described. In Sec. 3, we will show how local and height-integrated Joule heat-106

ing rates are determined from both measurements and model results. This includes an107

–3–
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introduction to the stochastic inversion method that is applied to obtain 3D ion veloc-108

ity and electric field vectors from ISR measurements. The comparison of measurement109

and model Joule heating rates and the required f factor is shown in Sec. 4 and the re-110

sults are discussed in Sec. 5. Section 6 will conclude the paper and give an outlook on111

possible future investigations.112

2 Measurements and models113

2.1 EISCAT UHF incoherent scatter radar114

The EISCAT Ultra High Frequency (UHF) ISR at Tromsø, Norway (69.6° N, 19.2°115

E) (Folkestad et al., 1983) has a peak transmission power of about 1.5 − 2 MW. The116

radar transmission frequency is 930 MHz and the employed dish has a diameter of 32117

m. This results in a beam width of about 0.7◦ corresponding to an antenna directive gain118

of approximately 48.1 dBi.119

To obtain 3D electric field vectors, the EISCAT ISR can either be operated in combi-120

nation with two remote receivers (tristatic) or in a beam-swing mode (monostatic) (Kavanagh121

et al., 2022). For this study, we will analyze approximately 2220 h of EISCAT measure-122

ments in the beam-swing mode, also known as Common Programme (CP) 2. In this mode,123

the radar dish is rotated through four measurement positions with a total cycle time of124

6 min, and the beam-aligned ion velocity is measured in each position. The time reso-125

lution of ∼ 0.1 h results in approximately 22,200 measurement points. The EISCAT CP126

2 and other experiment modes are described in Tjulin (2021).127

Following Nygrén et al. (2011), we perform a stochastic inversion to obtain the F-region128

3D ion velocity vector. The ionospheric electric field can be calculated from the ion ve-129

locities. The method and its application in this study are described in more detail in Sec.130

3. Other parameters available from the ISR measurements are the electron density Ne,131

and the ion/electron temperatures Ti and Te. In the E-region, these parameters are binned132

in 13 altitude gates with a vertical resolution of 5 km at 95−125 km and 10 km at 135−133

185 km altitude.134

As mentioned before, we will investigate Joule heating rates for different geophysical con-135

ditions (Kp index and EKL) and magnetic local times. Table 1 gives the distribution136

of measurement time with Kp index and EKL.137

Kp measurement time [h] EKL [mVm−1] measurement time [h]

0 186.6 0− 0.1 484.2
0.333 311 0.1− 0.2 328.2
0.667 263.5 0.2− 0.35 410.8

1 195.7 0.35− 0.5 360.9
1.333 160.3 0.5− 0.7 245.1
1.667 182.5 0.7− 0.9 130.9

2 156.1 0.9− 1.15 120.7
2.333 - 2.667 206.7 1.15− 1.6 81.5

3 - 3.333 168 > 1.6 60.5
3.667 - 4 125
4.333 - 5 139
5.333 - 6 62.1

> 6 35.6∑
2192.1

∑
2222.8

Table 1. Distribution of measurement time with Kp index and EKL.
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Figure 1. Seasonal distribution EISCAT measurement time included in the database

Investigating the bins given in Tab. 1 is only possible if the values are taken through-138

out the entire day and MagLT variations are neglected. Tables 2 and 3 give the bin res-139

olution and measurement time per bin if variations with Kp index/EKL and MagLT are140

investigated simultaneously.141

Kp/MagLT 03 - 09 09 - 15 15 - 21 21 - 03
∑

0 - 2 312 380.7 406.7 356.3 1455.7
2 - 4 128.3 136.7 137.4 97.3 499.7
4 - 9 51.3 45.2 66.5 73.7 236.7∑

491.6 562.6 610.6 527.3 2192.1

Table 2. Distribution of measurement time in hours with respect to Kp index and MagLT.

EKL [mVm−1] /MagLT 03 - 09 09 - 15 15 - 21 21 - 03
∑

0− 0.2 164 213.5 215 219.9 812.4
0.2− 0.5 183.5 225.4 181.1 181.7 771.7
> 0.5 149 135.8 218.5 135.4 638.7∑

496.5 574.7 614.6 537 2222.8

Table 3. Distribution of measurement time in hours with respect to EKL and MagLT.

A seasonal dependence of the Joule heating rate and the required scaling factor has142

been shown before (Foster et al., 1983; Emery et al., 1999). Figure 1 shows the distri-143

bution of the EISCAT measurements by day of year. It can be seen that most EISCAT144

CP2 measurements took place in January or around the September equinox. The dis-145

tribution shown in Fig. 1 does not allow to investigate the seasonal dependence of the146

Joule heating rates and the required scaling. For the results shown in this paper, all mea-147

surements have been considered independent of the day of year.148

–5–
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2.2 TIE-GCM149

The Thermosphere-Ionosphere-Electrodynamic General-Circulation-Model (TIE-150

GCM) (Richmond et al., 1992) is a global model of the coupled ionosphere-thermosphere151

system. The lower boundary is at about 96 km altitude where atmospheric dynamics are152

driven by the climatologies of several atmosphere models. The TIE-GCM output is given153

on a 2.5° × 2.5° longitude-latitude grid with a time resolution of 1h. The vertical res-154

olution is 1/4 in scale height units equivalent to a resolution of ∼ 2−18 km. The data155

presented in this paper was generated from several runs performed with the TIE-GCM156

Model Version 2.0.157

As mentioned in Sec. 1, the polar plasma potential, and hence the electric field, is given158

by an empirical convection model. Both the Heelis model (Heelis et al., 1982) and the159

Weimer model (Weimer, 2005) can be applied for that purpose. We performed two TIE-160

GCM runs for each EISCAT measurement, driven with either of the two convection mod-161

els. The model data is binned into the same E-region altitude gates as the EISCAT plasma162

parameters. Since the model time resolution is lower than the measurement time res-163

olution, we apply a nearest-neighbor extrapolation on the model data.164

3 Method165

The application of stochastic inversion to infer 3D ion velocity vectors from EIS-166

CAT beam-swing measurements is described in detail by Nygrén et al. (2011). We will167

summarize the implementation of the method for this paper and refer to Nygrén et al.168

(2011) for further information. The stochastic inversion method allows solving the lin-169

ear problem170

M = A · x+ ϵ (5)

where the vector of unknown variables x is determined from the measurement vec-171

tor M under consideration of the measurement uncertainties ϵ. This requires an adequate172

formulation of the theory matrix A.173

In the F-region ionosphere, the east- and northward ion velocities vFE and vFN can be as-174

sumed constant with altitude while the vertical ion velocity vFz changes with height (Nygrén175

et al., 2011). Therefore, the unknown vector x for each 6 min beam-swing cycle consists176

of one vFE value, one vFN values, and nG vFG
z values where nG is the number of pre-defined177

F-region altitude gates. We define nG = 14 altitude gates ranging from 230− 515 km178

altitude with a resolution of 15 km (230−260 km), 20 km (280−360 km), and 25 km179

(390−515 km). Ideally, one measurement cycle consists of four pointing directions and180

therefore the total number of beam-aligned ion velocity measurements for each beam-181

swing cycle is 4·nG. It has to be considered that the fit of the incoherent scatter spec-182

trum does not converge for one or more beams during some cycles but for the further183

explanation we will assume the ideal case of four measurements per cycle. For each mea-184

surement position, the azimuth angle α and the elevation angle β are known and the mea-185

surements can be expressed by the standard radial wind equation186

MG
i = sinαi cosβiv

F
E + cosαi cosβiv

F
N + sinβiv

FG
z (6)

for i = [1, 4]. The transformation coefficients in Eq. 6 give the ith line of the the-187

ory matrix AG for a single altitude gate. Repeating this for each altitude gate gives the188

complete theory matrix A (see Nygrén et al., 2011, Eq. 21).189

Since the F-region ionosphere can be assumed to be collisionless, the perpendicular elec-190

tric field can be approximated by the electric drift formula191

E⊥ = −vF ×B. (7)

–6–
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As magnetic field B, the International Geomagnetic Reference Field (IGRF) (Barraclough,192

1988; Alken et al., 2021) is employed. E⊥ is calculated at 300 km altitude and linearly193

scaled with the increasing magnetic field strength at lower altitudes. E⊥ can then be ap-194

plied to calculate the local Joule heating rate in the E-region given by Eq. 2. Numer-195

ical integration of the 13 E-region altitude gates gives the height-integrated Joule heat-196

ing rate QJ . Although the TIE-GCM model gives the local Joule heating rate qJ as an197

output variable, we calculate it from Eq. 2 assuming the F-region vF at 300 km altitude.198

The equivalent calculation of measurement and model Joule heating rates assures that199

any deviations are caused by the differences in plasma convection.200

The Pedersen conductivity in Eq. 2 is given as (Baumjohann & Treumann, 1996)201

σP =

(
νen

ν2en +Ω2
e

+
me

mi

νin
ν2in +Ω2

i

)
Nee

2

me
. (8)

The ion/electron-neutral collision frequencies νin and νen, ion/electron gyro-frequencies202

Ωi and Ωe and the mean ion mass mi are taken from the TIE-GCM model runs for both203

the measurement and the model calculation. The electron density Ne is taken from EIS-204

CAT measurements when calculating the observed Joule heating rates and from the TIE-205

GCM output when calculating the modeled Joule heating rates.206

The vertical profile of the neutral wind u(z) in Eq. 2 and 3 is taken from the TIE-GCM207

model and assumed for the calculation of both the measurement and the model Joule208

heating rates. Especially for periods of low geomagnetic activity, the neutral wind con-209

tribution to the Joule heating rate can not be neglected (Vickrey et al., 1982; Baloukidis210

et al., 2023).211

4 Results212

After calculating the vertical Joule heating profiles from measurement and model213

data for each time-point, the profiles are binned with respect to the Kp index, EKL, and214

MagLT. For each bin, a median measurement profile qEJ (z) and two median model pro-215

files qMJ (z), one for Heelis- and one for Weimer -driven model runs, are calculated. The216

optimum empirical scaling factor f is determined by a non-linear least-square fit of qEJ (z)−217

f · qMJ (z) = 0. This is demonstrated in Figure 2 for 230 h of data during September218

