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Abstract

It is well known that the primary solar wind energy dissipation mechanism in the Earth’s upper atmosphere is Joule heating. Two

of the most commonly used physics-based Global Circulation Models (GCM) of the Earth’s upper atmosphere are the Global

Ionosphere/ Thermosphere Model (GITM) and the Thermosphere-Ionosphere-Electrodynamics General Circulation Model (TIE-

GCM). At the same time, a number of empirical formulations have been derived to provide estimates of Joule heating rates

based on indices of solar and geomagnetic activity. In this paper, a comparison of the evolution of the globally-integrated

Joule heating rates between the two GCMs and various empirical formulations is performed during the solar storm of 17 March

2015. It is found that all empirical formulations on average underestimate Joule heating rates compared to both GITM and

TIE-GCM, whereas TIE-GCM calculates lower heating rates compared to GITM. It is also found that Joule heating is primarily

correlated with the auroral electrojet in GITM, whereas Joule heating in TIE-GCM is correlated better with the Dst index

and with prolonged southward turnings of the Interplanetary Magnetic Field component, Bz. By calculating the heating rates

separately in the northern and southern hemispheres it is found that in GITM higher Joule heating rates are observed in the

northern hemisphere, whereas in TIE-GCM higher Joule heating rates are observed in the southern hemisphere. The differences

and similarities between the two global circulation models and the various empirical models are outlined and discussed.
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Key Points:7

• Joule heating in the Earth’s Lower Thermosphere-Ionosphere is estimated and com-8

pared in GITM, TIE-GCM and empirical models.9

• Joule heating estimates in GITM and TIE-GCM exceed the corresponding esti-10

mates via empirical models.11

• The correlation of Joule heating to various solar and geomagnetic indices is largely12
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• Significant differences are found in the evolution, dependence, localization and hemispherically-14

integrated Joule heating between GITM and TIE-GCM.15
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Abstract16

It is well known that the primary solar wind energy dissipation mechanism in the Earth’s17

upper atmosphere is Joule heating. Two of the most commonly used physics-based Global18

Circulation Models (GCM) of the Earth’s upper atmosphere are the Global Ionosphere/19

Thermosphere Model (GITM) and the Thermosphere-Ionosphere-Electrodynamics Gen-20

eral Circulation Model (TIE-GCM). At the same time, a number of empirical formula-21

tions have been derived to provide estimates of Joule heating rates based on indices of22

solar and geomagnetic activity. In this paper, a comparison of the evolution of the globally-23

integrated Joule heating rates between the two GCMs and various empirical formula-24

tions is performed during the solar storm of 17 March 2015. It is found that all empir-25

ical formulations on average underestimate Joule heating rates compared to both GITM26

and TIE-GCM, whereas TIE-GCM calculates lower heating rates compared to GITM.27

It is also found that Joule heating is primarily correlated with the auroral electrojet in28

GITM, whereas Joule heating in TIE-GCM is correlated better with the Dst index and29

with prolonged southward turnings of the Interplanetary Magnetic Field component, Bz.30

By calculating the heating rates separately in the northern and southern hemispheres31

it is found that in GITM higher Joule heating rates are observed in the northern hemi-32

sphere, whereas in TIE-GCM higher Joule heating rates are observed in the southern33

hemisphere. The differences and similarities between the two global circulation models34

and the various empirical models are outlined and discussed.35

1 Introduction36

During geomagnetic storms, Joule heating is known to be the dominant solar wind37

energy dissipation mechanism. Joule heating maximizes in the lower thermosphere-ionosphere38

(LTI) region, within the 100 to 200 km altitude range, where also current density and39

conductivity (Pedersen and Hall) maximize. The quantification of Joule heating is a sub-40

ject of intense research, as it is critical in determining the structure and evolution of the41

Lower Thermosphere-Ionosphere, and is responsible for a number of effects of societal42

importance, such as for determining atmospheric drag and predicting the resulting de-43

orbiting times of satellites and space debris within this region. For example, the recent44

loss of 40 Space-X satellites in February 2022 is thought to have been caused by an un-45

derestimate of the enhancement of thermospheric neutral density that resulted from en-46

hanced Joule heating during a moderate geomagnetic storm (Dang et al., 2022; Y. Zhang47

et al., 2022; Hapgood et al., 2022). It is for this reason that quantifying the heating rates48

is critical in order to accurately determine satellite drag and orbital lifetime estimations.49

Whereas the physics of the collisional processes leading to Joule heating is well un-50

derstood and is captured in Global Circulation Models (GCMs) of the ionosphere-thermosphere51

system, the quantification of Joule heating is still largely unknown, and large discrep-52

ancies appear between different models and estimation methodologies (Palmroth et al.,53

2005; Rodger et al., 2001). This is in part because the exact quantification of Joule heat-54

ing requires the simultaneous and co-located measurement of all relevant parameters that55

are involved in the calculations of conductivity, electrical currents and fields, and in part56

because an unknown amount of Joule heating is found in small-scale or sub-grid vari-57

ability that can not be captured by current models. Also contributing to the above un-58

certainty, the lower thermosphere-ionosphere (LTI) region, where Joule heating maxi-59

mizes, is the least sampled of all atmospheric regions (see, e.g., T. Sarris et al. (2023),60

and references therein): due to the high air drag, the altitude range from ∼100 to 20061

km is too high for balloon experiments and too low for current LEO satellites. Thus, the62

majority of available measurements for this region comes from ground based observa-63

tories, such as Incoherent Scatter Radars, and very few in-situ space missions, such as64

the Atmosphere Explorers of the early 80’. Measurements from the above are used in65

formulating empirical models of the upper atmosphere, such as the International Ref-66

erence Ionosphere (IRI) (Bilitza, 2018), NRLMSISE-00 (Picone et al., 2002) and the Hor-67
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izontal Wind Model (HWM) (Drob et al., 2008). Furthermore, physics-based global cir-68

culation Models (GCM), such as the Global Ionosphere/Thermosphere Model (GITM)69

(Ridley et al., 2006) or the National Center for Atmospheric Research (NCAR) Thermosphere-70

Ionosphere-Electrodynamics General Circulation Model (TIE-GCM) (Qian et al., 2013)71

simulate the energetics, dynamics and chemistry of this region. However, there are great72

discrepancies in geophysical observables describing the basic state of the LTI between73

empirical models and physics-based models, such as neutral temperature and density,74

which are largely based on the uncertainty in estimating the amount of Joule heating75

in the LTI.76

Among physics-based models, GITM and TIE-GCM are widely used by the upper77

atmosphere scientific community. Both are 3D gridded numerical models that are used78

to simulate the state of the thermosphere and ionosphere in response to external driv-79

ing by solar wind conditions. GITM and TIE-GCM are both based on a set of equations80

that describe the physical processes that occur within the thermosphere and ionosphere,81

such as radiation, convection, and dynamical forcing. From the outputs of these mod-82

els, which include all essential variables or geophysical observables of the thermosphere83

and ionosphere, Joule heating can be directly computed at each model grid point.84

Together with the above physics-based models, a number of empirical formulations85

have been derived as proxies of Joule heating, driven by solar and geomagnetic condi-86

tions. For example, Joule heating has been found to be closely related to the AE and87

AL indices (e.g., Perreault and Akasofu (1978); Akasofu (1981); Ahn et al. (1983); Baumjohann88

and Kamide (1984); Ahn et al. (1989),A. Richmond et al. (1990), Cooper et al. (1995),89

Lu et al. (1995), Lu et al. (1998). Seasonal and hemispherical differences have been ex-90

amined as well to establish a more accurate relation between Joule heating and the ge-91

omagnetic indices (Nisbet (1982); Lu et al. (1998)). Further to the above, Chun et al.92

(1999) estimated Joule heating with a quadratic fit to the Polar Cap (PC ) index, whereas93

Knipp et al. (2005) expanded on the work of Chun et al. (1999) by proposing a formula94

that is based on both the PC and the Disturbance Storm Time (Dst) indices. It is noted95

that most of the above relations do not take into account the effects of neutral winds,96

which are known to impact Joule heating significantly (see, e.g., Lu et al. (1995); Emery97

et al. (1999)).98

In this paper Joule heating estimates are presented based on simulation results of99

the solar storm of 17 March 2015, the largest geomagnetic storm of solar cycle 24 (also100

known as St Patrick’s day 2015 storm). Globally integrated Joule heating rates are cal-101

culated in both GITM and TIE-GCM, and are compared against estimates obtained from102

various empirical formulations. Together with the time series of the evolution of Joule103

heating during the storm, the cumulative globally integrated Joule heating is compared104

as calculated by each model. Furthermore, hemispherically-integrated Joule heating rate105

estimates are compared between GITM and TIE-GCM. It is found that all empirical for-106

mulations generally under-estimate the total Joule heating compared to the two GCMs.107

This paper is organized as follows: Section 2 presents details of the GITM and TIE-108

GCM and describes the derivation of Joule heating in both models. Section 3 presents109

the results of the implementation of the simulations for St Patrick’s day 2015 storm as110

well as the resulting Joule heating as obtained from various empirical formulations. Sec-111

tion 4 discusses the results, highlighting potential causes of the observed discrepancies.112

Finally, Section 5 summarizes the conclusions of this work.113

2 General Circulation Models114

2.1 The Global Ionosphere-Thermosphere Model (GITM)115

GITM is a non-hydrostatic global circulation model that has been developed in or-116

der to simulate the energy balance, chemistry, and dynamics of the Earth’s ionosphere117
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and thermosphere (Ridley et al., 2006; Deng et al., 2019; Vichare et al., 2012). It has118

also been used to simulate planetary upper atmospheres (Bougher et al., 2015). GITM119

simulates the state of the mutually coupled ionosphere and thermosphere at altitudes120

from 100 km to ∼600 km. It solves the coupled continuity, momentum and energy equa-121

tions of neutrals and ions. The continuity, momentum, and energy equations in GITM122

have realistic source terms and a contemporary advection solver. Furthermore, GITM123

solves for the vertical momentum equation, which enables the development of non-hydrostatic124

solutions and the simulation of more accurate auroral zone dynamics. Each neutral species125

has a distinct vertical velocity, with a frictional term linking the velocities. Ion species126

in GITM include: O+(4S), O+(2D), O+(2P ), O+
2 , N

+, N+
2 , and NO+ whereas neutral127

include: O, O2, N(2D), N(2P ), N(4S), N2, and NO. A key advantage of GITM com-128

pared to other GCMs is that it is capable of employing a versatile, non-uniform grid, with129

variable resolution in both altitude and latitude, as opposed to a pressure grid that is130

commonly used in other thermosphere codes. The vertical grid spacing is less than 3 km131

in the lower thermosphere, at altitudes from 100 to 250 km, whereas it is over 10 km132

