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Key Points: 7 

• Joule heating by currents from the magnetosphere has a highly variable impact on 8 
thermospheric properties 9 

• Winds and structures in the electric conductivities, fields, and currents have important 10 
impacts on Joule heating 11 

• Heating-induced gravity waves and circulation changes strongly affect the thermospheric 12 
density and composition response  13 
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Abstract 14 
High-latitude Joule heating is an important energy source for thermospheric dynamics and 15 
composition. It is influenced by winds, plasma turbulence, variable electric fields, and 16 
conductivity modifications by strong electric fields. The height-integrated heating can be 17 
estimated from the Poynting flux above the ionosphere. Most energy is deposited near the 18 
morning and afternoon/evening sides of the auroral oval and in the cusp region. Multi-instrument 19 
data assimilation can help quantify complex spatial/temporal variations of Joule heating. Rapid 20 
changes of heating launch gravity waves that propagate globally. Within several hours a global 21 
circulation sets up that reduces horizontal variations of the pressure scale height, causing spatial 22 
correlation between the temperature and the mean molecular mass. The distributions of 23 
temperature and density in the upper thermosphere often show little relation to the distribution of 24 
Joule heating. Vertical winds decrease the O/N2 ratio in regions of heating and increase the ratio 25 
in regions of subsidence. The upper thermosphere is affected more strongly by the fraction of 26 
Joule heating deposited above 150 km than by the larger amount of Joule heating deposited 27 
below 150 km.  28 
 29 

Plain Language Summary 30 
Electric currents from the magnetosphere are an important and highly variable source of heat for 31 
the high-latitude upper atmosphere. The heating depends not only on the large-scale electric 32 
fields and currents, but also on winds and on small- and medium-scale variable structures in the 33 
fields and currents. The heating is strongest at auroral latitudes. Observations from many 34 
different instruments in space and on the ground can be combined to estimate the heating.  The 35 
atmosphere responds to the heating with waves that propagate globally and with winds that 36 
change the three-dimensional global circulation within several hours after the heating changes. 37 
The circulation affects the upper atmospheric temperature, composition, and density in complex 38 
ways. The atmospheric responses are sensitive to the altitude where heating occurs and to the 39 
duration of the heating. 40 
 41 

1 Introduction 42 
Joule heating, which is the irreversible conversion of electromagnetic energy into heat 43 

through ohmic currents, is a significant source of energy for the high-latitude thermosphere 44 
(Cole, 1962; Thayer, 2000; G. Lu et al., 2016). Unlike heating by solar ultraviolet and extreme 45 
ultraviolet radiation, Joule heating occurs over only a small fraction of the Earth, and can drive 46 
large vertical velocities that alter the thermospheric circulation, leading to local and global 47 
temperature increases and changes in the structure of thermospheric composition, temperature, 48 
and density (e.g., Taeusch et al., 1971; Mayr & Volland, 1972, 1973; Mayr et al., 1978; Volland, 49 
1979; Roble et al., 1983; Rees & Fuller-Rowell, 1989; Rees, 1995; H. Liu & Lühr, 2005; Sutton 50 
et al., 2005; Lei et al., 2010; R. Liu et al., 2010; Fedrizzi et al., 2012; Fuller-Rowell, 2013). 51 
Thermospheric responses to Joule heating during magnetic storms can be dramatic (e.g., Prölss, 52 
1980, 1995; Rishbeth, 1991; Fuller-Rowell et al., 1994, 1997; Rees, 1995; G. Lu et al., 2016; 53 
Deng et al., 2018). In addition to temperature increases, which produce large density increases in 54 
the upper thermosphere, the upwelling in the high-latitude region of heating induces a global 55 
circulation within several hours (Volland & Mayr, 1971; Mayr & Volland, 1973), accompanied 56 
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by downwelling at lower latitudes. The circulation dampens the upper-thermosphere density 57 
response at high latitudes and spreads this response globally. The upwelling decreases the O/N2 58 
ratio at high latitudes (Taeusch et al., 1971; Mayr & Volland, 1972; G. Lu et al., 2016). Rapid 59 
variations of the heating generate thermospheric gravity waves in the lower thermosphere that 60 
propagate globally into the upper thermosphere, causing oscillations of wind, temperature, 61 
composition, and density as well as large-scale traveling ionospheric disturbances (e.g., Wright, 62 
1960; G. Lu et al., 2016). The effects of Joule heating depend not only on its highly variable 63 
intensity and its distribution over the polar regions, but also depend on the altitude distribution of 64 
the heating. Effects observed in the upper thermosphere have a complex relation to the heating 65 
distribution, such that thermospheric density increases usually do not coincide with regions of 66 
maximum heat input, due not only to the presence of gravity waves, but also to the fact that 67 
circulation changes rapidly redistribute density (Johnson, 1960). Furthermore, temperature 68 
changes are coupled to composition changes, such that the temperature and the thermospheric 69 
O/N2 ratio tend to be inversely correlated in space. This is due to the tendency of the circulation 70 
to smooth out horizontal variations of the pressure scale height (Hays et al., 1973). This effect 71 
contributes to the fact that horizontal variations of density and composition during magnetic 72 
storms can be very different (e.g., Lei et al., 2010). 73 
 74 
2 Physics of Joule heating 75 
 76 