2005 with Kp > 2 conditions.219

The model profiles in Fig. 2 a) are linearly scaled to fit the measurement qJ pro-220

file which results in the profiles shown in Fig. 2 b). From the non-linear least-square fit,221

it is found that the optimum scaling factors for the model runs with Heelis and Weimer222

plasma convection are fH = 1.60 and fW = 1.41. These are very close to the default223

value f = 1.5 in the TIE-GCM model.224

For further analysis, an extended database of approximately 2220 h of EISCAT measure-225

ments and TIE-GCM simulations is applied. The data is binned according to the Kp226

index and EKL ranges given in Tab. 1. We investigate the optimum profile scaling fac-227

tor f and the mean-squared difference of the vertical Joule heating rate profiles. The mean-228

squared difference is calculated as MSD = 1/nz ·
∑

nz

(
qEnz

− qMnz

)2
where nz = 13 is229

the number of altitude gates, and qE and qM are the local Joule heating rates given by230

EISCAT measurements and model runs respectively. We also investigate the absolute231

and relative difference between measurement and model height-integrated Joule heat-232

ing rates. Figure 3 shows the variation of these quantities with the Kp index.233

For the TIE-GCM runs driven with the Heelis convection model, it can be seen in234

Fig. 3 a) that the model would require a significantly larger scaling factor to fit the EIS-235

CAT measurements at Kp < 4 conditions. In Fig. 3 b), c), and d), the results are shown236

for the application of the default f = 1.5 and the optimized f from Fig. 3 a). An ad-237

justment of the scaling factor reduces the MSD in Fig. 3 b) by two orders of magnitude.238

–7–
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Figure 2. a) Joule heating profiles from EISCAT measurements and TIE-GCM simulations

with both Heelis and Weimer plasma convection for Kp > 2. b) The two model profiles are

scaled with the optimum scaling factors fH = 1.60 and fW = 1.41 to fit the measurement profile.

Due to the generally lower Joule heating rates at Kp < 4, the absolute difference ∆Qabs =239

QE
J −QM

J in Fig. 3 c) is very low. Nevertheless, it can be seen that the height-integrated240

Joule heating rate gets slightly closer to the measurement results by adjusting the scal-241

ing factor for Heelis-driven runs at Kp < 4. The relative difference ∆Qrel =
(
QE

J −QM
J

)
/QE

J242

in Fig. 3 d) would be notably reduced. For Kp > 4, the default scaling factor f = 1.5243

seems to be appropriate or even too large for Heelis-driven TIE-GCM runs. The MSD244

of the Joule heating rate profiles is significantly larger at Kp > 4 than at lower geo-245

magnetic activity and could be decreased by adjusting the scaling factor. However, ∆Qabs246

and ∆Qrel are actually increased for the adjusted scaling factor at Kp ∼ 5. At Kp >247

5, on the other hand, the height-integrated Joule heating rate is far too high for the de-248

fault f = 1.5 and adjusting the scaling factor would bring it significantly closer to the249

measurement results.250

The TIE-GCM runs driven with the Weimer convection model require a scaling factor251

f > 1.5 at Kp < 4 conditions. The MSD of measurement and model Joule heating252

rate profiles would be significantly reduced by adjusting the scaling factor. However, the253

measurement-to-model difference of the height-integrated Joule heating rate is not no-254

tably lower than for f = 1.5. The relative difference would generally be reduced at Kp <255

4 by adjusting the scaling factor. At Kp > 5, Weimer -driven model runs clearly un-256

derestimate the Joule heating rate. An adjustment of the scaling factor would signifi-257

–8–
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Figure 3. a) Scaling factor f , b) the mean-squared difference of the median measurement

and model profiles, c) the absolute and d) the relative difference of measurement and model

height-integrated Joule heating rates. The dotted lines in b), c), and d) give the results in case

the scaling factors from a) are applied to the model runs.

cantly reduce the profile MSD as well as ∆Qabs and ∆Qrel of measurement and model258

height-integrated Joule heating rates.259

In summary, the TIE-GCM model results show very different behaviour for Heelis- and260

Weimer -driven polar plasma convection. For the default scaling factor f = 1.5, the Heelis-261

driven model runs underestimate the Joule heating rate at Kp < 4 and overestimate262

it at Kp > 5. An adjustment of the scaling factor might significantly reduce the dif-263

ference between measurement and model results. For Weimer -driven model runs, the264

default f = 1.5 seems to work considerably well at Kp < 4. While the MSD of the265

Joule heating rate profiles could be slightly decreased by adjusting the scaling factor, the266

height-integrated Joule heating rate would remain approximately the same. At Kp >267

4, however, the Joule heating rates are clearly underestimated for the f = 1.5 case and268

an adjustment of the scaling factor would reduce the gap between EISCAT measurements269

and model results.270

–9–
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Figure 4. a) Scaling factor f , b) the mean-squared difference of the median measurement

and model profiles, c) the absolute and d) the relative difference of measurement and model

height-integrated Joule heating rates. The dotted lines in b), c), and d) give the results in case

the scaling factors from a) are applied to the model runs.

As mentioned in Sec. 1, the Weimer convection model determines the polar plasma po-271

tential from solar wind and IMF parameters. Therefore, the analysis above is repeated272

for the Kan-Lee merging electric field EKL bins listed in Tab. 1. The results are shown273

in Fig. 4.274

The required scaling factor in Fig. 4 a) shows that Heelis-driven TIE-GCM runs275

generally underestimate the Joule heating rate for most EKL values. An adjustment of276

the scaling factor would reduce the MSD of the vertical Joule heating rate profiles by277

at least one order of magnitude for all EKL values as shown in Fig. 4 b). This can also278

be seen in Fig. 4 c), where the absolute measurement-to-model difference of height-integrated279

Joule heating rate would be decreased by adjusting the scaling factor at all conditions280

with the exception of EKL ∼ 1 mVm−1 and EKL ≳ 2 mVm−1. The same result is281

found for the relative difference in Fig. 4 d).282

–10–
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Figure 5. Vertical profiles of the Joule heating rate for 12 bins of varying Kp index and mag-

netic local time. The default f = 1.5 has been applied to the model Joule heating rate profiles.

The respective height-integrated Joule heating rates are given in the legends.

For the Weimer -driven model runs, it is found in Fig. 4 a) that by applying a constant283

f = 1.5, the Joule heating rate is underestimated for EKL ≲ 0.5 mVm−1 and over-284

estimated for EKL ≳ 1 mVm−1. Figure 4 c) and d) show that an adjustment of the285

scaling factor would reduce ∆Qabs and ∆Qrel of measurements and model runs for these286

EKL ranges. Especially at EKL ≳ 1 mVm−1, the Weimer -driven model Joule heat-287

ing rates would be significantly closer to the measurements if the scaling factor is ad-288

justed.289

It has been reported previously that the Joule heating rate varies strongly with the mag-290

netic local time (Foster et al., 1983; Baloukidis et al., 2023). We will therefore investi-291

gate the Joule heating rates separately for four MagLT bins covering the dawn sector292

(03-09 MagLT), the noon sector (09-15 MagLT), the dusk sector (15-21 MagLT), and293

the midnight sector (21-03 MagLT). To obtain enough measurement time in each inves-294

tigated bin, the Kp index and EKL bins are enlarged as stated in Tab. 2 and 3. In to-295

tal, we obtain vertical Joule heating rate profiles and the associated height-integrated296

Joule heating rates for 12 bins. Figure 5 shows the qJ profiles binned with respect to the297

Kp index and MagLT.298
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Figure 6. Variation of the height-integrated Joule heating rate QJ with magnetic local time

for Kp < 4 (top) and Kp ≥ 4 (bottom). The model results are shown as dashed lines for the

default f = 1.5 and solid lines for an adjusted scaling factor.

As expected, the Joule heating rate increases with the Kp index which can be seen299

from the maxima of the vertical profiles and the height-integrated Joule heating rates300

given in Fig. 5. This is found for both measurement and model Joule heating rates. The301

measurements show that the Joule heating rate is generally lowest in the noon MagLT302

sector and largest in the midnight MagLT sector. The important exception is for Kp >303

4, where the largest measurement Joule heating rates are actually found in the dusk MagLT304

sector. For the model runs, both driven by Heelis and Weimer convection, it is found305

that the Joule heating rate is lowest in the noon sector and largest in the midnight sec-306

tor for all Kp ranges. The model profiles shown in Fig. 5 have been scaled with the de-307

fault factor f = 1.5. The Heelis-driven model runs give generally lower Joule heating308

rates than the EISCAT measurements for Kp < 4. This agrees with Fig. 3 where it309

has been shown that Heelis-driven runs require a larger than default scaling factor at310

Kp < 4. At Kp > 4, however, the Joule heating rates approximately fit the EISCAT311

measurements or even exceed them for the noon sector, where EISCAT measured the312

overall lowest Joule heating rates.313

At Kp < 4, the default-scaled Weimer -driven TIE-GCM runs show slightly lower Joule314

heating rates than the measurements at all magnetic local times except for the midnight315

MagLT sector. For Kp > 4, however, the qJ profiles from Weimer -driven runs fit the316

measurement profiles very well, except for the dusk MagLT sector. Here, the Joule heat-317

ing is clearly underestimated by the model runs.318

In summary, it can be seen from Fig. 5 that the magnetic local time very much impacts319

the vertical Joule heating profile and how well the model runs fit the measurements. This320

can also be seen from the variation of the height-integrated Joule heating rate with mag-321

netic local time shown in Fig. 6. Two cases of geomagnetic activity, Kp < 4 and Kp ≥322

4, are distinguished.323

As noticed before, Fig. 6 shows that Joule heating rates are largest during night-324

time for Kp < 4. While the Heelis-driven runs give a very low height-integrated Joule325

heating rates at all MagLTs, QJ from Weimer -driven runs is lower than the measure-326

ments during daytime and larger during nighttime. Adjusting the scaling factor would327

reduce the difference between EISCAT and model height-integrated Joule heating rates328

at all magnetic local times.329
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Figure 7. Kp index dependence of the required Joule heating scaling factor f for the different

magnetic local time sectors a) 03-09, b) 09-15, c) 15-21, and d) 21-03.