in the upper thermosphere, at altitudes from ∼250 km to 600 km. The ion momentum133

equation is solved with the assumption of a stable state, while accounting for the pres-134

sure, gravity, neutral breezes, and external electric fields. Several high-latitude ionospheric135

electrodynamic models can be used as external drivers of GITM; these include, among136

others, the Assimilative Mapping of Ionospheric Electrodynamics (AMIE) approach (A. D. Rich-137

mond & Kamide, 1988), the Weimer model (Weimer, 2005), and the Ridley et al. elec-138

trodynamic potential pattern (Ridley et al., 2000). GITM model runs are initiated in139

a number of different ways, such as (1) utilizing an ideal environment in which the user140

inputs the density and temperature at the base of the atmosphere; (2) using MSIS (Picone141

et al., 2002) and International Reference Ionosphere (IRI) (Bilitza, 2018); and (3) start-142

ing from a prior run. In the present study, the second of the above initialization approaches143

is followed.144

Using the geophysical parameters that are produced as outputs of GITM, Joule heat-145

ing can then be estimated. These estimations require in addition the computation of elec-146

trical current j and Pedersen conductivity, σP . The equations that are used in the es-147

timations of the above heating rates are presented in Section 2.3; their derivations are148

further elaborated in T. Sarris et al. (2022).149

2.2 The Thermosphere, Ionosphere, and Electricity General Circulation150

Model (TIE-GCM)151

The NCAR Thermosphere, Ionosphere, and Electricity General Circulation Model152

(TIE-GCM) is a first-principles, three-dimensional, nonlinear description of the linked153

thermosphere and ionosphere system with a self-consistent solution of the middle and154

low-latitude dynamo field (see, e.g., Qian et al. (2013)). The three-dimensional momen-155

tum, energy and continuity equations for neutral and ion species are solved at each time-156

step using a semi-implicit, fourth-order, centered finite difference method on each pres-157

sure surface in a staggered vertical grid. The main assumptions used in TIE-GCM cal-158

culations include steady-state for the ion and electron energy equations, hydrostatic as-159

sumption and constant gravity. A streamlined formulation is used for eddy diffusion. Pho-160

toelectron heating is based on a streamlined connection. Simple empirical specifications161

define the upper boundary requirements for electron heat and flux transfer. Furthermore,162

TIE-GCM also solves for the vertical momentum equation. Ion species in TIE-GCM in-163

clude: O+, O+
2 , N

+
2 , NO+, and N+ whereas neutral include:O, O2, NO, N(4S), N(2D).164

In TIE-GCM, CO2 is assumed to be in diffusive equilibrium, although it is not explic-165

itly solved. Similarly to GITM, Joule heating is subsequently estimated based on the geo-166

physical parameters that are provided as outputs of TIE-GCM. The equations that are167

used in the estimations of the above heating rates are further discussed in Section 2.3.168
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2.3 Derivation of Joule heating rate in TIE-GCM and GITM169

In this section the methodology for calculating the Joule heating rates in GITM170

and TIE-GCM is presented, which is slightly different between the two GCMs: Whereas171

GITM calculates Joule heating by calculating the complete neutral-ion collisional heat-172

ing rate, as described in Killeen et al. (1984) and Zhu and Ridley (2016), TIE-GCM fol-173

lows the approach outlined in Lu et al. (1995). In the following, the equivalence of the174

two methodologies is derived, highlighting the assumptions used in each methodology.175

The derivation is initiated by applying the Poynting theorem to the high-latitude iono-176

sphere:177

∂W

∂t
+∇ · S⃗ + J⃗ · E⃗ = 0 (1)178

where W is the electromagnetic energy density, S⃗ is the Poynting vector, J⃗ is the179

electric current and E⃗ is the electric field. Neglecting the electromagnetic energy den-180

sity rate of change by assuming a quasi-steady state, equation (1) becomes:181

∇ · S⃗ + J⃗ · E⃗ = 0 (2)182

The J⃗ ·E⃗ term is the energy dissipated/generated (Lu et al., 1995). By account-183

ing that the parallel to the ambient magnetic field component of the electric field is much184

smaller than the perpendicular component (E⃗ ≈ E⃗⊥), the J⃗ · E⃗ becomes equal to J⃗⊥ ·185

E⃗⊥.186

The ionospheric Joule heating is calculated in the reference frame of the neutral187

constituents. Thus, by assuming that the neutrals move with a velocity u⃗n, the electric188

field in the reference frame of the neutrals is expressed as:189

E⃗∗
⊥ = E⃗⊥ + u⃗n × B⃗ (3)190

Thus,191

E⃗⊥ = E⃗∗
⊥ − u⃗n × B⃗ (4)192

By using equation (4), the electromagnetic energy exchange rate becomes:193

J⃗⊥ · E⃗⊥ = J⃗⊥ · E⃗∗
⊥ − J⃗⊥ · (u⃗n × B⃗) (5)194

where the term J⃗⊥ ·E⃗∗
⊥ is the Joule heating rate and the term J⃗⊥ ·(u⃗n×B⃗ is the195

mechanical energy transfer to the neutrals (Lu et al., 1995). Thus, the Joule heating rate196

can be expressed as:197

qJH = J⃗⊥ · E⃗∗
⊥ (6)198

Regarding the electrical current term, applying Ohm’s to the ionospheric plasma199

leads to:200

J⃗⊥ = J⃗P + J⃗H = σP E⃗
∗
⊥ − σH(E⃗∗

⊥ × b̂) (7)201
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where J⃗P is the Pedersen current, J⃗H is the Hall current, b̂ is the unit vector among202

the ambient magnetic field, and σP and σH are the Pedersen and Hall conductivities re-203

spectively. The Hall current is non-dissipative, and the power transfer is achieved by the204

Pedersen current; thus, equation (5) becomes:205

qJH = J⃗P · E⃗∗
⊥ = (σP E⃗

∗
⊥) · E⃗∗

⊥ = σP |E⃗⊥ + u⃗n × B⃗|2 (8)206

Equation (8) is the expression used internally by TIE-GCM for the calculation of207

Joule heating in the model.208

As discussed above, GITM follows a different approach in calculating Joule heat-209

ing, by calculating the complete neutral-ion collisional heating rate, given as in Killeen210

et al. (1984) and Zhu and Ridley (2016):211

qJH =
∑
n

nnmn

∑
i

νni
mi +mn

[3kB(Ti − Tn) +mi(u⃗n − v⃗i)
2] (9)212

where nn is the neutral number density, mn is the neutral mass, mi is the ion mass,213

νni is the neutral-ion collision frequency, kB is the Boltzmann constant, Ti and Tn are214

the ion and neutral temperatures respectively and vi is the ion velocity.215

Subsequently, the equivalence of (8) and (9) with respect to the calculation of Joule216

heating rates in the ionosphere needs to be shown. By assuming that the ion temper-217

ature is in steady state and that the ions are coupled to both the neutrals and electrons,218

the ion energy equation is derived as:219

220

3kBNe
mi

mi +mn
νin(Ti − Tn) = Neνin

mimn

mi +mn
(u⃗n − v⃗i)

2+221

3kBNe
mi

mi +me
νie(Te − Ti) +Neνie

mime

mi +me
(u⃗e − v⃗i)

2 (10)222

223

Considering me << mi, thus mi/(mi + me) ≈ 1 and after some manipulations,224

equation (10) becomes:225

226

3kB
mi

mi +mn
(Ti − Tn) =

mimn

mi +mn
(u⃗n − v⃗i)

2+227

3kB
νie
νin

(Te − Ti) +
νie
νin

me(u⃗e − v⃗i)
2 (11)228

229

Collisions between electrons and ions become important (compared to ion-neutral230

collisions) only in the upper ionosphere, where, however, ions and electrons have almost231

similar velocities perpendicular to the ambient magnetic field (E×B drift), thus v⃗i⊥−232

v⃗e⊥ ≈ 0. Furthermore, in general, at high latitudes, νie << νin, and thus (11) becomes:233

3kB(Ti − Tn) ≈ mn(u⃗n − v⃗i)
2 (12)234

By substituting (12) into (9) we get:235

qJH =
∑
n

nnmn

∑
i

νni
mi +mn

[mn(u⃗n − v⃗i)
2 +mi(u⃗n − v⃗i)

2] (13)236
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Finally, using the relation between ion-neutral and neutral-ion collision frequen-237

cies:238

nnmnνni = nimiνin (14)239

equation (13) becomes:240

qJH =
∑
i

nimi

∑
n

νin(u⃗n − v⃗i)
2 (15)241

which is the ion-neutral frictional heating rate. The equivalence between the ion-242

neutral frictional heating rate and the Joule heating rate has been proven in Strangeway243

(2012), and thus the equivalence of the Joule heating calculation between GITM and TIE-244

GCM is derived.245

The Pedersen conductivity that is needed for the calculation of Joule heating in246

equation (8) is calculated as:247

σP =
qe
B

[
NO+

rO+

1 + r2O+

+NO+
2

rO+
2

1 + r2
O+

2

+NNO+

rNO+

1 + r2NO+

+Ne
re

1 + r2e

]
(16)248

where rO+ , rO+
2
, rNO+ and re are the collision to gyrofrequency ratios (i.e. νi(e)n/Ωi(e))249

of O+, O+
2 , NO+ and e respectively, which are calculated as described in tables 4.4 and250

4.5 of Schunk and Nagy (2009), and NO+ , NO+
2
, NNO+ and Ne are the number densi-251

ties of species in m−3. Collision frequencies of the aforementioned species are calculated252

for collisions with neutral species of O, O2 and N2.253

In order to calculate the global heating rates over the same altitude range in the254

two GCMs, the outputs of each of the two GCMs are first re-gridded with the same al-255

titude resolution and subsequently heating rates are integrated in altitude over the re-256

grided datasets, from 100km to 600km, and across all magnetic latitudes and longitudes.257

Further to these calculations, heating rates are also integrated in altitude and are plot-258

ted as a function of magnetic latitude and longitude; such altitude-integrated Joule heat-259

ing rates have also been calculated in a number of prior studies, such as by Lu et al. (1995);260

Thayer (1998); Weimer (2005) and Deng et al. (2009). In this study, height integrations261

are performed based a trapezoidal integration scheme, according to:262

∫ b

a

f(x)dx =

N∑
k=1

f(xk − 1) + f(xk)

2
∆x (17)263

where f denotes the altitude-resolved quantity that is integrated, x is the altitude,264

are the a and b are the upper and lower limits of integration respectively and k denotes265

the provided discrete altitude levels.266

Further details on the analysis presented herein can be found in, e.g., T. E. Sar-267

ris et al. (2020), T. Sarris et al. (2022) and references therein. The above calculations268

were performed using the integration module of the open-source code DaedalusMASE269