The physics of thermospheric Joule heating involves collisional interactions among 77 
electrons, positive ions, and neutral molecules. These species have differential bulk motions 78 
owing to the presence of electric and magnetic fields, so that collisions result in frictional 79 
momentum exchange and heating (e.g., Brekke & Kamide, 1996; Thayer & Semeter, 2004; X. 80 
Zhu et al., 2005; Vasyliunas & Song, 2005; Strangeway, 2012).  The sum of frictional heating of 81 
all species gives the total Joule heating. The frictional heating causes the species to have 82 
different temperatures, with the electron and ion temperatures exceeding the neutral temperature 83 
(e.g., St. Maurice & Hanson, 1982; Heelis & Coley, 1988; St. Maurice et al., 1999), and 84 
additional collisions transfer heat from hotter to cooler species. On time scales longer than the 85 
heat-transfer times between ions and neutrals and between electrons and ions, and neglecting 86 
heat loss through conduction, radiation, or chemistry, a quasi-steady state is reached in which the 87 
heat is shared among the species in proportion to their number densities and particle degrees of 88 
freedom (three degrees of freedom for each particle plus two internal degrees of freedom for 89 
molecules), multiplied by their respective temperatures. Because the number density of neutral 90 
particles greatly exceeds the density of ions and electrons, almost all of the heat ends up residing 91 
in the neutral component of the gas.  92 

For quasi-steady-state motions the volumetric total frictional or Joule heating rate is 93 
 94 
Q = Nminin(Vi − Vn)2 + Nmenen(Ve − Vn)2 + Nmenei(Ve − Vi)2    (1) 95 
 96 
where N is the electron (and ion) number density: mi and me are the ion and electron masses; nin, 97 
nen,  and nei are the ion-neutral, electron-neutral, and electron-ion collision frequencies for 98 
momentum transfer (assumed here to be isotropic); and Vi, Vn, and Ve are the ion, neutral, and 99 
electron bulk velocities. Because minin is much larger than menen and menei, ion-neutral collisions 100 
usually dominate Joule heating, except sometimes at low altitudes where these collisions cause 101 
the ion-neutral velocity difference (Vi − Vn) to become very small. Electron-neutral collisions 102 
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become important in the lower E-region ionosphere, where Joule heating is relatively small 103 
except where strong turbulent electric fields can be present (see Section 4). The contribution of 104 
electron-ion collisions to total Joule heating is insignificant. 105 

By solving the momentum equations for ions and electrons to get their velocities in terms 106 
of the neutral wind Vn and the electric field components E⊥ and E|| perpendicular and parallel to 107 
the geomagnetic field B (ignoring the small gravitational and pressure-gradient forces on the 108 
plasma) we can obtain Ohm’s Law for the current density J: 109 