At Kp > 4, the measured QJ maximum is around 16 MagLT and the largest model QJ330

are found around 4 MagLT. It can be seen in Fig. 5 that all model runs give distinctly331

larger Joule heating rates than the measurements for Kp > 4, 3 - 9 MagLT. It should332

be noted that at Kp > 4, the Heelis-driven runs scaled with f = 1.5 reproduce the333

measurement QJ extremely well at about 0 - 6 MagLT, while the Weimer -driven runs334

give QJ very close to the measurements at around 6 - 12 MagLT. Therefore, the required335

scaling factor does not only change with Kp index and convection model but also with336

magnetic local time. Similar to Fig. 3 a), the required scaling factors for the dawn, noon,337

dusk, and midnight MagLT sectors are shown in Fig. 7.338

The large scaling factor required for Heelis-driven runs at low Kp values seen in339

Fig. 3 is mostly caused by the dawn and midnight sectors (see Fig. 7 a and d). During340

the noon and dusk sector in Fig. 7 b) and c), the Heelis-driven runs only slightly un-341

derestimate the Joule heating for low Kp values. At high Kp values, the differences be-342
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Figure 8. Vertical profiles of the Joule heating rate for 12 bins of varying EKL and magnetic

local time. The default f = 1.5 has been applied to the model Joule heating rate profiles. The

respective height-integrated Joule heating rates are given in the legends.

tween the measurement and model Joule heating rates seems to be well accounted for343

by the default f = 1.5 except for the noon sector where f should be reduced.344

The Weimer -driven TIE-GCM runs seem to underestimate the Joule heating rate at low345

Kp values during the dawn and noon sectors. During the dusk and midnight sectors, f =346

1.5 seems to cover the measurement-model difference well or even overestimate it. In Fig.347

3, it has been noted that Weimer -driven model runs tend to underestimate the Joule348

heating rate more than covered by f = 1.5 for Kp > 4. As it can be seen in Fig. 7349

c), this is actually only the case for the dusk MagLT sector where EISCAT measurements350

showed the largest Joule heating rates. During all other MagLT sectors, f = 1.5 ap-351

pears to be very close to the required scaling factor at Kp > 4.352

In summary, the required scaling factor changes significantly not only with the Kp in-353

dex but also with the magnetic local time. Adjusting the scaling factor f with respect354

to MagLT might therefore result in a notably better agreement of measurement and model355

results. The EKL dependence for different MagLT sectors is investigated with the bins356

listed in Tab. 3. The Joule heating profiles for the respective bins are shown in Fig. 8,357

the model run profiles have again been scaled with f = 1.5.358
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Figure 9. Variation of the height-integrated Joule heating rate QJ with magnetic local time

for EKL < 0.5 mVm−1 (top) and EKL ≥ 0.5 mVm−1 (bottom). The model results are shown as

dashed lines for the default f = 1.5 and solid lines for an adjusted scaling factor.

It can be seen that the Joule heating rate generally but not strictly increases with359

EKL. Measurements and model runs both give the strongest Joule heating for the mid-360

night MagLT sector and the weakest Joule heating for the noon MagLT sector at all EKL361

conditions. The MagLT dependence of the Joule heating rate therefore agrees well with362

Fig. 5.363

The Heelis-driven TIE-GCM runs give too low Joule heating rates in all 12 bins, indi-364

cating that in these runs EKL and the Joule heating rate are not well correlated. This365

can be explained by the fact that Heelis-driven runs do not apply any solar wind infor-366

mation as input. However, the Weimer -driven runs show a behavior very similar to what367

has been found in Fig. 5. At EKL > 0.5 mVm−1 and in the MagLT midnight sector,368

Weimer -driven TIE-GCM runs give Joule heating profiles that fit the measurement pro-369

files very well or even exceed them. At all other conditions, the model runs tend to un-370

derestimate the Joule heating. Figure 9 displays the variation of the height-integrated371

Joule heating rate with MagLT, distinguished for the two cases EKL < 0.5 mVm−1 and372

EKL ≥ 0.5 mVm−1.373

For EKL < 0.5 mVm−1, the results are nearly equivalent to the Kp < 4 case374

shown in Fig. 6. QJ is generally largest at MagLT midnight and Heelis-driven runs give375

extremely low Joule heating rates at all magnetic local time sectors. The Weimer -driven376

runs overestimate the heating rate at nighttime and underestimate it at daytime. Ad-377

justing the scaling factor would significantly decrease the difference between measure-378

ment and model QJ for all magnetic local times.379

For EKL ≥ 0.5 mVm−1, the results are quite similar to the low geophysical activity con-380

ditions. The height-integrated Joule heating rate is largest in measurements and mod-381

els during the midnight MagLT sector. The Heelis-driven TIE-GCM runs reproduce the382

measurement QJ well at about 8 - 16 MagLT but strongly underestimate the Joule heat-383

ing for all other times. This suggests that the Kan-Lee merging electric field EKL does384

not have much impact on the Joule heating during magnetic local daytime. The Weimer -385

driven runs also reproduce the measurement results very well at about 8 - 16 MagLT and386

slightly overestimate QJ at most other magnetic local times. An adjustment of the scal-387

ing factor would improve the height-integrated Joule heating rate in both Heelis- and388

Weimer -driven runs at all magnetic local times compared to the EISCAT measurements.389
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Figure 10. EKL dependence of the required Joule heating scaling factor f for the different

magnetic local time sectors a) 03-09, b) 09-15, c) 15-21, and d) 21-03.

For the four MagLT sectors investigated in Fig. 8, the required scaling factors at differ-390

ent EKL conditions are shown in Fig. 10.391

The distinctly larger Joule heating scaling required for Heelis-driven model runs392

at low EKL values is mostly rooted in the dawn and midnight MagLT sectors shown in393

10 a) and d). This is similar to what has been found in Fig. 7. However, as has been noted394

in Fig. 8, the default f = 1.5 is too low for Heelis-driven runs under most EKL and395

MagLT conditions. The exception is for EKL ≳ 0.8 mVm−1 during the MagLT noon396

sector in Fig. 10 where a scaling factor slightly lower than f = 1.5 would lead to the397

best fit of measurement and model. This is equivalent to what has been found for Kp >398

3 in Fig. 7.399

For the Weimer -driven runs, the required scaling factor is very close to the default f =400

1.5 for the majority of EKL conditions and magnetic local times. The clearest deviation401

is found for EKL ≲ 0.6 mVm−1 during the noon MagLT sector though the required scal-402

ing factor is larger than 1.5 for all EKL conditions in that sector. This agrees very well403

–16–



manuscript submitted to Earth and Space Science

with Fig. 6, 7 b), and 9 which all showed that the Joule heating rate is underestimated404

around MagLT noon time in Weimer -driven TIE-GCM runs.405

The optimum scaling factors fH and fW for Heelis- and Weimer -driven TIE-GCM runs406

for 13 Kp bins and 9 EKL bins are shown in Tab. 4. Tables 5 and 6 give the optimum407

scaling factors fH and fW for the four investigated MagLT sectors in three bins of Kp408

index and EKL respectively.409

Kp fH fW EKL [mVm−1] fH fW

0 9.50 3.97 0− 0.1 4.76 2.09
0.333 8.49 2.53 0.1− 0.2 10.44 2.72
0.667 10.26 2.00 0.2− 0.35 12.11 4.21
1 4.96 2.19 0.35− 0.5 8.44 1.82
1.333 5.00 1.84 0.5− 0.7 5.44 1.45
1.667 3.53 2.14 0.7− 0.9 3.35 1.44
2 3.05 1.78 0.9− 1.15 1.40 1.21
2.333 - 2.667 2.16 1.91 1.15− 1.6 2.19 0.93
3 - 3.333 2.63 1.46 > 1.6 1.38 0.67
3.667 - 4 1.77 1.59
4.333 - 5 1.59 1.61
5.333 - 6 1.24 1.60
> 6 0.77 2.89

Table 4. Adjusted scaling factors fH and fW for Heelis- and Weimer -driven model runs with

respect to Kp index and EKL.

Kp/MagLT 03 - 09 09 - 15 15 - 21 21 - 03

0 - 2
fH = 13.32
fW = 3.16

fH = 5.59
fW = 8.31

fH = 3.45
fW = 1.40

fH = 18.91
fW = 0.87

2 - 4
fH = 2.68
fW = 1.88

fH = 1.32
fW = 2.90

fH = 3.57
fW = 2.20

fH = 2.89
fW = 1.24

4 - 9
fH = 1.31
fW = 1.04

fH = 0.46
fW = 1.23

fH = 1.64
fW = 3.28

fH = 1.43
fW = 1.49

Table 5. Adjusted scaling factor fH and fW for Heelis- and Weimer -driven model runs with

respect to the Kp index and MagLT.