(T. Sarris et al., 2022), which has been translated to C++ from the original code that270

was written in python so as to be more efficient in terms of execution time.271
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3 Model Runs272

GITM and TIE-GCM runs were performed for St Patrick’s day storm of March 2015,273

which is the first and also the largest geomagnetic storm of solar cycle 24. Various as-274

pects of this storm have been described in numerous studies, including, for example, the275

work of Kanekal et al. (2016) and Hudson et al. (2017) who studied the prompt injec-276

tion and acceleration of energetic electrons, Jaynes et al. (2018) and Ozeke et al. (2019)277

who investigated the fast radial diffusion driven by ULF waves, Lyons et al. (2016), Marsal278

et al. (2017) and Prikryl et al. (2016) who studied ionospheric disturbances induced by279

energy inputs into the high-latitude regions, Wei et al. (2019), S.-R. Zhang et al. (2017)280

and Yue et al. (2016) who studied subauroral processes related to magnetosphere-ionosphere281

coupling, Dmitriev et al. (2017) and Zakharenkova et al. (2016) who studied changes in282

global neutral wind driven by high-latitude energy and momentum inputs, and D. Zhang283

et al. (2022) who focused on the generation and propagation of the induced electric field284

that was responsible for the prompt acceleration of energetic electrons during this storm.285

In this study, the focus is instead placed on estimating the total Joule heating dissipa-286

tion during this event, and on investigating discrepancies between GITM, TIE-GCM,287

as well as various commonly used empirical models.288

For consistency, both the GITM and TIE-GCM runs were performed using the same289

model for high latitude potential estimation, the Weimer model (Weimer, 2005), which290

is the default electric field specification for both models. The Weimer model uses as in-291

puts the following Interplanetary Magnetic Field (IMF) parameters: plasma density, ve-292

locity Vx (along Sun-Earth), and the transverse orientation of the solar wind magnetic293

field By, Bz. In addition, both GITM and TIE-GCM use as input the daily F10.7 in-294

dex, an 81-day average of F10.7 and the 3-hourly Kp index. It is noted that TIE-GCM295

uses the above inputs with a 15-min resolution whereas GITM uses the above inputs with296

a 1-min resolution. Moreover, GITM requires as input the maximum eastward auroral297

electrojets strength (SMU ), the maximum westward auroral electrojets strength (SML)298

and the difference between SMU and SML (SME ).299

In terms of resolution, the TIE-GCM run was performed with a spatial resolution300

of 2.5 degrees in latitude and longitude, 4 grid points per scale height and a time step301

of 30 seconds. The GITM run was performed for the same resolution of 2.5 degrees in302

latitude and longitude, in order to cross-compare simulation results with those of TIE-303

GCM. The altitude resolution of GITM is 3 grid points per scale height and the tem-304

poral resolution is 10 seconds. The resulting output datasets were then converted to a305

common format for further processing. The datasets and the code are available though306

Pirnaris et al. (2023). Models Runs were performed on a CPU-based machine with 64GB307

RAM and an Intel(R) Core(TM) i9-9900K CPU @ 3.60GHz.308

Further to the calculation of Joule heating rates in GITM and TIE-GCM, ionospheric309

dissipation through Joule heating are commonly approximated via empirical formula-310

tions that use geomagnetic indices as input. Several studies have derived empirical re-311

lationships for the quantification of hemispheric and global Joule heating that are us-312

ing the AE or AL indices as inputs; these include the studies by Perreault and Akasofu313

(1978), Akasofu (1981), Ahn et al. (1983), Baumjohann and Kamide (1984), Cooper et314

al. (1995), Lu et al. (1995). Later on, Chun et al. (1999) estimated Joule heating with315

a quadratic fit to the Polar Cap (PC ) index. Expanding upon the work of Chun et al.316

(1999), Knipp et al. (2005) proposed an empirical formula based on the PC and the Dis-317

turbance Storm Time (Dst) indices. A summary of the above studies and the correspond-318

ing relationships as well as constraints in terms of season or hemisphere where these are319

applicable are presented in Table 1.320

An overview of St Patrick’s day storm of March 2015 is presented in Figure 1. The321

storm was caused by a coronal mass ejection that arrived at Earth at ∼04:45 UT, whereas322

the main phase of the storm began at ∼06:00 UT, indicated by the first vertical dashed323
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Table 1. Empirical Formulas for Joule Heating Estimations

Study Formula Hemisphere Season

Perreault and Akasofu (1978) 0.05AE(12) - -
Akasofu (1981) 0.1AE(12) N Spring
Ahn et al. (1983) 0.23AE(12) N Spring
Ahn et al. (1983) 0.19AE(71) N Spring
Ahn et al. (1983) 0.3AL(12) N Spring
Ahn et al. (1983) 0.27AL(71) N Spring
Baumjohann and Kamide (1984) 0.32AE(12)± 5 N Spring
Baumjohann and Kamide (1984) 0.33AE(71)± 5 N Spring
Baumjohann and Kamide (1984) 0.4AL(71)± 5 N Spring
Cooper et al. (1995) 0.54AE(12)− 49 N Autumn
Cooper et al. (1995) 0.28AE(AMIE )− 20 N Autumn
Lu et al. (1995) 0.33AE(12)− 26 N Spring
Chun et al. (1999) 4.14PC2 + 25PC + 8.9 - Equinox
Knipp et al. (2005) 2.54PC2 + 29.14PC + 0.21Dst+ 0.0023Dst2 - -

*The numbers in parentheses indicate the number of magnetic stations used in the study

line marked as A, when the Dst index started to gradually decrease (Figure 1 panel (a))324

and the Bz component of the interplanetary magnetic field (IMF) turned southward for325

the first time (Figure 1 panel (b))). Shortly afterwards, at ∼07:10 UT, the IMF Bz turned326

northward and then turned negative again at ∼07:30 UT. From ∼10:10 UT to ∼12:20327

UT Bz became positive again, leading to a small increase in Dst . Finally, at ∼12:20 UT,328

indicated by the second vertical dashed line marked as B, the IMF Bz turned southward329

and remained that way until the next day. The Dst index continued to decrease, reach-330

ing its minimum of -223 nT at ∼23:20 UT on 17 March. This was followed by a long re-331

covery phase. The planetary Kp index, also shown in Figure 1 panel (a), reached its max-332

imum value of 7+ to 8- from ∼12 UT to 24 UT.333

The AE and AL indices, at 1 min resolution, are available from the World Data334

Center(WDC) for Geomagnetism, Kyoto, Japan. The Polar Cap index, at 1 min reso-335

lution, consists of the Polar Cap North index (PCN index) and the Polar Cap South in-336

dex (PCS index). PCN index is taken from the National Space Institute, Technical Uni-337

versity of Denmark (DTU, Denmark) and PCS index from the Arctic and Antarctic Re-338

search Institute (AARI, Russian Federation). The Dst index is provided at 1 hour res-339

olution from WDC, Kyoto, Japan. In order to calculate Joule heating according to Knipp340

et al. (2005) with a 1 min resolution, we replaced the Dst index with the SYM−H in-341

dex at 1 min resolution from WDC, Kyoto, Japan; as discussed in Wanliss and Showal-342

ter (2006), the Dst and SYM−H indices are considered equivalent but with different time343

resolutions. A comparison between the two indices is presented in Figure 1(a). The datasets344

used in this study are readily available at Pirnaris et al. (2023).345

Panels (a) through (e) of Figure 1 present the aggregated driving inputs of GITM346

and TIE-GCM, as described above, as well as the indices used as inputs for the empir-347

ical parameterizations of Joule heating, as follows: Panel (a) presents the Dst index (green348

color), the SYM−H index (dark-cyan color), the 3-hourly Kp index (purple) and the349

F10.7 index (blue dashed line). Panel (b) shows the AL index (orange) and the AE in-350

dex (cyan). Panel (c) shows the IMF components, By (blue) and Bz (brown), in GSM351

coordinates, for the duration of St Patrick’s day storm; the vertical line A marks the first352

southward turning of Bz, indicating the start of the main phase of the storm, while Line353

B in the same figure indicates the start of a prolonged period when Bz remains south-354

ward; this is further discussed below. Panel (d) presents the solar wind velocity Vx along355
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the Sun-Earth line (blue solid line) and the plasma density, in units n/cc (brown solid356

line). Panel (e) presents the maximum eastward auroral electrojet strength (blue solid357

line), the maximum westward auroral electrojet strength (blue dashed line) and the dif-358

ference between the two (brown solid line), which are used in driving the GITM model359

in addition to the inputs shown in panels (a), (d) and (e).360

In panel (f) the globally-integrated Joule heating rates are presented as calculated361

based on the GCMs and the empirical models: The Joule heating rate based on GITM362

is marked with a thicker dark blue line; Joule heating rate based TIE-GCM is marked363

with a thicker brown line; and Joule heating rates as estimated according to the vari-364

ous empirical formulations of Table 1 are plotted with the thinner lines, as marked in365

the inset of figure (in chronological order). It is noted that all the empirical formulas listed366

in this table give hemispheric estimates of Joule heating; in the results presented in Fig-367

ure 1 they were multiplied by a factor of 2 to obtain approximations of the global val-368

ues of Joule heating.369

In order to investigate the inter-hemispheric asymmetries between GITM and TIE-370

GCM, in Figure 2 the integrated Joule Heating are plotted separately over the North-371

ern (panel a) and Southern (panel b) hemispheres. The percentage difference between372

Joule heating in GITM and TIE-GCM are shown in panel (c), plotted with a solid line373

for the northern hemisphere and with a dashed line for the southern hemisphere. Finally,374

in panel (d) the ratio between Joule heating in the northern hemisphere over Joule heat-375

ing in the southern hemisphere (NH /SH ) is plotted separately for GITM (blue line) and376

TIE-GCM (brown line); these results are further discussed below.377

In order to cross-compare the total amount of Joule heating that is deposited onto378

each thermospheric hemisphere during St Patrick’s day storm 2015 as estimated by the379

two GCMs and the various empirical models, in Figure 3 the cumulative, time-integrated380

Joule heating is plotted as a function of time. The corresponding models are color-coded381

and are listed in order of descending Joule heating. The estimated cumulative Joule heat-382

ing in the northern (southern) hemisphere are plotted in GITM and TIE-GCM with thicker383

solid (dashed) lines. The thinner lines indicate Joule heating estimates over the north-384

ern hemisphere according to the empirical models of Table 1, as marked in the figure’s385

inset. In the cases that empirical estimates are based on indices obtained from 12 ground386

stations, the results are plotted with a thin solid line, whereas estimates that are based387

on 71 stations are plotted with a thin dotted line.388

4 Discussion389

Based on the simulation results shown in Figures 1 and 2 we observe that, even though390

there is a general order-of-magnitude agreement in the values of the globally-integrated391