 110 
J = Ne(Vi− Ve) = sP (E⊥	+ Vn X B) + sH b X (E⊥	+ Vn X B) + s|| E||     (2) 111 
 112 
where sP, sH, and s|| are the Pedersen, Hall, and parallel conductivities and b is a unit vector 113 
along B. In terms of these quantities the total Joule heating rate can also be expressed as 114 
 115 
Q = J · (E + Vn X B) = sP (E⊥ + Vn X B)2 + s||E||2.       (3) 116 
 117 
The total electromagnetic energy transfer rate to the medium is  118 
 119 
J · E = J · (E + Vn X B) + Vn · J X B = Q + Vn · J X B      (4) 120 
 121 
where J is the electric current density. While Q on the right-hand side of (4) is always positive, 122 
the second term, representing the rate of work done on the medium by the Ampère force, can be 123 
either positive or negative. The work may result in adiabatic changes of bulk kinetic energy, 124 
internal energy, and potential energy. 125 
 126 
3 Wind effects on Joule heating 127 
 128 

When Vi−Vn is large enough to produce significant Joule heating, in regions where Nminin 129 
is sufficiently large, it is usually because the magnitude of Vi becomes much larger than the 130 
magnitude of Vn. A rough estimate of Joule heating can be obtained by neglecting Vn altogether. 131 
However, Vn is often large enough to affect Joule heating substantially (Brekke & Rino, 1978; 132 
Thayer & Vickrey, 1992; G. Lu et al., 1995; Thayer et al., 1995; Thayer, 1998, 2000; Fujii et al., 133 
1999; Deng & Ridley, 2007; Aikio et al., 2012; Cai et al., 2013, 2014; Hurd & Larsen, 2016; 134 
Billett et al., 2018). Billett et al. (2018) used empirical models of ion convection, wind, and 135 
conductivity to show that winds usually increase Joule heating in the dawn-side auroral region, 136 
but usually decrease Joule heating in the polar cap and dusk-side auroral region. In the auroral 137 
zone E region, Fujii et al. (1999) found that, on the average, winds reduce Joule heating by 35% 138 
at 125 km and by 10% at 117 km, but that winds contribute positively to Joule heating at 109 km 139 
and 101 km. In the lower thermosphere, Thayer (1998) and Hurd and Larsen (2016) found that 140 
height-varying winds have a strong influence on the height structure of Joule heating. Aikio et al. 141 
(2012) analyzed the statistics of the height-integrated Joule heating and generation of wind 142 
kinetic energy at the EISCAT Tromsø radar between 80 km and 180 km for different magnetic 143 
local times (MLTs) and Kp levels, while Cai et al. (2013) analyzed the height variations of these 144 
quantities. They found that the wind usually increases Joule heating relative to what it would be 145 
with the same electric field and conductivity, although a wind-induced decrease of Joule heating 146 
often occurs above 120 km, especially in the afternoon and evening. 147 
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It is important to recognize that the wind is not independent of the ion velocity but is 148 
strongly influenced by it (e.g., Axford & Hines, 1961; Cole, 1962; Rees, 1971; Rees & Fuller-149 
Rowell, 1991; Fujii et al., 1999). When ion densities are large, as in the sunlit F region, ion drag 150 
tends to accelerate the wind toward the ion velocity on time scales ranging roughly from three 151 
hours (ion density 1011 m-3) down to twenty minutes (ion density 1012 m-3), although this ion drag 152 
competes with other forces on the air, so that the velocity difference does not disappear. Rees 153 
and Fuller-Rowell (1991) pointed out that the reduction of the ion-neutral velocity difference by 154 
ion-drag-driven winds means that electric current densities and Joule heating are also reduced. 155 
Steady ion velocities have a larger impact than rapidly varying ion velocities, if the latter do not 156 
persist long enough to accelerate the air very much. In the upper E region Thayer (1998) found 157 
that winds produced by steady electric fields tend to reduce Joule heating, but that winds in the 158 
presence of variable electric fields tend to increase Joule heating, on average. In the latter case, 159 
the increase of Joule heating at times when Vi and Vn are opposed is greater than the reduction of 160 
Joule heating at times when Vi and Vn are in the same direction, for equal magnitudes of Vn, 161 
because of the quadratic relation of Joule heating to the velocity difference, yielding a net 162 
increase of Joule heating on average. 163 