5 Discussion410

Codrescu et al. (1995) showed that a scaling of the Joule heating in global circu-411

lation models is necessary to account for the contribution of processes on time-scales not412

resolved in the models. The factor f = 1.5 has been implemented in the TIE-GCM model413

as the default factor and, as shown in this study, seems to be appropriate as average fac-414

tor for all convection models, magnetic local times and geophysical conditions. The gen-415

eral trend that the largest qJ occurs around midnight and the lowest qJ is observed around416

noon magnetic local time agrees well with previous studies (e.g. Rodger et al., 2001; Baloukidis417

et al., 2023). The exception is that for EISCAT measurements at Kp > 4, the strongest418

Joule heating is found in the dusk MagLT sector. Foster et al. (1983) reported a max-419

imum of Joule heating rates in the MagLT dusk sector for 3 ≤ Kp ≤ 6 during sum-420

mer. However, since our data includes comparably few measurements during summer,421
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EKL [mVm−1] /MagLT 03 - 09 09 - 15 15 - 21 21 - 03

0− 0.2
fH = 8.90
fW = 2.52

fH = 4.49
fW = 6.62

fH = 5.61
fW = 2.86

fH = 9.27
fW = 1.00

0.2− 0.5
fH = 13.00
fW = 3.42

fH = 7.62
fW = 10.63

fH = 6.25
fW = 1.18

fH = 21.15
fW = 1.27

> 0.5
fH = 3.04
fW = 1.51

fH = 1.28
fW = 2.61

fH = 4.47
fW = 1.30

fH = 2.92
fW = 1.14

Table 6. Adjusted scaling factor fH and fW for Heelis- and Weimer -driven model runs with

respect to EKL and MagLT.

the dusk maximum of Joule heating found in this paper might not be related to the find-422

ings by Foster et al. (1983). Baloukidis et al. (2023) showed that this trend is also found423

in TIE-GCM runs driven by the Weimer convection model. However, the variation of424

Joule heating with magnetic local time is not exactly reproduced by the model which425

introduces increased heating rates for MagLT noon time and lower heating rates dur-426

ing the rest of the day (Baloukidis et al., 2023). Similarly, they showed an increase of427

the Joule heating rate with increasing Kp index, though the trend is not equally strong428

in measurements and models. The findings of (Baloukidis et al., 2023) could be mostly429

confirmed in this paper and extended by also considering Heelis-driven TIE-GCM runs430

as well as variations with the Kan-Lee merging electric field EKL.431

Past studies have shown that it is advantageous to adjust the scaling factor with regard432

to certain parameters, e.g. in Emery et al. (1999) f = 1.5 was applied in the winter and433

f = 2.5 in the summer hemisphere. Foster et al. (1983) showed a strong seasonal de-434

pendence of the height-integrated Joule heating rate. It is likely that this variation, sim-435

ilar to the variation with geophysical activity and MagLT, is not exactly reproduced by436

the models. However, as shown in Fig. 1, the measurements investigated in this paper437

are not equally spread across the year and, thus, a detailed analysis of the scaling pa-438

rameter for all seasons with similar statistics is not yet feasible from the available database.439

It should be considered, that not only the models but also the measurements do not re-440

solve all processes contributing to the variability of Joule heating. Codrescu et al. (1995)441

noted that there is a considerable variability on time-scales ≲ 5 min that leads to an442

underestimation of Joule heating rates. The measurement resolution of 6 min applied443

in this paper, therefore, does not include the contribution of fast-dynamic processes ei-444

ther. Brekke and Kamide (1996) showed that frictional heating terms related to the in-445

ertia of the ions lead to a heating contribution of oscillating electric fields. Fast-changing446

electric fields on a time-scale ∼ 1 s could increase the maximum of the Joule heating447

rate profile by about 10% (Brekke & Kamide, 1996). However, these time-scales are cur-448

rently far below the resolution of both ISR measurements and ionosphere models. But449

it can be assumed that the required scaling of model Joule heating rates has to be fur-450

ther adjusted once measurements are able to resolve shorter time-scales.451

One major assumption for the present study was the application of TIE-GCM neutral452

winds and ion-neutral collision frequencies for both measurement and model calculations.453

It is possible to calculate neutral winds from EISCAT CP2 measurements (Brekke et al.,454

1973; Nozawa et al., 2010; Günzkofer et al., 2022) but this, in turn, requires knowledge455

of the ion-neutral collision frequency. The ion-neutral collision frequency can be mea-456

sured from dual-frequency EISCAT experiments (Grassmann, 1993; Nicolls et al., 2014)457

which is not possible in combination with beam-swing measurements. A direct measure-458

ment of the collision frequency, and subsequently the neutral wind, would lead to more459

accurate Joule heating rate measurements and allow for a better measurement-to-model460

comparison.461
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It should also be noted that the energy deposition by Joule heating strongly depends on462

the local position within the convection pattern (Foster et al., 1983). So additionally to463

the strength of the convection pattern, i.e. the electric fields and the ion velocities, the464

size and shape of the convection pattern is of high importance. Both, the Heelis and the465

Weimer convection model, have been shown to struggle with giving the accurate size of466

the convection pattern (Pokhotelov et al., 2008). One possible improvement might be467

the application of the assimilative mapping of ionospheric electrodynamics method to468

obtain the high-latitude plasma convection (Richmond & Kamide, 1988; Cousins et al.,469

2013; Pokhotelov et al., 2021).470

6 Conclusion471

It has been shown that EISCAT measurements and TIE-GCM simulations give sim-472

ilar variations of the Joule heating rate with respect to the Kp index, the Kan-Lee merg-473

ing electric field EKL and the magnetic local time. However, the variations are not equally474

strong in measurements and models and, therefore, the empirical scaling of Joule heat-475

ing rates in TIE-GCM runs should be adjusted with respect to these parameters. Sig-476

nificant differences between TIE-GCM runs driven with the Heelis and Weimer convec-477

tion models have been found and the scaling factor should be adjusted with respect to478

this as well. The measurement Joule heating rate changes drastically with magnetic lo-479

cal time with the largest heating rates in the midnight sector (for Kp < 4 and all EKL480

values) and the dusk sector (for Kp > 4). While the model runs generally show the same481

trend, it can be seen that the required scaling factor is distinctly different for the inves-482

tigated MagLT sectors. In conclusion, it has been shown that the choice of polar plasma483

convection model, the magnetic local time, and the geophysical conditions, i.e. the Kp484

index and the Kan-Lee merging electric field, impact the required scaling factor. The sea-485

sonal dependence of the required scaling factor cannot be determined with the current486

measurement dataset. Applying the adjusted scaling factor f found in our study would487

bring the Joule heating rate estimation by the TIE-GCM model closer to the EISCAT488

measurements.489

For future investigations, extending the dataset to sufficiently cover all seasons is490

crucial. The current gaps in the dataset are due to the fact that only certain measure-491

ments with the EISCAT ISR, i.e. CP2 campaigns, can be applied to derive Joule heat-492

ing rates. The upcoming EISCAT 3D system (McCrea et al., 2015) will be a major ad-493

vance as the phased-array concept allows for multi-beam measurements and therefore494

does not require the rotation of a large radar dish. The EISCAT 3D radar will allow to495

create a large database suitable for the derivation of Joule heating rates within a short496

time of operation. Another advantage of phased-array multi-beam experiments is the pos-497

sibility to perform pulse-to-pulse beam steering or software beam forming to collect data498

from many different beam directions without the need to mechanically steer the beam.499

Since all radar beams are available at nearly the same time, the time resolution of 3D500

ion velocity vectors will be the same as for the other ISR plasma parameters.501
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Abstract18

Joule heating is one of the main energy inputs into the thermosphere-ionosphere system.19

Precise modeling of this process is essential for any space weather application. Existing20

ionosphere models tend to underestimate the actual Joule heating rate quite significantly.21

The Thermosphere-Ionosphere-Electrodynamics General-Circulation-Model applies an22

empirical scaling factor of 1.5 for compensation. We calculate vertical profiles of Joule23

heating rates from approximately 2220 h of measurements with the EISCAT incoher-24

ent scatter radar and the corresponding model runs. We investigate model runs with the25

plasma convection driven by both the Heelis and the Weimer model. The required scal-26

ing of the Joule heating profiles is determined with respect to the Kp index, the Kan-27

Lee merging electric field EKL, and the magnetic local time. Though the default scal-28

ing factor of 1.5 appears to be adequate on average, we find that the required scaling varies29

strongly with all three parameters ranging from 0.46 to ∼ 20 at geomagnetically dis-30

turbed and quiet times, respectively. Furthermore, the required scaling is significantly31

different in runs driven by the Heelis and Weimer model. Adjusting the scaling factor32

with respect to the Kp index, EKL, the magnetic local time, and the choice of convec-33

tion model would reduce the difference between measurement and model results.34

Plain Language Summary35

The vast majority of the energy input to the Earth system originates from the sun.36

This includes the absorption of various types of radiation, e.g. ultraviolet radiation in37

the ozone layer or visible light and infrared radiation at the surface. In the ionosphere38

above about 80 km altitude, the absorption of extreme ultraviolet radiation and soft X-39

rays plays a major role. However, other processes also contribute significantly to the heat-40

ing of this region, e.g. the dissipation of electric currents, also known as Joule heating.41

Especially during solar storms, which can have potentially disastrous effects on satellites42

and power grids, Joule heating plays a crucial role. Accurate modeling, and therefore43

also prediction, of Joule heating is not possible at the moment since ionosphere models44

have to scale the Joule heating empirically to fit the actual values. We investigate how45

the required scaling changes under different geophysical conditions.46

1 Introduction47

Ionospheric heating is caused by several different mechanisms and their respective48

impacts vary strongly with geomagnetic activity and latitude. Ionospheric modeling and49

space weather prediction require understanding and accurately describing these processes50

such as e.g. energetic particle precipitation or absorption of extreme ultraviolet and soft51

X-ray radiation. At high latitudes, especially during geomagnetic active periods, the Joule52

heating due to dissipation of ionospheric currents is of major importance for the ionosphere-53

thermosphere system. The local Joule heating rate is defined as54

qJ = j ·E (1)

with the current density j and the electric field E.55

At high latitudes, ionospheric currents are induced by the polar plasma convection, which56

results from the interaction of the Earth’s magnetic field and the interplanetary mag-57

netic field (IMF) carried by the solar wind (e.g. Baumjohann & Treumann, 1996; Kel-58

ley, 2009; Schunk & Nagy, 2009). The convection pattern gives rise to an electric field59

E⊥ perpendicular to the nearly vertical magnetic field lines. In this situation, two types60

of currents can be distinguished: Pedersen currents jP (∥ E⊥) parallel to the electric field61

and Hall currents jH (∥ E⊥ ×B) perpendicular to both the electric field and the mag-62

netic field lines. From Eq. 1, it can be seen that only Pedersen currents contribute to63

the Joule heating rate. Introducing the Pedersen conductivity σP , the Pedersen current64