Joule heating rates as obtained through TIE-GCM and GITM in the first part of the storm,392

up to line B, as well as after the time of minimum Dst and in the recovery phase of the393

storm, after line D, a significant disagreement is observed during the storm main phase,394

and in particular between lines B and D, both in terms of amplitude as well as in terms395

of the overall shape and evolution of Joule heating between the two GCMs.396

In order to identify the key driving parameters of these discrepancies in Joule heat-397

ing between the two models, a distance correlation (Richards, 2017) analysis has been398

performed between the two Joule heating rate time series and each of the input param-399

eter time series shown in panels (a) through (d) of Figure 1. Through the correlation anal-400

ysis, it is found that Joule heating in GITM is strongly driven by the SME electrojet401

strength, with a correlation coefficient of 0.70; the correlation of SME with TIEGCM402

is 0.54, although it is noted that SME is not used as an input in TIE-GCM. In compar-403

ison, the correlation coefficient of GITM and TIE-GCM with By is 0.27 and 0.21, respec-404

tively, and the correlation with Bz is -0.36 and -0.24, respectively. The negative sign in-405
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Figure 1. Joule Heating in combination with Geophysical Indices and used quantities
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Figure 2. Integrated Joule Heating time-series per Hemisphere, North 63° to 90° deg and

South -63° to -90°

dicates an anti-correlation between Joule heating and Bz, which is attributed to the en-406

hanced Joule heating during southward turnings of the IMF. The dependence of Joule407

heating on Bz has been examined in more detail in various studies, such as, e.g., by McHarg408

et al. (2005).409

The differences in the resulting Joule heating due to the different driving condi-410

tions are evident in particular in the period from ∼13:30UT to ∼16:30UT on March 17,411

2015, shown in the gray-shaded region that is bounded by lines B and C. During this time,412

it can be seen that GITM is well correlated with the SME electrojet strength, with an413

increase and subsequent decrease in SME being accompanied by a corresponding increase414

followed by a gradual decrease in Joule heating, whereas, in contrast, Joule heating in415

TIE-GCM shows an initial drop followed by a gradual increase. This increase appears416

to be well-correlated with the prolonged southward turning of IMF Bz during this time,417

which does not appear to affect in the same way the calculations of Joule heating in GITM.418

An additional striking difference between GITM and TIE-GCM is a clear corre-419

lation between the peak of Joule heating and the minimum Dst in TIE-GCM, marked420

with line D, whereas GITM does not seem to follow a similar correlation with Dst . Fur-421

thermore, TIE-GCM demonstrates a larger variability compared to GITM, as indicated422

by the larger peak-to-peak fluctuation amplitudes. It is speculated that this is due to423

the large number of southward Bz turnings during this event, which, as discussed above,424

appears to affect to a larger extent the calculations of Joule heating in TIE-GCM rather425

than in GITM.426

Comparing the magnitudes of the two Joule heating estimates between the two GCMs427

as shown in Figure 2(a) and (b), it is found that the two estimates are in closer agree-428

ment in the initial phase of the storm, but that subsequently, after the southward turn-429

ing of Bz and the increase of Kp from 4 to 8-, GITM estimates are almost consistently430
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Figure 3. Time-integrated (cumulative) global Joule heating according to GITM, TIE-GCM

and various empirical models, as marked, listed from highest to lowest Joule heating values.
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Figure 4. Height-integrated Joule Heating as calculated in GITM (top) and TIE-GCM (bot-

tom) over the northern hemisphere for three different snapshots during St. Patricks day event, as

marked.

higher that those of TIEGCM, reaching a maximum percentage difference of ∼ 143%431

on 17 March 2015, 14:10 UT as shown in Figure 2(c), with the exception of the short time432

period around the minimum Dst , observed on 17 March 2015, 22:50 UT (vertical dashed433

line D), when Joule heating in TIE-GCM exceeds the values of GITM by ∼ 30%. It is434

noted that even higher (in absolute value) percentage differences of Joule heating appear435

between TIE-GCM and GITM later on during the recovery phase on 18 and 19 March436

2015, even though these large percentage differences and their large fluctuations are due437

to the very low values of Joule heating that are observed during the recovery phase.438

In Figure 4 a polar plot of the height-integrated Joule heating over the northern439

hemisphere as a function of geographic latitude and longitude, based GITM (top pan-440

els) and TIE-GCM (lower panels), is presented. Three characteristic snapshots during441

St Patrick’s day storm are plotted: the left-hand side panels are from 17 March 2015 at442

06:20 UT, and correspond to the beginning of the storm, which is characterized by a close443

agreement in the magnitude of Joule heating from the two models. The middle panels444

are from 17 March 2015 at 14:10 UT, and correspond to the time of maximum percent-445

age difference in Joule heating from GITM compared to TIE-GCM; this time corresponds446

to the peak of the solid and dashed black lines in Figure 2 (c). Finally, the right-hand447

side panels of Figure 4 are from 17 March 2015 at 22:50 UT, and correspond to line D,448

which marks the peak of the storm, as indicated by the minimum in Dst . During this449

time, the maximum value of Joule heating appears in TIE-GCM, exceeding the corre-450

sponding value in GITM, as indicated by the local negative peak of the solid and dashed451

black lines in Figure 2 (c) at this time. The comparisons between the top and lower pan-452

els of Figure 4 show that, besides the differences in the amplitude of Joule heating be-453

tween GITM and TIE-GCM and the correlation of Joule heating with different driving454

parameters, there is also significant difference in the distribution of Joule heating in lon-455

gitude and latitude, with markedly different localization and extent of the structures where456

Joule heating appears.457
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Comparing the time series of Joule heating from the two GCMs with the correspond-458

ing values from the empirical models in Figure 2(a), it can be seen that there is a closer459

agreement between the empirical models and TIE-GCM rather than with GITM.460

Comparing the percentage difference between the hemispherically-integrated Joule461

heating in the northern and southern hemispheres that is plotted in Figure 2(d), it can462

be seen that TIE-GCM shows on average larger inter-hemispheric asymmetry than GITM463

during times of enhanced Joule heating, reaching up to ∼ 60% higher Joule heating in464

the northern hemisphere and up to ∼ 75% higher Joule heating in the southern hemi-465

sphere in the recovery phase of the storm; in comparison, GITM shows ∼ 50% higher466

Joule heating in the northern hemisphere during the peak of the storm and up to ∼ 25%467

higher Joule heating in the southern hemisphere in the descending phase. A striking dif-468

ference between the two models is revealed through the hemispherically-integrated, time-469

integrated (cumulative) Joule heating, plotted in Figure 3: whereas in GITM a larger470

amount of Joule heating is deposited in the northern hemisphere, in TIE-GCM the largest471

amount is deposited in the southern hemisphere. A conclusive explanation for this dis-472

crepancy can not be provided as part of this investigation, nor can a conclusion be drawn473

on the relative level of accuracy, but these results point to the need for a more detailed474

investigation.475

With respect to the causes of the inter-hemispheric differences, it is noted that so-476

lar EUV radiation, which is generally known to produce inter-hemispheric asymmetries477

in the Ionosphere-Thermosphere system, is hemispherically symmetric during this event,478

as the St Patrick’s day storm of March 2015 took place at a time that is close to the Spring479

equinox. Instead, the observed differences are most probably associated with the Earth’s480

asymmetric magnetic field configuration: for example, as discussed in, e.g., Laundal et481

al. (2017) and references therein, the dipole tilt and eccentricity shift in the Earth’s mag-482

netic field lead to a displacement between the geographic and geomagnetic poles, which483

is larger in the southern hemisphere, and to a difference in the magnetic field strength484

between north-south conjugated latitudes. Such asymmetries have been discussed by,485

e.g., Hong et al. (2021), who also used GITM to study the impacts of different causes486

on the inter-hemispheric asymmetry of the ionosphere-thermosphere system, including487

inter-hemispheric differences associated with the solar irradiance, the geomagnetic field,488

and the magnetospheric forcing under moderate geomagnetic conditions. Hong et al. (2021)489

also derived an index of inter-hemispheric asymmetry for Joule heating, which, for so-490

lar equinox conditions such as studied herein, was found to be as large as ∼ 43% due491

to the asymmetric geomagnetic field, ∼ 28% due to asymmetric particle precipitation492

and ∼ 35% due to asymmetric ion convection pattern. It is noted that, as discussed above,493

both GITM and TIE-GCM use the IGRF magnetic field model, and hence the asymme-494

tries in the magnetic field are the same; thus the differences in the observed behavior are495

more likely attributed to the asymmetric particle precipitation and the asymmetric ion496

convection pattern. However the exact causes of the different behavior of TIE-GCM and497

GITM with respect to the inter-hemispheric differences is a subject of further research.498

5 Summary and Conclusions499

Based on GITM, TIE-GCM and various empirical formulations, globally integrated500

heating rates are calculated during St Patrick’s day storm of 2015. It is found that Joule501

heating rate estimates in the global circulation models, GITM and TIE-GCM, are gen-502

erally higher in magnitude than all empirical models. Comparing GITM and TIE-GCM,503

it is found that Joule heating has higher amplitudes and also a smaller peak-to-peak vari-504

ability in GITM than in TIE-GCM. Through correlation analysis, and also by compar-505

ing the heating rates for a period of clear anti-correlation in the heating rate trend be-506

tween the two models, it is found that GITM is strongly driven by the SME index, which507

is not present in TIE-GCM, and that Joule heating in TIE-GCM is affected by south-508

ward turnings of Bz to a much larger extent than GITM.509
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By integrating the Joule heating estimates separately in each hemisphere, it is found510

that GITM shows a larger degree of asymmetry during the main phase of the storm than511

TIE-GCM. Furthermore, by integrating Joule heating in time it is found that the total,512

cumulative Joule heating input to the thermosphere is larger in GITM, followed by TIE-513

GCM and then by the various empirical models, with the percentage differences start-514

ing from ∼ 28% (GITM vs. TIE-GCM) and ∼ 56% (GITM vs. the model by (Cooper515

et al., 1995)). Interestingly, whereas higher Joule heating is found to be deposited cu-516

mulatively over the duration of the storm in the northern hemisphere in GITM, inversely,517

higher Joule heating is deposited in the southern hemisphere in TIE-GCM; the results518

of this discrepancy are a subject of further investigation. Furthermore, the localization519