 164 
4 Effects of irregularities and electric-field variability 165 
 166 

When global estimates of Joule heating are needed, studies often use empirical models of 167 
electric fields together with conductivities derived from empirical models of solar ionizing 168 
radiation and auroral particle precipitation. These models are usually good at representing the 169 
average large-scale electric field and conductivity for specific geophysical conditions: magnetic 170 
latitude, MLT, season, interplanetary magnetic field (IMF), or other quantities. However, they 171 
typically do not represent the variability of electric fields, currents, and conductivities about the 172 
average. Variability on spatial scales smaller than the smoothed empirical models can occur on 173 
scales ranging from small-scale plasma waves to structures with scale sizes of tens or hundreds 174 
of kilometers. The requirement that electric current is essentially continuous everywhere means 175 
that irregularities in the conductivity engender irregularities in the electric field to maintain 176 
current continuity. 177 

Plasma instabilities produce plasma waves with fractional electron-density fluctuations 178 
that can reach 10% or more of the background electron density (e.g., Oppenheim et al., 2008). 179 
Because of Hall polarization effects, these electron-density fluctuations can produce small-scale 180 
electric fields several times larger than the large-scale background electric field. Moreover, the 181 
irregularities tend to produce small-scale electric fields parallel to B that can be orders of 182 
magnitude larger than the average parallel electric field (e.g., St. Maurice & Laher, 1985; 183 
Providakes et al., 1988; St. Maurice, 1990; Dimant & Milikh, 2003; Milikh & Dimant, 2003), 184 
which can raise the electron temperature significantly (e.g., Bahcivan, 2007). Both the enhanced 185 
perpendicular electric field and the strongly enhanced parallel electric field increase the mean 186 
Joule heating (e.g., Dimant & Oppenheim, 2011a). Heelis & Vickrey (1991) pointed out that 187 
even without irregularities in the plasma density, small-scale irregular structures in the electric 188 
field above the ionosphere also affect the strengths of the perpendicular and parallel electric field 189 
in the ionosphere below, and therefore affect the Joule heating. 190 

Variance of the perpendicular electric field on scales greater than several kilometers can 191 
be comparable to the squared mean field (e.g., Codrescu et al., 1995, 2000; Crowley & Hackert, 192 
2001; Matsuo et al., 2003; Matsuo and Richmond, 2008; Cosgrove and Thayer, 2006; Cosgrove 193 
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et al., 2011; Hurd & Larsen, 2016), but only part of the observed variance is associated with 194 
irregular plasma structures, as opposed to temporal variability of the large-scale electric field. 195 
Crowley and Hackert (2001) showed that much of the temporal variability occurs with periods 196 
less than one hour. Matsuo and Richmond (2008) analyzed the electric-field variability about the 197 
mean model of Weimer (2001) in terms of “resolved” and “subgrid” components, where the 198 
“subgrid” component essentially included wavelengths of 8-1000 km along polar passes of the 199 
DE-2 satellite. The “subgrid” component is considerably stronger in winter than summer, but has 200 
little dependence on the IMF direction. The “resolved” component has less seasonal variation but 201 
is notably stronger for southward IMF than other IMF directions. Matsuo and Richmond (2008) 202 
found that the thermospheric wind response to the variable electric field depends significantly on 203 
its temporal coherence. Cosgrove and Codrescu (2009) discussed how the magnitude of electric-204 
field variability depends on how the mean electric field is defined for particular geophysical 205 
conditions. They proposed a way of defining “small-scale” vs. “resolved-scale” electric-field 206 
variability, which was used by Cosgrove et al. (2011) to quantify the electric-field variance for 207 
these two scales. Cosgrove et al. (2011) found that “small-scale” electric-field variance is 208 
roughly 20% as large as the squared mean field, while “resolved-scale” variance is roughly 50% 209 
as large as the squared mean field. The contribution of electric-field variance to total Joule 210 
heating and its thermosphere/ionosphere effects can be substantial (e.g., Fuller-Rowell et al., 211 
2000; Rodger et al., 2001; Codrescu et al., 2008; Matsuo & Richmond, 2008; Deng et al., 2009). 212 