–2–



manuscript submitted to Earth and Space Science

can be written as jP = σPE⊥. Including the neutral dynamo effect due to the neutral65

wind u(z), the altitude-dependent Joule heating rate is66

qJ(z) = σP (z) (E⊥ + u(z)×B(z))
2

[Wm−3]. (2)

Integration of Eq. 2 gives the height-integrated Joule heating rate67

QJ =

∫ z2

z1

σP (z) (E⊥ + u(z)×B(z))
2
dz [Wm−2]. (3)

The height-integrated Joule heating rate QJ can be determined from satellite ob-68

servations (e.g. Foster et al., 1983; Rich et al., 1991; Palmroth et al., 2005). To deter-69

mine the vertical profile of the local Joule heating rate qJ , incoherent scatter radar (ISR)70

measurements can be applied (e.g. Vickrey et al., 1982; Thayer, 1998, 2000; Kavanagh71

et al., 2022). Global thermosphere-ionosphere models provide vertical profiles of qJ at72

all geographic locations and are therefore a valuable addition to local ISR measurements73

(e.g. Weimer, 2005; Deng & Ridley, 2007; Deng et al., 2009; Huang et al., 2012; Maute,74

2017). However, it has been noted that ionosphere models tend to underestimate the ac-75

tual Joule heating rate quite significantly (Codrescu et al., 1995; Deng & Ridley, 2007).76

The Thermosphere-Ionosphere-Electrodynamcis Global-Circulation-Model (TIE-GCM)77

(Richmond et al., 1992) therefore multiplies the Joule heating rate by a constant empir-78

ical factor of f = 1.5 (Codrescu et al., 1995; Emery et al., 1999). The aim of this study79

is to investigate the required scaling factor under various different conditions and whether80

a constant f = 1.5 is actually appropriate. We will compare Joule heating rates given81

by the TIE-GCM model with measurements from the EISCAT ISR.82

An important point to consider is the representation of the polar plasma convection in83

ionosphere models. Since the plasma convection depends on the interaction of the IMF84

with the Earth’s magnetic field, a physical convection model would require coupled mod-85

elling of the solar wind, the magnetosphere, and the ionosphere. However, ionosphere-86

thermosphere models generally apply empirical convection models. Two of the most com-87

monly applied convection models are the Heelis model (Heelis et al., 1982) and the Weimer88

model (Weimer, 2005). The Heelis model applies the Kp index as input parameter which89

quantifies the geomagnetic activity from global magnetometer measurements. The Weimer90

model fits the electrostatic potential for given solar wind/IMF parameters using a set91

of spherical harmonics (Weimer, 2005). We use the Kan-Lee merging electric field EKL92

(Kan & Lee, 1979) to combine the solar wind and IMF parameters applied by the Weimer93

convection model. It has been found that EKL correlates well with the polar cap poten-94

tial (Weimer, 1995). The Kan-Lee merging electric field is defined as95

EKL = vswBT sin2
(
θ

2

)
(4)

with the solar wind velocity vsw, BT =
(
B2

y +B2
z

)0.5
, and θ = arctan (By/Bz),96

with the interplanetary magnetic field components By and Bz in the GSM coordinate97

system (Laundal & Richmond, 2017). Since the TIE-GCM model can be driven by both98

the Heelis and the Weimer convection models, we will compare the performance of both99

models within TIE-GCM to obtain Joule heating rates for different forcing conditions.100

It has been shown that the Joule heating rate strongly depends on the magnetic local101

time (MagLT) (Foster et al., 1983; Baloukidis et al., 2023) and therefore we will also in-102

vestigate how the required f factor varies with MagLT.103

Section 2 will introduce the EISCAT ISR instrument and the TIE-GCM model. The ap-104

plied measurement mode as well as the geophysical conditions during the measurements105

will be described. In Sec. 3, we will show how local and height-integrated Joule heat-106

ing rates are determined from both measurements and model results. This includes an107
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introduction to the stochastic inversion method that is applied to obtain 3D ion veloc-108

ity and electric field vectors from ISR measurements. The comparison of measurement109

and model Joule heating rates and the required f factor is shown in Sec. 4 and the re-110

sults are discussed in Sec. 5. Section 6 will conclude the paper and give an outlook on111

possible future investigations.112

2 Measurements and models113

2.1 EISCAT UHF incoherent scatter radar114

The EISCAT Ultra High Frequency (UHF) ISR at Tromsø, Norway (69.6° N, 19.2°115

E) (Folkestad et al., 1983) has a peak transmission power of about 1.5 − 2 MW. The116

radar transmission frequency is 930 MHz and the employed dish has a diameter of 32117

m. This results in a beam width of about 0.7◦ corresponding to an antenna directive gain118

of approximately 48.1 dBi.119

To obtain 3D electric field vectors, the EISCAT ISR can either be operated in combi-120

nation with two remote receivers (tristatic) or in a beam-swing mode (monostatic) (Kavanagh121

et al., 2022). For this study, we will analyze approximately 2220 h of EISCAT measure-122

ments in the beam-swing mode, also known as Common Programme (CP) 2. In this mode,123

the radar dish is rotated through four measurement positions with a total cycle time of124

6 min, and the beam-aligned ion velocity is measured in each position. The time reso-125

lution of ∼ 0.1 h results in approximately 22,200 measurement points. The EISCAT CP126

2 and other experiment modes are described in Tjulin (2021).127

Following Nygrén et al. (2011), we perform a stochastic inversion to obtain the F-region128

3D ion velocity vector. The ionospheric electric field can be calculated from the ion ve-129

locities. The method and its application in this study are described in more detail in Sec.130

3. Other parameters available from the ISR measurements are the electron density Ne,131

and the ion/electron temperatures Ti and Te. In the E-region, these parameters are binned132

in 13 altitude gates with a vertical resolution of 5 km at 95−125 km and 10 km at 135−133

185 km altitude.134

As mentioned before, we will investigate Joule heating rates for different geophysical con-135

ditions (Kp index and EKL) and magnetic local times. Table 1 gives the distribution136

of measurement time with Kp index and EKL.137

Kp measurement time [h] EKL [mVm−1] measurement time [h]

0 186.6 0− 0.1 484.2
0.333 311 0.1− 0.2 328.2
0.667 263.5 0.2− 0.35 410.8

1 195.7 0.35− 0.5 360.9
1.333 160.3 0.5− 0.7 245.1
1.667 182.5 0.7− 0.9 130.9

2 156.1 0.9− 1.15 120.7
2.333 - 2.667 206.7 1.15− 1.6 81.5

3 - 3.333 168 > 1.6 60.5
3.667 - 4 125
4.333 - 5 139
5.333 - 6 62.1

> 6 35.6∑
2192.1

∑
2222.8

Table 1. Distribution of measurement time with Kp index and EKL.
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Figure 1. Seasonal distribution EISCAT measurement time included in the database

Investigating the bins given in Tab. 1 is only possible if the values are taken through-138

out the entire day and MagLT variations are neglected. Tables 2 and 3 give the bin res-139

olution and measurement time per bin if variations with Kp index/EKL and MagLT are140

investigated simultaneously.141

Kp/MagLT 03 - 09 09 - 15 15 - 21 21 - 03
∑

0 - 2 312 380.7 406.7 356.3 1455.7
2 - 4 128.3 136.7 137.4 97.3 499.7
4 - 9 51.3 45.2 66.5 73.7 236.7∑

491.6 562.6 610.6 527.3 2192.1

Table 2. Distribution of measurement time in hours with respect to Kp index and MagLT.

EKL [mVm−1] /MagLT 03 - 09 09 - 15 15 - 21 21 - 03
∑

0− 0.2 164 213.5 215 219.9 812.4
0.2− 0.5 183.5 225.4 181.1 181.7 771.7
> 0.5 149 135.8 218.5 135.4 638.7∑

496.5 574.7 614.6 537 2222.8

Table 3. Distribution of measurement time in hours with respect to EKL and MagLT.

A seasonal dependence of the Joule heating rate and the required scaling factor has142

been shown before (Foster et al., 1983; Emery et al., 1999). Figure 1 shows the distri-143

bution of the EISCAT measurements by day of year. It can be seen that most EISCAT144

CP2 measurements took place in January or around the September equinox. The dis-145

tribution shown in Fig. 1 does not allow to investigate the seasonal dependence of the146

Joule heating rates and the required scaling. For the results shown in this paper, all mea-147

surements have been considered independent of the day of year.148
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2.2 TIE-GCM149

The Thermosphere-Ionosphere-Electrodynamic General-Circulation-Model (TIE-150

GCM) (Richmond et al., 1992) is a global model of the coupled ionosphere-thermosphere151

system. The lower boundary is at about 96 km altitude where atmospheric dynamics are152

driven by the climatologies of several atmosphere models. The TIE-GCM output is given153

on a 2.5° × 2.5° longitude-latitude grid with a time resolution of 1h. The vertical res-154

olution is 1/4 in scale height units equivalent to a resolution of ∼ 2−18 km. The data155

presented in this paper was generated from several runs performed with the TIE-GCM156

Model Version 2.0.157

As mentioned in Sec. 1, the polar plasma potential, and hence the electric field, is given158

by an empirical convection model. Both the Heelis model (Heelis et al., 1982) and the159

Weimer model (Weimer, 2005) can be applied for that purpose. We performed two TIE-160

GCM runs for each EISCAT measurement, driven with either of the two convection mod-161

els. The model data is binned into the same E-region altitude gates as the EISCAT plasma162

parameters. Since the model time resolution is lower than the measurement time res-163

olution, we apply a nearest-neighbor extrapolation on the model data.164

3 Method165

The application of stochastic inversion to infer 3D ion velocity vectors from EIS-166

CAT beam-swing measurements is described in detail by Nygrén et al. (2011). We will167

summarize the implementation of the method for this paper and refer to Nygrén et al.168

(2011) for further information. The stochastic inversion method allows solving the lin-169

ear problem170

M = A · x+ ϵ (5)

where the vector of unknown variables x is determined from the measurement vec-171

tor M under consideration of the measurement uncertainties ϵ. This requires an adequate172

formulation of the theory matrix A.173

In the F-region ionosphere, the east- and northward ion velocities vFE and vFN can be as-174

sumed constant with altitude while the vertical ion velocity vFz changes with height (Nygrén175

et al., 2011). Therefore, the unknown vector x for each 6 min beam-swing cycle consists176

of one vFE value, one vFN values, and nG vFG
z values where nG is the number of pre-defined177