(latitudinal and longitudinal distribution) of Joule heating is largely different in the two520

models.521

In conclusion, as also demonstrated by the discrepancies in the above cross-comparisons522

between empirical and physics-based models, Joule heating remains to this date a quan-523

tity with many discrepancies in its estimation, showing large gaps in its understanding524

and parameterization. At the same time, it is a quantity of great significance in LTI pro-525

cesses, as it determines to a great extent the overall energy budget, in particular dur-526

ing active solar and geomagnetic conditions. Thus, characterizing its magnitude, time527

evolution and variability within the latitude and altitude region where it maximizes and528

accurately parameterizing Joule heating by solar and geomagnetic conditions are crit-529

ical missing pieces in accurately understanding and modeling LTI processes. This demon-530

strates the currently limited knowledge about Joule heating and emphasizes the need531

for comprehensive measurements, such as outlined in T. Sarris et al. (2023), to accurately532

quantify Joule heating.533

6 Open Research534

The netCDF type data used for integrated Joule heating in the study are available535

at ZENODO via 10.5281/zenodo.7716871 with Creative Common Attribution 4.0 In-536

ternational licence. Space indices files are delivered by OMNIWEB and SuperMAG and537

included in the aforementioned dataset.538

Software used for calculation of Joule Heating is preserved at 10.5281/zenodo.7716871,539

available via Creative Common Attribution 4.0 International licence and developed openly540

using Python and Fortran.541

Code and Data of this project is available on Pirnaris et al. (2023)542
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Abstract16

It is well known that the primary solar wind energy dissipation mechanism in the Earth’s17

upper atmosphere is Joule heating. Two of the most commonly used physics-based Global18

Circulation Models (GCM) of the Earth’s upper atmosphere are the Global Ionosphere/19

Thermosphere Model (GITM) and the Thermosphere-Ionosphere-Electrodynamics Gen-20

eral Circulation Model (TIE-GCM). At the same time, a number of empirical formula-21

tions have been derived to provide estimates of Joule heating rates based on indices of22

solar and geomagnetic activity. In this paper, a comparison of the evolution of the globally-23

integrated Joule heating rates between the two GCMs and various empirical formula-24

tions is performed during the solar storm of 17 March 2015. It is found that all empir-25

ical formulations on average underestimate Joule heating rates compared to both GITM26

and TIE-GCM, whereas TIE-GCM calculates lower heating rates compared to GITM.27

It is also found that Joule heating is primarily correlated with the auroral electrojet in28

GITM, whereas Joule heating in TIE-GCM is correlated better with the Dst index and29

with prolonged southward turnings of the Interplanetary Magnetic Field component, Bz.30

By calculating the heating rates separately in the northern and southern hemispheres31

it is found that in GITM higher Joule heating rates are observed in the northern hemi-32

sphere, whereas in TIE-GCM higher Joule heating rates are observed in the southern33

hemisphere. The differences and similarities between the two global circulation models34

and the various empirical models are outlined and discussed.35

1 Introduction36

During geomagnetic storms, Joule heating is known to be the dominant solar wind37

energy dissipation mechanism. Joule heating maximizes in the lower thermosphere-ionosphere38

(LTI) region, within the 100 to 200 km altitude range, where also current density and39

conductivity (Pedersen and Hall) maximize. The quantification of Joule heating is a sub-40

ject of intense research, as it is critical in determining the structure and evolution of the41

Lower Thermosphere-Ionosphere, and is responsible for a number of effects of societal42

importance, such as for determining atmospheric drag and predicting the resulting de-43

orbiting times of satellites and space debris within this region. For example, the recent44

loss of 40 Space-X satellites in February 2022 is thought to have been caused by an un-45

derestimate of the enhancement of thermospheric neutral density that resulted from en-46

hanced Joule heating during a moderate geomagnetic storm (Dang et al., 2022; Y. Zhang47

et al., 2022; Hapgood et al., 2022). It is for this reason that quantifying the heating rates48

is critical in order to accurately determine satellite drag and orbital lifetime estimations.49

Whereas the physics of the collisional processes leading to Joule heating is well un-50

derstood and is captured in Global Circulation Models (GCMs) of the ionosphere-thermosphere51

system, the quantification of Joule heating is still largely unknown, and large discrep-52

ancies appear between different models and estimation methodologies (Palmroth et al.,53

2005; Rodger et al., 2001). This is in part because the exact quantification of Joule heat-54

ing requires the simultaneous and co-located measurement of all relevant parameters that55

are involved in the calculations of conductivity, electrical currents and fields, and in part56

because an unknown amount of Joule heating is found in small-scale or sub-grid vari-57

ability that can not be captured by current models. Also contributing to the above un-58

certainty, the lower thermosphere-ionosphere (LTI) region, where Joule heating maxi-59

mizes, is the least sampled of all atmospheric regions (see, e.g., T. Sarris et al. (2023),60

and references therein): due to the high air drag, the altitude range from ∼100 to 20061

km is too high for balloon experiments and too low for current LEO satellites. Thus, the62

majority of available measurements for this region comes from ground based observa-63

tories, such as Incoherent Scatter Radars, and very few in-situ space missions, such as64

the Atmosphere Explorers of the early 80’. Measurements from the above are used in65

formulating empirical models of the upper atmosphere, such as the International Ref-66

erence Ionosphere (IRI) (Bilitza, 2018), NRLMSISE-00 (Picone et al., 2002) and the Hor-67
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izontal Wind Model (HWM) (Drob et al., 2008). Furthermore, physics-based global cir-68

culation Models (GCM), such as the Global Ionosphere/Thermosphere Model (GITM)69

(Ridley et al., 2006) or the National Center for Atmospheric Research (NCAR) Thermosphere-70

Ionosphere-Electrodynamics General Circulation Model (TIE-GCM) (Qian et al., 2013)71

simulate the energetics, dynamics and chemistry of this region. However, there are great72

discrepancies in geophysical observables describing the basic state of the LTI between73

empirical models and physics-based models, such as neutral temperature and density,74

which are largely based on the uncertainty in estimating the amount of Joule heating75

in the LTI.76

Among physics-based models, GITM and TIE-GCM are widely used by the upper77

atmosphere scientific community. Both are 3D gridded numerical models that are used78

to simulate the state of the thermosphere and ionosphere in response to external driv-79

ing by solar wind conditions. GITM and TIE-GCM are both based on a set of equations80

that describe the physical processes that occur within the thermosphere and ionosphere,81

such as radiation, convection, and dynamical forcing. From the outputs of these mod-82

els, which include all essential variables or geophysical observables of the thermosphere83

and ionosphere, Joule heating can be directly computed at each model grid point.84

Together with the above physics-based models, a number of empirical formulations85

have been derived as proxies of Joule heating, driven by solar and geomagnetic condi-86

tions. For example, Joule heating has been found to be closely related to the AE and87

AL indices (e.g., Perreault and Akasofu (1978); Akasofu (1981); Ahn et al. (1983); Baumjohann88

and Kamide (1984); Ahn et al. (1989),A. Richmond et al. (1990), Cooper et al. (1995),89

Lu et al. (1995), Lu et al. (1998). Seasonal and hemispherical differences have been ex-90

amined as well to establish a more accurate relation between Joule heating and the ge-91

omagnetic indices (Nisbet (1982); Lu et al. (1998)). Further to the above, Chun et al.92

(1999) estimated Joule heating with a quadratic fit to the Polar Cap (PC ) index, whereas93

Knipp et al. (2005) expanded on the work of Chun et al. (1999) by proposing a formula94

that is based on both the PC and the Disturbance Storm Time (Dst) indices. It is noted95

that most of the above relations do not take into account the effects of neutral winds,96

which are known to impact Joule heating significantly (see, e.g., Lu et al. (1995); Emery97

et al. (1999)).98

In this paper Joule heating estimates are presented based on simulation results of99

the solar storm of 17 March 2015, the largest geomagnetic storm of solar cycle 24 (also100

known as St Patrick’s day 2015 storm). Globally integrated Joule heating rates are cal-101

culated in both GITM and TIE-GCM, and are compared against estimates obtained from102

various empirical formulations. Together with the time series of the evolution of Joule103

heating during the storm, the cumulative globally integrated Joule heating is compared104

as calculated by each model. Furthermore, hemispherically-integrated Joule heating rate105

estimates are compared between GITM and TIE-GCM. It is found that all empirical for-106

mulations generally under-estimate the total Joule heating compared to the two GCMs.107

This paper is organized as follows: Section 2 presents details of the GITM and TIE-108

GCM and describes the derivation of Joule heating in both models. Section 3 presents109

the results of the implementation of the simulations for St Patrick’s day 2015 storm as110

well as the resulting Joule heating as obtained from various empirical formulations. Sec-111

tion 4 discusses the results, highlighting potential causes of the observed discrepancies.112

Finally, Section 5 summarizes the conclusions of this work.113

2 General Circulation Models114

2.1 The Global Ionosphere-Thermosphere Model (GITM)115

GITM is a non-hydrostatic global circulation model that has been developed in or-116

der to simulate the energy balance, chemistry, and dynamics of the Earth’s ionosphere117
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and thermosphere (Ridley et al., 2006; Deng et al., 2019; Vichare et al., 2012). It has118

also been used to simulate planetary upper atmospheres (Bougher et al., 2015). GITM119

simulates the state of the mutually coupled ionosphere and thermosphere at altitudes120

from 100 km to ∼600 km. It solves the coupled continuity, momentum and energy equa-121

tions of neutrals and ions. The continuity, momentum, and energy equations in GITM122

have realistic source terms and a contemporary advection solver. Furthermore, GITM123

solves for the vertical momentum equation, which enables the development of non-hydrostatic124

solutions and the simulation of more accurate auroral zone dynamics. Each neutral species125

has a distinct vertical velocity, with a frictional term linking the velocities. Ion species126

in GITM include: O+(4S), O+(2D), O+(2P ), O+
2 , N

+, N+
2 , and NO+ whereas neutral127

include: O, O2, N(2D), N(2P ), N(4S), N2, and NO. A key advantage of GITM com-128

pared to other GCMs is that it is capable of employing a versatile, non-uniform grid, with129

variable resolution in both altitude and latitude, as opposed to a pressure grid that is130

commonly used in other thermosphere codes. The vertical grid spacing is less than 3 km131

in the lower thermosphere, at altitudes from 100 to 250 km, whereas it is over 10 km132

in the upper thermosphere, at altitudes from ∼250 km to 600 km. The ion momentum133

equation is solved with the assumption of a stable state, while accounting for the pres-134

sure, gravity, neutral breezes, and external electric fields. Several high-latitude ionospheric135

electrodynamic models can be used as external drivers of GITM; these include, among136

others, the Assimilative Mapping of Ionospheric Electrodynamics (AMIE) approach (A. D. Rich-137

mond & Kamide, 1988), the Weimer model (Weimer, 2005), and the Ridley et al. elec-138

trodynamic potential pattern (Ridley et al., 2000). GITM model runs are initiated in139

a number of different ways, such as (1) utilizing an ideal environment in which the user140

inputs the density and temperature at the base of the atmosphere; (2) using MSIS (Picone141

et al., 2002) and International Reference Ionosphere (IRI) (Bilitza, 2018); and (3) start-142

ing from a prior run. In the present study, the second of the above initialization approaches143

is followed.144

Using the geophysical parameters that are produced as outputs of GITM, Joule heat-145

ing can then be estimated. These estimations require in addition the computation of elec-146

trical current j and Pedersen conductivity, σP . The equations that are used in the es-147

timations of the above heating rates are presented in Section 2.3; their derivations are148

further elaborated in T. Sarris et al. (2022).149

2.2 The Thermosphere, Ionosphere, and Electricity General Circulation150

Model (TIE-GCM)151

The NCAR Thermosphere, Ionosphere, and Electricity General Circulation Model152

(TIE-GCM) is a first-principles, three-dimensional, nonlinear description of the linked153

thermosphere and ionosphere system with a self-consistent solution of the middle and154

low-latitude dynamo field (see, e.g., Qian et al. (2013)). The three-dimensional momen-155

tum, energy and continuity equations for neutral and ion species are solved at each time-156

step using a semi-implicit, fourth-order, centered finite difference method on each pres-157

sure surface in a staggered vertical grid. The main assumptions used in TIE-GCM cal-158

culations include steady-state for the ion and electron energy equations, hydrostatic as-159

sumption and constant gravity. A streamlined formulation is used for eddy diffusion. Pho-160

toelectron heating is based on a streamlined connection. Simple empirical specifications161

define the upper boundary requirements for electron heat and flux transfer. Furthermore,162

TIE-GCM also solves for the vertical momentum equation. Ion species in TIE-GCM in-163

clude: O+, O+
2 , N

+
2 , NO+, and N+ whereas neutral include:O, O2, NO, N(4S), N(2D).164

In TIE-GCM, CO2 is assumed to be in diffusive equilibrium, although it is not explic-165

itly solved. Similarly to GITM, Joule heating is subsequently estimated based on the geo-166

physical parameters that are provided as outputs of TIE-GCM. The equations that are167

used in the estimations of the above heating rates are further discussed in Section 2.3.168
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2.3 Derivation of Joule heating rate in TIE-GCM and GITM169

In this section the methodology for calculating the Joule heating rates in GITM170

and TIE-GCM is presented, which is slightly different between the two GCMs: Whereas171

GITM calculates Joule heating by calculating the complete neutral-ion collisional heat-172

ing rate, as described in Killeen et al. (1984) and Zhu and Ridley (2016), TIE-GCM fol-173

lows the approach outlined in Lu et al. (1995). In the following, the equivalence of the174

two methodologies is derived, highlighting the assumptions used in each methodology.175

The derivation is initiated by applying the Poynting theorem to the high-latitude iono-176

sphere:177

∂W

∂t
+∇ · S⃗ + J⃗ · E⃗ = 0 (1)178

where W is the electromagnetic energy density, S⃗ is the Poynting vector, J⃗ is the179

electric current and E⃗ is the electric field. Neglecting the electromagnetic energy den-180

sity rate of change by assuming a quasi-steady state, equation (1) becomes:181

∇ · S⃗ + J⃗ · E⃗ = 0 (2)182

The J⃗ ·E⃗ term is the energy dissipated/generated (Lu et al., 1995). By account-183

ing that the parallel to the ambient magnetic field component of the electric field is much184

smaller than the perpendicular component (E⃗ ≈ E⃗⊥), the J⃗ · E⃗ becomes equal to J⃗⊥ ·185

E⃗⊥.186

The ionospheric Joule heating is calculated in the reference frame of the neutral187

constituents. Thus, by assuming that the neutrals move with a velocity u⃗n, the electric188

field in the reference frame of the neutrals is expressed as:189

E⃗∗
⊥ = E⃗⊥ + u⃗n × B⃗ (3)190

Thus,191

E⃗⊥ = E⃗∗
⊥ − u⃗n × B⃗ (4)192

By using equation (4), the electromagnetic energy exchange rate becomes:193

J⃗⊥ · E⃗⊥ = J⃗⊥ · E⃗∗
⊥ − J⃗⊥ · (u⃗n × B⃗) (5)194

where the term J⃗⊥ ·E⃗∗
⊥ is the Joule heating rate and the term J⃗⊥ ·(u⃗n×B⃗ is the195

mechanical energy transfer to the neutrals (Lu et al., 1995). Thus, the Joule heating rate196

can be expressed as:197

qJH = J⃗⊥ · E⃗∗
⊥ (6)198

Regarding the electrical current term, applying Ohm’s to the ionospheric plasma199

leads to:200

J⃗⊥ = J⃗P + J⃗H = σP E⃗
∗
⊥ − σH(E⃗∗

⊥ × b̂) (7)201
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where J⃗P is the Pedersen current, J⃗H is the Hall current, b̂ is the unit vector among202

the ambient magnetic field, and σP and σH are the Pedersen and Hall conductivities re-203

spectively. The Hall current is non-dissipative, and the power transfer is achieved by the204

Pedersen current; thus, equation (5) becomes:205

qJH = J⃗P · E⃗∗
⊥ = (σP E⃗

∗
⊥) · E⃗∗

⊥ = σP |E⃗⊥ + u⃗n × B⃗|2 (8)206

Equation (8) is the expression used internally by TIE-GCM for the calculation of207

Joule heating in the model.208

As discussed above, GITM follows a different approach in calculating Joule heat-209

ing, by calculating the complete neutral-ion collisional heating rate, given as in Killeen210

et al. (1984) and Zhu and Ridley (2016):211

qJH =
∑
n

nnmn

∑
i

νni
mi +mn

[3kB(Ti − Tn) +mi(u⃗n − v⃗i)
2] (9)212

where nn is the neutral number density, mn is the neutral mass, mi is the ion mass,213

νni is the neutral-ion collision frequency, kB is the Boltzmann constant, Ti and Tn are214

the ion and neutral temperatures respectively and vi is the ion velocity.215

Subsequently, the equivalence of (8) and (9) with respect to the calculation of Joule216

heating rates in the ionosphere needs to be shown. By assuming that the ion temper-217

ature is in steady state and that the ions are coupled to both the neutrals and electrons,218

the ion energy equation is derived as:219

220

3kBNe
mi

mi +mn
νin(Ti − Tn) = Neνin

mimn

mi +mn
(u⃗n − v⃗i)

2+221

3kBNe
mi

mi +me
νie(Te − Ti) +Neνie

mime

mi +me
(u⃗e − v⃗i)

2 (10)222

223

Considering me << mi, thus mi/(mi + me) ≈ 1 and after some manipulations,224

equation (10) becomes:225

226

3kB
mi

mi +mn
(Ti − Tn) =

mimn

mi +mn
(u⃗n − v⃗i)

2+227

3kB
νie
νin

(Te − Ti) +
νie
νin

me(u⃗e − v⃗i)
2 (11)228

229

Collisions between electrons and ions become important (compared to ion-neutral230

collisions) only in the upper ionosphere, where, however, ions and electrons have almost231

similar velocities perpendicular to the ambient magnetic field (E×B drift), thus v⃗i⊥−232

v⃗e⊥ ≈ 0. Furthermore, in general, at high latitudes, νie << νin, and thus (11) becomes:233

3kB(Ti − Tn) ≈ mn(u⃗n − v⃗i)
2 (12)234

By substituting (12) into (9) we get:235

qJH =
∑
n

nnmn

∑
i

νni
mi +mn

[mn(u⃗n − v⃗i)
2 +mi(u⃗n − v⃗i)

2] (13)236
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Finally, using the relation between ion-neutral and neutral-ion collision frequen-237

cies:238

nnmnνni = nimiνin (14)239

equation (13) becomes:240

qJH =
∑
i

nimi

∑
n

νin(u⃗n − v⃗i)
2 (15)241

which is the ion-neutral frictional heating rate. The equivalence between the ion-242

neutral frictional heating rate and the Joule heating rate has been proven in Strangeway243

(2012), and thus the equivalence of the Joule heating calculation between GITM and TIE-244

GCM is derived.245

The Pedersen conductivity that is needed for the calculation of Joule heating in246

equation (8) is calculated as:247

σP =
qe
B

[
NO+

rO+

1 + r2O+

+NO+
2

rO+
2

1 + r2
O+

2

+NNO+

rNO+

1 + r2NO+

+Ne
re

1 + r2e

]
(16)248

where rO+ , rO+
2
, rNO+ and re are the collision to gyrofrequency ratios (i.e. νi(e)n/Ωi(e))249

of O+, O+
2 , NO+ and e respectively, which are calculated as described in tables 4.4 and250

4.5 of Schunk and Nagy (2009), and NO+ , NO+
2
, NNO+ and Ne are the number densi-251

ties of species in m−3. Collision frequencies of the aforementioned species are calculated252

for collisions with neutral species of O, O2 and N2.253

In order to calculate the global heating rates over the same altitude range in the254

two GCMs, the outputs of each of the two GCMs are first re-gridded with the same al-255

titude resolution and subsequently heating rates are integrated in altitude over the re-256

grided datasets, from 100km to 600km, and across all magnetic latitudes and longitudes.257

Further to these calculations, heating rates are also integrated in altitude and are plot-258

ted as a function of magnetic latitude and longitude; such altitude-integrated Joule heat-259

ing rates have also been calculated in a number of prior studies, such as by Lu et al. (1995);260

Thayer (1998); Weimer (2005) and Deng et al. (2009). In this study, height integrations261

are performed based a trapezoidal integration scheme, according to:262

∫ b

a

f(x)dx =

N∑
k=1

f(xk − 1) + f(xk)

2
∆x (17)263

where f denotes the altitude-resolved quantity that is integrated, x is the altitude,264

are the a and b are the upper and lower limits of integration respectively and k denotes265

the provided discrete altitude levels.266

Further details on the analysis presented herein can be found in, e.g., T. E. Sar-267

ris et al. (2020), T. Sarris et al. (2022) and references therein. The above calculations268

were performed using the integration module of the open-source code DaedalusMASE269

(T. Sarris et al., 2022), which has been translated to C++ from the original code that270

was written in python so as to be more efficient in terms of execution time.271
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3 Model Runs272

GITM and TIE-GCM runs were performed for St Patrick’s day storm of March 2015,273

which is the first and also the largest geomagnetic storm of solar cycle 24. Various as-274

pects of this storm have been described in numerous studies, including, for example, the275

work of Kanekal et al. (2016) and Hudson et al. (2017) who studied the prompt injec-276

tion and acceleration of energetic electrons, Jaynes et al. (2018) and Ozeke et al. (2019)277

who investigated the fast radial diffusion driven by ULF waves, Lyons et al. (2016), Marsal278

et al. (2017) and Prikryl et al. (2016) who studied ionospheric disturbances induced by279

energy inputs into the high-latitude regions, Wei et al. (2019), S.-R. Zhang et al. (2017)280

and Yue et al. (2016) who studied subauroral processes related to magnetosphere-ionosphere281

coupling, Dmitriev et al. (2017) and Zakharenkova et al. (2016) who studied changes in282

global neutral wind driven by high-latitude energy and momentum inputs, and D. Zhang283

et al. (2022) who focused on the generation and propagation of the induced electric field284

that was responsible for the prompt acceleration of energetic electrons during this storm.285