F-region altitude gates. We define nG = 14 altitude gates ranging from 230− 515 km178

altitude with a resolution of 15 km (230−260 km), 20 km (280−360 km), and 25 km179

(390−515 km). Ideally, one measurement cycle consists of four pointing directions and180

therefore the total number of beam-aligned ion velocity measurements for each beam-181

swing cycle is 4·nG. It has to be considered that the fit of the incoherent scatter spec-182

trum does not converge for one or more beams during some cycles but for the further183

explanation we will assume the ideal case of four measurements per cycle. For each mea-184

surement position, the azimuth angle α and the elevation angle β are known and the mea-185

surements can be expressed by the standard radial wind equation186

MG
i = sinαi cosβiv

F
E + cosαi cosβiv

F
N + sinβiv

FG
z (6)

for i = [1, 4]. The transformation coefficients in Eq. 6 give the ith line of the the-187

ory matrix AG for a single altitude gate. Repeating this for each altitude gate gives the188

complete theory matrix A (see Nygrén et al., 2011, Eq. 21).189

Since the F-region ionosphere can be assumed to be collisionless, the perpendicular elec-190

tric field can be approximated by the electric drift formula191

E⊥ = −vF ×B. (7)
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As magnetic field B, the International Geomagnetic Reference Field (IGRF) (Barraclough,192

1988; Alken et al., 2021) is employed. E⊥ is calculated at 300 km altitude and linearly193

scaled with the increasing magnetic field strength at lower altitudes. E⊥ can then be ap-194

plied to calculate the local Joule heating rate in the E-region given by Eq. 2. Numer-195

ical integration of the 13 E-region altitude gates gives the height-integrated Joule heat-196

ing rate QJ . Although the TIE-GCM model gives the local Joule heating rate qJ as an197

output variable, we calculate it from Eq. 2 assuming the F-region vF at 300 km altitude.198

The equivalent calculation of measurement and model Joule heating rates assures that199

any deviations are caused by the differences in plasma convection.200

The Pedersen conductivity in Eq. 2 is given as (Baumjohann & Treumann, 1996)201

σP =

(
νen

ν2en +Ω2
e

+
me

mi

νin
ν2in +Ω2

i

)
Nee

2

me
. (8)

The ion/electron-neutral collision frequencies νin and νen, ion/electron gyro-frequencies202

Ωi and Ωe and the mean ion mass mi are taken from the TIE-GCM model runs for both203

the measurement and the model calculation. The electron density Ne is taken from EIS-204

CAT measurements when calculating the observed Joule heating rates and from the TIE-205

GCM output when calculating the modeled Joule heating rates.206

The vertical profile of the neutral wind u(z) in Eq. 2 and 3 is taken from the TIE-GCM207

model and assumed for the calculation of both the measurement and the model Joule208

heating rates. Especially for periods of low geomagnetic activity, the neutral wind con-209

tribution to the Joule heating rate can not be neglected (Vickrey et al., 1982; Baloukidis210

et al., 2023).211

4 Results212

After calculating the vertical Joule heating profiles from measurement and model213

data for each time-point, the profiles are binned with respect to the Kp index, EKL, and214

MagLT. For each bin, a median measurement profile qEJ (z) and two median model pro-215

files qMJ (z), one for Heelis- and one for Weimer -driven model runs, are calculated. The216

optimum empirical scaling factor f is determined by a non-linear least-square fit of qEJ (z)−217

f · qMJ (z) = 0. This is demonstrated in Figure 2 for 230 h of data during September218

2005 with Kp > 2 conditions.219

The model profiles in Fig. 2 a) are linearly scaled to fit the measurement qJ pro-220

file which results in the profiles shown in Fig. 2 b). From the non-linear least-square fit,221

it is found that the optimum scaling factors for the model runs with Heelis and Weimer222

plasma convection are fH = 1.60 and fW = 1.41. These are very close to the default223

value f = 1.5 in the TIE-GCM model.224

For further analysis, an extended database of approximately 2220 h of EISCAT measure-225

ments and TIE-GCM simulations is applied. The data is binned according to the Kp226

index and EKL ranges given in Tab. 1. We investigate the optimum profile scaling fac-227

tor f and the mean-squared difference of the vertical Joule heating rate profiles. The mean-228

squared difference is calculated as MSD = 1/nz ·
∑

nz

(
qEnz

− qMnz

)2
where nz = 13 is229

the number of altitude gates, and qE and qM are the local Joule heating rates given by230

EISCAT measurements and model runs respectively. We also investigate the absolute231

and relative difference between measurement and model height-integrated Joule heat-232

ing rates. Figure 3 shows the variation of these quantities with the Kp index.233

For the TIE-GCM runs driven with the Heelis convection model, it can be seen in234

Fig. 3 a) that the model would require a significantly larger scaling factor to fit the EIS-235

CAT measurements at Kp < 4 conditions. In Fig. 3 b), c), and d), the results are shown236

for the application of the default f = 1.5 and the optimized f from Fig. 3 a). An ad-237

justment of the scaling factor reduces the MSD in Fig. 3 b) by two orders of magnitude.238
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Figure 2. a) Joule heating profiles from EISCAT measurements and TIE-GCM simulations

with both Heelis and Weimer plasma convection for Kp > 2. b) The two model profiles are

scaled with the optimum scaling factors fH = 1.60 and fW = 1.41 to fit the measurement profile.

Due to the generally lower Joule heating rates at Kp < 4, the absolute difference ∆Qabs =239

QE
J −QM

J in Fig. 3 c) is very low. Nevertheless, it can be seen that the height-integrated240

Joule heating rate gets slightly closer to the measurement results by adjusting the scal-241

ing factor for Heelis-driven runs at Kp < 4. The relative difference ∆Qrel =
(
QE

J −QM
J

)
/QE

J242

in Fig. 3 d) would be notably reduced. For Kp > 4, the default scaling factor f = 1.5243

seems to be appropriate or even too large for Heelis-driven TIE-GCM runs. The MSD244

of the Joule heating rate profiles is significantly larger at Kp > 4 than at lower geo-245

magnetic activity and could be decreased by adjusting the scaling factor. However, ∆Qabs246

and ∆Qrel are actually increased for the adjusted scaling factor at Kp ∼ 5. At Kp >247

5, on the other hand, the height-integrated Joule heating rate is far too high for the de-248

fault f = 1.5 and adjusting the scaling factor would bring it significantly closer to the249

measurement results.250

The TIE-GCM runs driven with the Weimer convection model require a scaling factor251

f > 1.5 at Kp < 4 conditions. The MSD of measurement and model Joule heating252

rate profiles would be significantly reduced by adjusting the scaling factor. However, the253

measurement-to-model difference of the height-integrated Joule heating rate is not no-254

tably lower than for f = 1.5. The relative difference would generally be reduced at Kp <255

4 by adjusting the scaling factor. At Kp > 5, Weimer -driven model runs clearly un-256

derestimate the Joule heating rate. An adjustment of the scaling factor would signifi-257
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Figure 3. a) Scaling factor f , b) the mean-squared difference of the median measurement

and model profiles, c) the absolute and d) the relative difference of measurement and model

height-integrated Joule heating rates. The dotted lines in b), c), and d) give the results in case

the scaling factors from a) are applied to the model runs.

cantly reduce the profile MSD as well as ∆Qabs and ∆Qrel of measurement and model258

height-integrated Joule heating rates.259

In summary, the TIE-GCM model results show very different behaviour for Heelis- and260

Weimer -driven polar plasma convection. For the default scaling factor f = 1.5, the Heelis-261

driven model runs underestimate the Joule heating rate at Kp < 4 and overestimate262

it at Kp > 5. An adjustment of the scaling factor might significantly reduce the dif-263

ference between measurement and model results. For Weimer -driven model runs, the264

default f = 1.5 seems to work considerably well at Kp < 4. While the MSD of the265

Joule heating rate profiles could be slightly decreased by adjusting the scaling factor, the266

height-integrated Joule heating rate would remain approximately the same. At Kp >267

4, however, the Joule heating rates are clearly underestimated for the f = 1.5 case and268

an adjustment of the scaling factor would reduce the gap between EISCAT measurements269

and model results.270
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Figure 4. a) Scaling factor f , b) the mean-squared difference of the median measurement

and model profiles, c) the absolute and d) the relative difference of measurement and model

height-integrated Joule heating rates. The dotted lines in b), c), and d) give the results in case

the scaling factors from a) are applied to the model runs.

As mentioned in Sec. 1, the Weimer convection model determines the polar plasma po-271

tential from solar wind and IMF parameters. Therefore, the analysis above is repeated272

for the Kan-Lee merging electric field EKL bins listed in Tab. 1. The results are shown273

in Fig. 4.274

The required scaling factor in Fig. 4 a) shows that Heelis-driven TIE-GCM runs275

generally underestimate the Joule heating rate for most EKL values. An adjustment of276

the scaling factor would reduce the MSD of the vertical Joule heating rate profiles by277

at least one order of magnitude for all EKL values as shown in Fig. 4 b). This can also278

be seen in Fig. 4 c), where the absolute measurement-to-model difference of height-integrated279

Joule heating rate would be decreased by adjusting the scaling factor at all conditions280

with the exception of EKL ∼ 1 mVm−1 and EKL ≳ 2 mVm−1. The same result is281

found for the relative difference in Fig. 4 d).282
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Figure 5. Vertical profiles of the Joule heating rate for 12 bins of varying Kp index and mag-

netic local time. The default f = 1.5 has been applied to the model Joule heating rate profiles.

The respective height-integrated Joule heating rates are given in the legends.

For the Weimer -driven model runs, it is found in Fig. 4 a) that by applying a constant283

f = 1.5, the Joule heating rate is underestimated for EKL ≲ 0.5 mVm−1 and over-284

estimated for EKL ≳ 1 mVm−1. Figure 4 c) and d) show that an adjustment of the285

scaling factor would reduce ∆Qabs and ∆Qrel of measurements and model runs for these286

EKL ranges. Especially at EKL ≳ 1 mVm−1, the Weimer -driven model Joule heat-287

ing rates would be significantly closer to the measurements if the scaling factor is ad-288

justed.289

It has been reported previously that the Joule heating rate varies strongly with the mag-290

netic local time (Foster et al., 1983; Baloukidis et al., 2023). We will therefore investi-291

gate the Joule heating rates separately for four MagLT bins covering the dawn sector292

(03-09 MagLT), the noon sector (09-15 MagLT), the dusk sector (15-21 MagLT), and293

the midnight sector (21-03 MagLT). To obtain enough measurement time in each inves-294

tigated bin, the Kp index and EKL bins are enlarged as stated in Tab. 2 and 3. In to-295

tal, we obtain vertical Joule heating rate profiles and the associated height-integrated296

Joule heating rates for 12 bins. Figure 5 shows the qJ profiles binned with respect to the297

Kp index and MagLT.298
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Figure 6. Variation of the height-integrated Joule heating rate QJ with magnetic local time

for Kp < 4 (top) and Kp ≥ 4 (bottom). The model results are shown as dashed lines for the

default f = 1.5 and solid lines for an adjusted scaling factor.

As expected, the Joule heating rate increases with the Kp index which can be seen299

from the maxima of the vertical profiles and the height-integrated Joule heating rates300

given in Fig. 5. This is found for both measurement and model Joule heating rates. The301

measurements show that the Joule heating rate is generally lowest in the noon MagLT302

sector and largest in the midnight MagLT sector. The important exception is for Kp >303

4, where the largest measurement Joule heating rates are actually found in the dusk MagLT304

sector. For the model runs, both driven by Heelis and Weimer convection, it is found305

that the Joule heating rate is lowest in the noon sector and largest in the midnight sec-306

tor for all Kp ranges. The model profiles shown in Fig. 5 have been scaled with the de-307

fault factor f = 1.5. The Heelis-driven model runs give generally lower Joule heating308

rates than the EISCAT measurements for Kp < 4. This agrees with Fig. 3 where it309

has been shown that Heelis-driven runs require a larger than default scaling factor at310

Kp < 4. At Kp > 4, however, the Joule heating rates approximately fit the EISCAT311

measurements or even exceed them for the noon sector, where EISCAT measured the312

overall lowest Joule heating rates.313

At Kp < 4, the default-scaled Weimer -driven TIE-GCM runs show slightly lower Joule314

heating rates than the measurements at all magnetic local times except for the midnight315

MagLT sector. For Kp > 4, however, the qJ profiles from Weimer -driven runs fit the316

measurement profiles very well, except for the dusk MagLT sector. Here, the Joule heat-317

ing is clearly underestimated by the model runs.318

In summary, it can be seen from Fig. 5 that the magnetic local time very much impacts319

the vertical Joule heating profile and how well the model runs fit the measurements. This320

can also be seen from the variation of the height-integrated Joule heating rate with mag-321

netic local time shown in Fig. 6. Two cases of geomagnetic activity, Kp < 4 and Kp ≥322

4, are distinguished.323

As noticed before, Fig. 6 shows that Joule heating rates are largest during night-324

time for Kp < 4. While the Heelis-driven runs give a very low height-integrated Joule325

heating rates at all MagLTs, QJ from Weimer -driven runs is lower than the measure-326

ments during daytime and larger during nighttime. Adjusting the scaling factor would327

reduce the difference between EISCAT and model height-integrated Joule heating rates328

at all magnetic local times.329
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Figure 7. Kp index dependence of the required Joule heating scaling factor f for the different

magnetic local time sectors a) 03-09, b) 09-15, c) 15-21, and d) 21-03.

At Kp > 4, the measured QJ maximum is around 16 MagLT and the largest model QJ330

are found around 4 MagLT. It can be seen in Fig. 5 that all model runs give distinctly331

larger Joule heating rates than the measurements for Kp > 4, 3 - 9 MagLT. It should332

be noted that at Kp > 4, the Heelis-driven runs scaled with f = 1.5 reproduce the333

measurement QJ extremely well at about 0 - 6 MagLT, while the Weimer -driven runs334

give QJ very close to the measurements at around 6 - 12 MagLT. Therefore, the required335

scaling factor does not only change with Kp index and convection model but also with336

magnetic local time. Similar to Fig. 3 a), the required scaling factors for the dawn, noon,337

dusk, and midnight MagLT sectors are shown in Fig. 7.338

The large scaling factor required for Heelis-driven runs at low Kp values seen in339

Fig. 3 is mostly caused by the dawn and midnight sectors (see Fig. 7 a and d). During340

the noon and dusk sector in Fig. 7 b) and c), the Heelis-driven runs only slightly un-341

derestimate the Joule heating for low Kp values. At high Kp values, the differences be-342
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Figure 8. Vertical profiles of the Joule heating rate for 12 bins of varying EKL and magnetic

local time. The default f = 1.5 has been applied to the model Joule heating rate profiles. The

respective height-integrated Joule heating rates are given in the legends.

tween the measurement and model Joule heating rates seems to be well accounted for343

by the default f = 1.5 except for the noon sector where f should be reduced.344

The Weimer -driven TIE-GCM runs seem to underestimate the Joule heating rate at low345

Kp values during the dawn and noon sectors. During the dusk and midnight sectors, f =346

1.5 seems to cover the measurement-model difference well or even overestimate it. In Fig.347

3, it has been noted that Weimer -driven model runs tend to underestimate the Joule348

heating rate more than covered by f = 1.5 for Kp > 4. As it can be seen in Fig. 7349

c), this is actually only the case for the dusk MagLT sector where EISCAT measurements350

showed the largest Joule heating rates. During all other MagLT sectors, f = 1.5 ap-351

pears to be very close to the required scaling factor at Kp > 4.352

In summary, the required scaling factor changes significantly not only with the Kp in-353

dex but also with the magnetic local time. Adjusting the scaling factor f with respect354

to MagLT might therefore result in a notably better agreement of measurement and model355

results. The EKL dependence for different MagLT sectors is investigated with the bins356

listed in Tab. 3. The Joule heating profiles for the respective bins are shown in Fig. 8,357

the model run profiles have again been scaled with f = 1.5.358
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Figure 9. Variation of the height-integrated Joule heating rate QJ with magnetic local time

for EKL < 0.5 mVm−1 (top) and EKL ≥ 0.5 mVm−1 (bottom). The model results are shown as

dashed lines for the default f = 1.5 and solid lines for an adjusted scaling factor.

It can be seen that the Joule heating rate generally but not strictly increases with359

EKL. Measurements and model runs both give the strongest Joule heating for the mid-360

night MagLT sector and the weakest Joule heating for the noon MagLT sector at all EKL361

conditions. The MagLT dependence of the Joule heating rate therefore agrees well with362

Fig. 5.363

The Heelis-driven TIE-GCM runs give too low Joule heating rates in all 12 bins, indi-364

cating that in these runs EKL and the Joule heating rate are not well correlated. This365

can be explained by the fact that Heelis-driven runs do not apply any solar wind infor-366

mation as input. However, the Weimer -driven runs show a behavior very similar to what367

has been found in Fig. 5. At EKL > 0.5 mVm−1 and in the MagLT midnight sector,368

Weimer -driven TIE-GCM runs give Joule heating profiles that fit the measurement pro-369

files very well or even exceed them. At all other conditions, the model runs tend to un-370

derestimate the Joule heating. Figure 9 displays the variation of the height-integrated371

Joule heating rate with MagLT, distinguished for the two cases EKL < 0.5 mVm−1 and372

EKL ≥ 0.5 mVm−1.373

For EKL < 0.5 mVm−1, the results are nearly equivalent to the Kp < 4 case374

shown in Fig. 6. QJ is generally largest at MagLT midnight and Heelis-driven runs give375

extremely low Joule heating rates at all magnetic local time sectors. The Weimer -driven376

runs overestimate the heating rate at nighttime and underestimate it at daytime. Ad-377

justing the scaling factor would significantly decrease the difference between measure-378

ment and model QJ for all magnetic local times.379

For EKL ≥ 0.5 mVm−1, the results are quite similar to the low geophysical activity con-380

ditions. The height-integrated Joule heating rate is largest in measurements and mod-381

els during the midnight MagLT sector. The Heelis-driven TIE-GCM runs reproduce the382

measurement QJ well at about 8 - 16 MagLT but strongly underestimate the Joule heat-383

ing for all other times. This suggests that the Kan-Lee merging electric field EKL does384

not have much impact on the Joule heating during magnetic local daytime. The Weimer -385

driven runs also reproduce the measurement results very well at about 8 - 16 MagLT and386

slightly overestimate QJ at most other magnetic local times. An adjustment of the scal-387

ing factor would improve the height-integrated Joule heating rate in both Heelis- and388

Weimer -driven runs at all magnetic local times compared to the EISCAT measurements.389
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Figure 10. EKL dependence of the required Joule heating scaling factor f for the different

magnetic local time sectors a) 03-09, b) 09-15, c) 15-21, and d) 21-03.