In this study, the focus is instead placed on estimating the total Joule heating dissipa-286

tion during this event, and on investigating discrepancies between GITM, TIE-GCM,287

as well as various commonly used empirical models.288

For consistency, both the GITM and TIE-GCM runs were performed using the same289

model for high latitude potential estimation, the Weimer model (Weimer, 2005), which290

is the default electric field specification for both models. The Weimer model uses as in-291

puts the following Interplanetary Magnetic Field (IMF) parameters: plasma density, ve-292

locity Vx (along Sun-Earth), and the transverse orientation of the solar wind magnetic293

field By, Bz. In addition, both GITM and TIE-GCM use as input the daily F10.7 in-294

dex, an 81-day average of F10.7 and the 3-hourly Kp index. It is noted that TIE-GCM295

uses the above inputs with a 15-min resolution whereas GITM uses the above inputs with296

a 1-min resolution. Moreover, GITM requires as input the maximum eastward auroral297

electrojets strength (SMU ), the maximum westward auroral electrojets strength (SML)298

and the difference between SMU and SML (SME ).299

In terms of resolution, the TIE-GCM run was performed with a spatial resolution300

of 2.5 degrees in latitude and longitude, 4 grid points per scale height and a time step301

of 30 seconds. The GITM run was performed for the same resolution of 2.5 degrees in302

latitude and longitude, in order to cross-compare simulation results with those of TIE-303

GCM. The altitude resolution of GITM is 3 grid points per scale height and the tem-304

poral resolution is 10 seconds. The resulting output datasets were then converted to a305

common format for further processing. The datasets and the code are available though306

Pirnaris et al. (2023). Models Runs were performed on a CPU-based machine with 64GB307

RAM and an Intel(R) Core(TM) i9-9900K CPU @ 3.60GHz.308

Further to the calculation of Joule heating rates in GITM and TIE-GCM, ionospheric309

dissipation through Joule heating are commonly approximated via empirical formula-310

tions that use geomagnetic indices as input. Several studies have derived empirical re-311

lationships for the quantification of hemispheric and global Joule heating that are us-312

ing the AE or AL indices as inputs; these include the studies by Perreault and Akasofu313

(1978), Akasofu (1981), Ahn et al. (1983), Baumjohann and Kamide (1984), Cooper et314

al. (1995), Lu et al. (1995). Later on, Chun et al. (1999) estimated Joule heating with315

a quadratic fit to the Polar Cap (PC ) index. Expanding upon the work of Chun et al.316

(1999), Knipp et al. (2005) proposed an empirical formula based on the PC and the Dis-317

turbance Storm Time (Dst) indices. A summary of the above studies and the correspond-318

ing relationships as well as constraints in terms of season or hemisphere where these are319

applicable are presented in Table 1.320

An overview of St Patrick’s day storm of March 2015 is presented in Figure 1. The321

storm was caused by a coronal mass ejection that arrived at Earth at ∼04:45 UT, whereas322

the main phase of the storm began at ∼06:00 UT, indicated by the first vertical dashed323
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Table 1. Empirical Formulas for Joule Heating Estimations

Study Formula Hemisphere Season

Perreault and Akasofu (1978) 0.05AE(12) - -
Akasofu (1981) 0.1AE(12) N Spring
Ahn et al. (1983) 0.23AE(12) N Spring
Ahn et al. (1983) 0.19AE(71) N Spring
Ahn et al. (1983) 0.3AL(12) N Spring
Ahn et al. (1983) 0.27AL(71) N Spring
Baumjohann and Kamide (1984) 0.32AE(12)± 5 N Spring
Baumjohann and Kamide (1984) 0.33AE(71)± 5 N Spring
Baumjohann and Kamide (1984) 0.4AL(71)± 5 N Spring
Cooper et al. (1995) 0.54AE(12)− 49 N Autumn
Cooper et al. (1995) 0.28AE(AMIE )− 20 N Autumn
Lu et al. (1995) 0.33AE(12)− 26 N Spring
Chun et al. (1999) 4.14PC2 + 25PC + 8.9 - Equinox
Knipp et al. (2005) 2.54PC2 + 29.14PC + 0.21Dst+ 0.0023Dst2 - -

*The numbers in parentheses indicate the number of magnetic stations used in the study

line marked as A, when the Dst index started to gradually decrease (Figure 1 panel (a))324

and the Bz component of the interplanetary magnetic field (IMF) turned southward for325

the first time (Figure 1 panel (b))). Shortly afterwards, at ∼07:10 UT, the IMF Bz turned326

northward and then turned negative again at ∼07:30 UT. From ∼10:10 UT to ∼12:20327

UT Bz became positive again, leading to a small increase in Dst . Finally, at ∼12:20 UT,328

indicated by the second vertical dashed line marked as B, the IMF Bz turned southward329

and remained that way until the next day. The Dst index continued to decrease, reach-330

ing its minimum of -223 nT at ∼23:20 UT on 17 March. This was followed by a long re-331

covery phase. The planetary Kp index, also shown in Figure 1 panel (a), reached its max-332

imum value of 7+ to 8- from ∼12 UT to 24 UT.333

The AE and AL indices, at 1 min resolution, are available from the World Data334

Center(WDC) for Geomagnetism, Kyoto, Japan. The Polar Cap index, at 1 min reso-335

lution, consists of the Polar Cap North index (PCN index) and the Polar Cap South in-336

dex (PCS index). PCN index is taken from the National Space Institute, Technical Uni-337

versity of Denmark (DTU, Denmark) and PCS index from the Arctic and Antarctic Re-338

search Institute (AARI, Russian Federation). The Dst index is provided at 1 hour res-339

olution from WDC, Kyoto, Japan. In order to calculate Joule heating according to Knipp340

et al. (2005) with a 1 min resolution, we replaced the Dst index with the SYM−H in-341

dex at 1 min resolution from WDC, Kyoto, Japan; as discussed in Wanliss and Showal-342

ter (2006), the Dst and SYM−H indices are considered equivalent but with different time343

resolutions. A comparison between the two indices is presented in Figure 1(a). The datasets344

used in this study are readily available at Pirnaris et al. (2023).345

Panels (a) through (e) of Figure 1 present the aggregated driving inputs of GITM346

and TIE-GCM, as described above, as well as the indices used as inputs for the empir-347

ical parameterizations of Joule heating, as follows: Panel (a) presents the Dst index (green348

color), the SYM−H index (dark-cyan color), the 3-hourly Kp index (purple) and the349

F10.7 index (blue dashed line). Panel (b) shows the AL index (orange) and the AE in-350

dex (cyan). Panel (c) shows the IMF components, By (blue) and Bz (brown), in GSM351

coordinates, for the duration of St Patrick’s day storm; the vertical line A marks the first352

southward turning of Bz, indicating the start of the main phase of the storm, while Line353

B in the same figure indicates the start of a prolonged period when Bz remains south-354

ward; this is further discussed below. Panel (d) presents the solar wind velocity Vx along355
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the Sun-Earth line (blue solid line) and the plasma density, in units n/cc (brown solid356

line). Panel (e) presents the maximum eastward auroral electrojet strength (blue solid357

line), the maximum westward auroral electrojet strength (blue dashed line) and the dif-358

ference between the two (brown solid line), which are used in driving the GITM model359

in addition to the inputs shown in panels (a), (d) and (e).360

In panel (f) the globally-integrated Joule heating rates are presented as calculated361

based on the GCMs and the empirical models: The Joule heating rate based on GITM362

is marked with a thicker dark blue line; Joule heating rate based TIE-GCM is marked363

with a thicker brown line; and Joule heating rates as estimated according to the vari-364

ous empirical formulations of Table 1 are plotted with the thinner lines, as marked in365

the inset of figure (in chronological order). It is noted that all the empirical formulas listed366

in this table give hemispheric estimates of Joule heating; in the results presented in Fig-367

ure 1 they were multiplied by a factor of 2 to obtain approximations of the global val-368

ues of Joule heating.369

In order to investigate the inter-hemispheric asymmetries between GITM and TIE-370

GCM, in Figure 2 the integrated Joule Heating are plotted separately over the North-371

ern (panel a) and Southern (panel b) hemispheres. The percentage difference between372

Joule heating in GITM and TIE-GCM are shown in panel (c), plotted with a solid line373

for the northern hemisphere and with a dashed line for the southern hemisphere. Finally,374

in panel (d) the ratio between Joule heating in the northern hemisphere over Joule heat-375

ing in the southern hemisphere (NH /SH ) is plotted separately for GITM (blue line) and376

TIE-GCM (brown line); these results are further discussed below.377

In order to cross-compare the total amount of Joule heating that is deposited onto378

each thermospheric hemisphere during St Patrick’s day storm 2015 as estimated by the379

two GCMs and the various empirical models, in Figure 3 the cumulative, time-integrated380

Joule heating is plotted as a function of time. The corresponding models are color-coded381

and are listed in order of descending Joule heating. The estimated cumulative Joule heat-382

ing in the northern (southern) hemisphere are plotted in GITM and TIE-GCM with thicker383

solid (dashed) lines. The thinner lines indicate Joule heating estimates over the north-384

ern hemisphere according to the empirical models of Table 1, as marked in the figure’s385

inset. In the cases that empirical estimates are based on indices obtained from 12 ground386

stations, the results are plotted with a thin solid line, whereas estimates that are based387

on 71 stations are plotted with a thin dotted line.388

4 Discussion389

Based on the simulation results shown in Figures 1 and 2 we observe that, even though390

there is a general order-of-magnitude agreement in the values of the globally-integrated391

Joule heating rates as obtained through TIE-GCM and GITM in the first part of the storm,392

up to line B, as well as after the time of minimum Dst and in the recovery phase of the393

storm, after line D, a significant disagreement is observed during the storm main phase,394

and in particular between lines B and D, both in terms of amplitude as well as in terms395

of the overall shape and evolution of Joule heating between the two GCMs.396

In order to identify the key driving parameters of these discrepancies in Joule heat-397

ing between the two models, a distance correlation (Richards, 2017) analysis has been398

performed between the two Joule heating rate time series and each of the input param-399

eter time series shown in panels (a) through (d) of Figure 1. Through the correlation anal-400

ysis, it is found that Joule heating in GITM is strongly driven by the SME electrojet401

strength, with a correlation coefficient of 0.70; the correlation of SME with TIEGCM402

is 0.54, although it is noted that SME is not used as an input in TIE-GCM. In compar-403

ison, the correlation coefficient of GITM and TIE-GCM with By is 0.27 and 0.21, respec-404

tively, and the correlation with Bz is -0.36 and -0.24, respectively. The negative sign in-405
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Figure 1. Joule Heating in combination with Geophysical Indices and used quantities
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Figure 2. Integrated Joule Heating time-series per Hemisphere, North 63° to 90° deg and