For the four MagLT sectors investigated in Fig. 8, the required scaling factors at differ-390

ent EKL conditions are shown in Fig. 10.391

The distinctly larger Joule heating scaling required for Heelis-driven model runs392

at low EKL values is mostly rooted in the dawn and midnight MagLT sectors shown in393

10 a) and d). This is similar to what has been found in Fig. 7. However, as has been noted394

in Fig. 8, the default f = 1.5 is too low for Heelis-driven runs under most EKL and395

MagLT conditions. The exception is for EKL ≳ 0.8 mVm−1 during the MagLT noon396

sector in Fig. 10 where a scaling factor slightly lower than f = 1.5 would lead to the397

best fit of measurement and model. This is equivalent to what has been found for Kp >398

3 in Fig. 7.399

For the Weimer -driven runs, the required scaling factor is very close to the default f =400

1.5 for the majority of EKL conditions and magnetic local times. The clearest deviation401

is found for EKL ≲ 0.6 mVm−1 during the noon MagLT sector though the required scal-402

ing factor is larger than 1.5 for all EKL conditions in that sector. This agrees very well403
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with Fig. 6, 7 b), and 9 which all showed that the Joule heating rate is underestimated404

around MagLT noon time in Weimer -driven TIE-GCM runs.405

The optimum scaling factors fH and fW for Heelis- and Weimer -driven TIE-GCM runs406

for 13 Kp bins and 9 EKL bins are shown in Tab. 4. Tables 5 and 6 give the optimum407

scaling factors fH and fW for the four investigated MagLT sectors in three bins of Kp408

index and EKL respectively.409

Kp fH fW EKL [mVm−1] fH fW

0 9.50 3.97 0− 0.1 4.76 2.09
0.333 8.49 2.53 0.1− 0.2 10.44 2.72
0.667 10.26 2.00 0.2− 0.35 12.11 4.21
1 4.96 2.19 0.35− 0.5 8.44 1.82
1.333 5.00 1.84 0.5− 0.7 5.44 1.45
1.667 3.53 2.14 0.7− 0.9 3.35 1.44
2 3.05 1.78 0.9− 1.15 1.40 1.21
2.333 - 2.667 2.16 1.91 1.15− 1.6 2.19 0.93
3 - 3.333 2.63 1.46 > 1.6 1.38 0.67
3.667 - 4 1.77 1.59
4.333 - 5 1.59 1.61
5.333 - 6 1.24 1.60
> 6 0.77 2.89

Table 4. Adjusted scaling factors fH and fW for Heelis- and Weimer -driven model runs with

respect to Kp index and EKL.

Kp/MagLT 03 - 09 09 - 15 15 - 21 21 - 03

0 - 2
fH = 13.32
fW = 3.16

fH = 5.59
fW = 8.31

fH = 3.45
fW = 1.40

fH = 18.91
fW = 0.87

2 - 4
fH = 2.68
fW = 1.88

fH = 1.32
fW = 2.90

fH = 3.57
fW = 2.20

fH = 2.89
fW = 1.24

4 - 9
fH = 1.31
fW = 1.04

fH = 0.46
fW = 1.23

fH = 1.64
fW = 3.28

fH = 1.43
fW = 1.49

Table 5. Adjusted scaling factor fH and fW for Heelis- and Weimer -driven model runs with

respect to the Kp index and MagLT.

5 Discussion410

Codrescu et al. (1995) showed that a scaling of the Joule heating in global circu-411

lation models is necessary to account for the contribution of processes on time-scales not412

resolved in the models. The factor f = 1.5 has been implemented in the TIE-GCM model413

as the default factor and, as shown in this study, seems to be appropriate as average fac-414

tor for all convection models, magnetic local times and geophysical conditions. The gen-415

eral trend that the largest qJ occurs around midnight and the lowest qJ is observed around416

noon magnetic local time agrees well with previous studies (e.g. Rodger et al., 2001; Baloukidis417

et al., 2023). The exception is that for EISCAT measurements at Kp > 4, the strongest418

Joule heating is found in the dusk MagLT sector. Foster et al. (1983) reported a max-419

imum of Joule heating rates in the MagLT dusk sector for 3 ≤ Kp ≤ 6 during sum-420

mer. However, since our data includes comparably few measurements during summer,421

–17–



manuscript submitted to Earth and Space Science

EKL [mVm−1] /MagLT 03 - 09 09 - 15 15 - 21 21 - 03

0− 0.2
fH = 8.90
fW = 2.52

fH = 4.49
fW = 6.62

fH = 5.61
fW = 2.86

fH = 9.27
fW = 1.00

0.2− 0.5
fH = 13.00
fW = 3.42

fH = 7.62
fW = 10.63

fH = 6.25
fW = 1.18

fH = 21.15
fW = 1.27

> 0.5
fH = 3.04
fW = 1.51

fH = 1.28
fW = 2.61

fH = 4.47
fW = 1.30

fH = 2.92
fW = 1.14

Table 6. Adjusted scaling factor fH and fW for Heelis- and Weimer -driven model runs with

respect to EKL and MagLT.

the dusk maximum of Joule heating found in this paper might not be related to the find-422

ings by Foster et al. (1983). Baloukidis et al. (2023) showed that this trend is also found423

in TIE-GCM runs driven by the Weimer convection model. However, the variation of424

Joule heating with magnetic local time is not exactly reproduced by the model which425

introduces increased heating rates for MagLT noon time and lower heating rates dur-426

ing the rest of the day (Baloukidis et al., 2023). Similarly, they showed an increase of427

the Joule heating rate with increasing Kp index, though the trend is not equally strong428

in measurements and models. The findings of (Baloukidis et al., 2023) could be mostly429

confirmed in this paper and extended by also considering Heelis-driven TIE-GCM runs430

as well as variations with the Kan-Lee merging electric field EKL.431

Past studies have shown that it is advantageous to adjust the scaling factor with regard432

to certain parameters, e.g. in Emery et al. (1999) f = 1.5 was applied in the winter and433

f = 2.5 in the summer hemisphere. Foster et al. (1983) showed a strong seasonal de-434

pendence of the height-integrated Joule heating rate. It is likely that this variation, sim-435

ilar to the variation with geophysical activity and MagLT, is not exactly reproduced by436

the models. However, as shown in Fig. 1, the measurements investigated in this paper437

are not equally spread across the year and, thus, a detailed analysis of the scaling pa-438

rameter for all seasons with similar statistics is not yet feasible from the available database.439

It should be considered, that not only the models but also the measurements do not re-440

solve all processes contributing to the variability of Joule heating. Codrescu et al. (1995)441

noted that there is a considerable variability on time-scales ≲ 5 min that leads to an442

underestimation of Joule heating rates. The measurement resolution of 6 min applied443

in this paper, therefore, does not include the contribution of fast-dynamic processes ei-444

ther. Brekke and Kamide (1996) showed that frictional heating terms related to the in-445

ertia of the ions lead to a heating contribution of oscillating electric fields. Fast-changing446

electric fields on a time-scale ∼ 1 s could increase the maximum of the Joule heating447

rate profile by about 10% (Brekke & Kamide, 1996). However, these time-scales are cur-448

rently far below the resolution of both ISR measurements and ionosphere models. But449

it can be assumed that the required scaling of model Joule heating rates has to be fur-450

ther adjusted once measurements are able to resolve shorter time-scales.451

One major assumption for the present study was the application of TIE-GCM neutral452

winds and ion-neutral collision frequencies for both measurement and model calculations.453

It is possible to calculate neutral winds from EISCAT CP2 measurements (Brekke et al.,454

1973; Nozawa et al., 2010; Günzkofer et al., 2022) but this, in turn, requires knowledge455

of the ion-neutral collision frequency. The ion-neutral collision frequency can be mea-456

sured from dual-frequency EISCAT experiments (Grassmann, 1993; Nicolls et al., 2014)457

which is not possible in combination with beam-swing measurements. A direct measure-458

ment of the collision frequency, and subsequently the neutral wind, would lead to more459

accurate Joule heating rate measurements and allow for a better measurement-to-model460

comparison.461
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It should also be noted that the energy deposition by Joule heating strongly depends on462

the local position within the convection pattern (Foster et al., 1983). So additionally to463

the strength of the convection pattern, i.e. the electric fields and the ion velocities, the464

size and shape of the convection pattern is of high importance. Both, the Heelis and the465

Weimer convection model, have been shown to struggle with giving the accurate size of466

the convection pattern (Pokhotelov et al., 2008). One possible improvement might be467

the application of the assimilative mapping of ionospheric electrodynamics method to468

obtain the high-latitude plasma convection (Richmond & Kamide, 1988; Cousins et al.,469

2013; Pokhotelov et al., 2021).470

6 Conclusion471

It has been shown that EISCAT measurements and TIE-GCM simulations give sim-472

ilar variations of the Joule heating rate with respect to the Kp index, the Kan-Lee merg-473

ing electric field EKL and the magnetic local time. However, the variations are not equally474

strong in measurements and models and, therefore, the empirical scaling of Joule heat-475

ing rates in TIE-GCM runs should be adjusted with respect to these parameters. Sig-476

nificant differences between TIE-GCM runs driven with the Heelis and Weimer convec-477

tion models have been found and the scaling factor should be adjusted with respect to478

this as well. The measurement Joule heating rate changes drastically with magnetic lo-479

cal time with the largest heating rates in the midnight sector (for Kp < 4 and all EKL480

values) and the dusk sector (for Kp > 4). While the model runs generally show the same481

trend, it can be seen that the required scaling factor is distinctly different for the inves-482

tigated MagLT sectors. In conclusion, it has been shown that the choice of polar plasma483

convection model, the magnetic local time, and the geophysical conditions, i.e. the Kp484

index and the Kan-Lee merging electric field, impact the required scaling factor. The sea-485

sonal dependence of the required scaling factor cannot be determined with the current486

measurement dataset. Applying the adjusted scaling factor f found in our study would487

bring the Joule heating rate estimation by the TIE-GCM model closer to the EISCAT488

measurements.489

For future investigations, extending the dataset to sufficiently cover all seasons is490

crucial. The current gaps in the dataset are due to the fact that only certain measure-491

ments with the EISCAT ISR, i.e. CP2 campaigns, can be applied to derive Joule heat-492

ing rates. The upcoming EISCAT 3D system (McCrea et al., 2015) will be a major ad-493

vance as the phased-array concept allows for multi-beam measurements and therefore494

does not require the rotation of a large radar dish. The EISCAT 3D radar will allow to495

create a large database suitable for the derivation of Joule heating rates within a short496

time of operation. Another advantage of phased-array multi-beam experiments is the pos-497

sibility to perform pulse-to-pulse beam steering or software beam forming to collect data498

from many different beam directions without the need to mechanically steer the beam.499

Since all radar beams are available at nearly the same time, the time resolution of 3D500

ion velocity vectors will be the same as for the other ISR plasma parameters.501
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