South -63° to -90°

dicates an anti-correlation between Joule heating and Bz, which is attributed to the en-406

hanced Joule heating during southward turnings of the IMF. The dependence of Joule407

heating on Bz has been examined in more detail in various studies, such as, e.g., by McHarg408

et al. (2005).409

The differences in the resulting Joule heating due to the different driving condi-410

tions are evident in particular in the period from ∼13:30UT to ∼16:30UT on March 17,411

2015, shown in the gray-shaded region that is bounded by lines B and C. During this time,412

it can be seen that GITM is well correlated with the SME electrojet strength, with an413

increase and subsequent decrease in SME being accompanied by a corresponding increase414

followed by a gradual decrease in Joule heating, whereas, in contrast, Joule heating in415

TIE-GCM shows an initial drop followed by a gradual increase. This increase appears416

to be well-correlated with the prolonged southward turning of IMF Bz during this time,417

which does not appear to affect in the same way the calculations of Joule heating in GITM.418

An additional striking difference between GITM and TIE-GCM is a clear corre-419

lation between the peak of Joule heating and the minimum Dst in TIE-GCM, marked420

with line D, whereas GITM does not seem to follow a similar correlation with Dst . Fur-421

thermore, TIE-GCM demonstrates a larger variability compared to GITM, as indicated422

by the larger peak-to-peak fluctuation amplitudes. It is speculated that this is due to423

the large number of southward Bz turnings during this event, which, as discussed above,424

appears to affect to a larger extent the calculations of Joule heating in TIE-GCM rather425

than in GITM.426

Comparing the magnitudes of the two Joule heating estimates between the two GCMs427

as shown in Figure 2(a) and (b), it is found that the two estimates are in closer agree-428

ment in the initial phase of the storm, but that subsequently, after the southward turn-429

ing of Bz and the increase of Kp from 4 to 8-, GITM estimates are almost consistently430
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Figure 3. Time-integrated (cumulative) global Joule heating according to GITM, TIE-GCM

and various empirical models, as marked, listed from highest to lowest Joule heating values.
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Figure 4. Height-integrated Joule Heating as calculated in GITM (top) and TIE-GCM (bot-

tom) over the northern hemisphere for three different snapshots during St. Patricks day event, as

marked.

higher that those of TIEGCM, reaching a maximum percentage difference of ∼ 143%431

on 17 March 2015, 14:10 UT as shown in Figure 2(c), with the exception of the short time432

period around the minimum Dst , observed on 17 March 2015, 22:50 UT (vertical dashed433

line D), when Joule heating in TIE-GCM exceeds the values of GITM by ∼ 30%. It is434

noted that even higher (in absolute value) percentage differences of Joule heating appear435

between TIE-GCM and GITM later on during the recovery phase on 18 and 19 March436

2015, even though these large percentage differences and their large fluctuations are due437

to the very low values of Joule heating that are observed during the recovery phase.438

In Figure 4 a polar plot of the height-integrated Joule heating over the northern439

hemisphere as a function of geographic latitude and longitude, based GITM (top pan-440

els) and TIE-GCM (lower panels), is presented. Three characteristic snapshots during441

St Patrick’s day storm are plotted: the left-hand side panels are from 17 March 2015 at442

06:20 UT, and correspond to the beginning of the storm, which is characterized by a close443

agreement in the magnitude of Joule heating from the two models. The middle panels444

are from 17 March 2015 at 14:10 UT, and correspond to the time of maximum percent-445

age difference in Joule heating from GITM compared to TIE-GCM; this time corresponds446

to the peak of the solid and dashed black lines in Figure 2 (c). Finally, the right-hand447

side panels of Figure 4 are from 17 March 2015 at 22:50 UT, and correspond to line D,448

which marks the peak of the storm, as indicated by the minimum in Dst . During this449

time, the maximum value of Joule heating appears in TIE-GCM, exceeding the corre-450

sponding value in GITM, as indicated by the local negative peak of the solid and dashed451

black lines in Figure 2 (c) at this time. The comparisons between the top and lower pan-452

els of Figure 4 show that, besides the differences in the amplitude of Joule heating be-453

tween GITM and TIE-GCM and the correlation of Joule heating with different driving454

parameters, there is also significant difference in the distribution of Joule heating in lon-455

gitude and latitude, with markedly different localization and extent of the structures where456

Joule heating appears.457
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Comparing the time series of Joule heating from the two GCMs with the correspond-458

ing values from the empirical models in Figure 2(a), it can be seen that there is a closer459

agreement between the empirical models and TIE-GCM rather than with GITM.460

Comparing the percentage difference between the hemispherically-integrated Joule461

heating in the northern and southern hemispheres that is plotted in Figure 2(d), it can462

be seen that TIE-GCM shows on average larger inter-hemispheric asymmetry than GITM463

during times of enhanced Joule heating, reaching up to ∼ 60% higher Joule heating in464

the northern hemisphere and up to ∼ 75% higher Joule heating in the southern hemi-465

sphere in the recovery phase of the storm; in comparison, GITM shows ∼ 50% higher466

Joule heating in the northern hemisphere during the peak of the storm and up to ∼ 25%467

higher Joule heating in the southern hemisphere in the descending phase. A striking dif-468

ference between the two models is revealed through the hemispherically-integrated, time-469

integrated (cumulative) Joule heating, plotted in Figure 3: whereas in GITM a larger470

amount of Joule heating is deposited in the northern hemisphere, in TIE-GCM the largest471

amount is deposited in the southern hemisphere. A conclusive explanation for this dis-472

crepancy can not be provided as part of this investigation, nor can a conclusion be drawn473

on the relative level of accuracy, but these results point to the need for a more detailed474

investigation.475

With respect to the causes of the inter-hemispheric differences, it is noted that so-476

lar EUV radiation, which is generally known to produce inter-hemispheric asymmetries477

in the Ionosphere-Thermosphere system, is hemispherically symmetric during this event,478

as the St Patrick’s day storm of March 2015 took place at a time that is close to the Spring479

equinox. Instead, the observed differences are most probably associated with the Earth’s480

asymmetric magnetic field configuration: for example, as discussed in, e.g., Laundal et481

al. (2017) and references therein, the dipole tilt and eccentricity shift in the Earth’s mag-482

netic field lead to a displacement between the geographic and geomagnetic poles, which483

is larger in the southern hemisphere, and to a difference in the magnetic field strength484

between north-south conjugated latitudes. Such asymmetries have been discussed by,485

e.g., Hong et al. (2021), who also used GITM to study the impacts of different causes486

on the inter-hemispheric asymmetry of the ionosphere-thermosphere system, including487

inter-hemispheric differences associated with the solar irradiance, the geomagnetic field,488

and the magnetospheric forcing under moderate geomagnetic conditions. Hong et al. (2021)489

also derived an index of inter-hemispheric asymmetry for Joule heating, which, for so-490

lar equinox conditions such as studied herein, was found to be as large as ∼ 43% due491

to the asymmetric geomagnetic field, ∼ 28% due to asymmetric particle precipitation492

and ∼ 35% due to asymmetric ion convection pattern. It is noted that, as discussed above,493

both GITM and TIE-GCM use the IGRF magnetic field model, and hence the asymme-494

tries in the magnetic field are the same; thus the differences in the observed behavior are495

more likely attributed to the asymmetric particle precipitation and the asymmetric ion496

convection pattern. However the exact causes of the different behavior of TIE-GCM and497

GITM with respect to the inter-hemispheric differences is a subject of further research.498

5 Summary and Conclusions499

Based on GITM, TIE-GCM and various empirical formulations, globally integrated500

heating rates are calculated during St Patrick’s day storm of 2015. It is found that Joule501

heating rate estimates in the global circulation models, GITM and TIE-GCM, are gen-502

erally higher in magnitude than all empirical models. Comparing GITM and TIE-GCM,503

it is found that Joule heating has higher amplitudes and also a smaller peak-to-peak vari-504

ability in GITM than in TIE-GCM. Through correlation analysis, and also by compar-505

ing the heating rates for a period of clear anti-correlation in the heating rate trend be-506

tween the two models, it is found that GITM is strongly driven by the SME index, which507

is not present in TIE-GCM, and that Joule heating in TIE-GCM is affected by south-508

ward turnings of Bz to a much larger extent than GITM.509
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By integrating the Joule heating estimates separately in each hemisphere, it is found510

that GITM shows a larger degree of asymmetry during the main phase of the storm than511

TIE-GCM. Furthermore, by integrating Joule heating in time it is found that the total,512

cumulative Joule heating input to the thermosphere is larger in GITM, followed by TIE-513

GCM and then by the various empirical models, with the percentage differences start-514

ing from ∼ 28% (GITM vs. TIE-GCM) and ∼ 56% (GITM vs. the model by (Cooper515

et al., 1995)). Interestingly, whereas higher Joule heating is found to be deposited cu-516

mulatively over the duration of the storm in the northern hemisphere in GITM, inversely,517

higher Joule heating is deposited in the southern hemisphere in TIE-GCM; the results518

of this discrepancy are a subject of further investigation. Furthermore, the localization519

(latitudinal and longitudinal distribution) of Joule heating is largely different in the two520

models.521

In conclusion, as also demonstrated by the discrepancies in the above cross-comparisons522

between empirical and physics-based models, Joule heating remains to this date a quan-523

tity with many discrepancies in its estimation, showing large gaps in its understanding524

and parameterization. At the same time, it is a quantity of great significance in LTI pro-525

cesses, as it determines to a great extent the overall energy budget, in particular dur-526

ing active solar and geomagnetic conditions. Thus, characterizing its magnitude, time527

evolution and variability within the latitude and altitude region where it maximizes and528

accurately parameterizing Joule heating by solar and geomagnetic conditions are crit-529

ical missing pieces in accurately understanding and modeling LTI processes. This demon-530

strates the currently limited knowledge about Joule heating and emphasizes the need531

for comprehensive measurements, such as outlined in T. Sarris et al. (2023), to accurately532

quantify Joule heating.533

6 Open Research534

The netCDF type data used for integrated Joule heating in the study are available535

at ZENODO via 10.5281/zenodo.7716871 with Creative Common Attribution 4.0 In-536

ternational licence. Space indices files are delivered by OMNIWEB and SuperMAG and537

included in the aforementioned dataset.538

Software used for calculation of Joule Heating is preserved at 10.5281/zenodo.7716871,539

available via Creative Common Attribution 4.0 International licence and developed openly540

using Python and Fortran.541

Code and Data of this project is available on Pirnaris et al. (2023)542
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