 213 
5 Conductivity relation to electric field 214 
 215 

When modeling Joule heating from measured or modeled electric fields or currents 216 
together with modeled conductivities, it is important to have the spatial structures of the electric 217 
fields and conductivities properly matched. There can exist spatial/temporal correlations between 218 
the electric field and conductivity that affect the calculation of total Joule heating. From an 219 
analysis of EISCAT electric field and conductance measurements around the March equinox, 220 
Aikio and Selkälä (2009) found that the Pedersen conductance can be either positively or 221 
negatively correlated with the electric-field strength, depending on MLT and Kp level, and that 222 
this correlation affects the calculation of Joule heating. Cosgrove et al. (2011) similarly found 223 
both positive and negative correlations between the conductance and electric-field strength in 224 
their analysis of Sondrestrom radar data. Based on analysis of spacecraft data, Q. Zhu et al. 225 
(2018) quantified how positive and negative correlations between small- and meso-scale 226 
structures in electric fields and auroral electron precipitation affect height-integrated Joule 227 
heating. 228 

As noted by Milikh et al. (2006) and Dimant and Oppenheim (2011b), modeling of 229 
conductivities in the E region can also be affected by electron temperature increases due to 230 
Farley-Buneman turbulence, owing to the inverse dependence of the ion-electron recombination 231 
rate on electron temperature (Schlegel, 1982). In the F region the conductivity can be reduced by 232 
strong electric fields that heat the ions and increase their loss rate (Schunk et al., 1976). 233 
Meridional E X B drifts have an upward or downward component that raise or lower the F region. 234 
This decreases or increases the height-integrated F-region conductivity, which is proportional to 235 
the neutral density that decreases with increasing height. 236 

 237 
6 Poynting flux 238 
 239 
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There is a way to estimate height-integrated Joule heating from spacecraft observations 240 
that circumvents problems in estimating ionospheric conductivities and the effects of plasma 241 
irregularities. Kelley et al. (1991) pointed out how measurements of the electric and magnetic 242 
fields above the ionosphere can be used to determine the downward component of the Poynting 243 
vector, or Poynting flux, and to estimate the height-integrated energy dissipation in the 244 
ionosphere/thermosphere by application of Poynting’s Theorem (Poynting, 1884). As discussed 245 
by Kelley et al. (1991), Thayer and Semeter (2004), and others, it is useful for many ionospheric 246 
purposes to use the perturbation Poynting vector 247 

 248 
Sp = E X dB/μ0          (5) 249 

 250 
where dB is the perturbation of the geomagnetic field with respect to the main field B0, and μ0 is 251 
the permeability of free space. If the electric field is electrostatic, the horizontally integrated 252 
perturbation Poynting flux over the top of the ionosphere essentially equals the volume-253 
integrated electromagnetic energy dissipation within the ionosphere. Energy transfer associated 254 
with non-electrostatic electric fields, such as ULF waves, is usually much smaller than that 255 
associated with quasi-static fields (Hartinger et al., 2015). Models of ionosphere-thermosphere 256 
dynamics show that the horizontally integrated energy flux is close to the total Joule heating 257 
(e.g., G. Lu et al., 1995; Matsuo & Richmond, 2008), with a minor contribution going to net 258 
generation of total kinetic energy of the wind, even though locally the transfer of electromagnetic 259 
energy to or from the wind (Vn · J X B) can be large (e.g. Thayer, 1998; Hurd & Larsen, 2016). 260 

Under idealized conditions where E is orthogonal to the component of dB transverse to 261 
B0 and the two are proportional to each other over the top of the ionosphere, a point measurement 262 
of perturbation Poynting flux above the ionosphere gives the height-integrated rate of 263 
electromagnetic energy dissipation in the column below (Kelley et al., 1991; Waters et al., 2004; 264 
C. Huang & Burke, 2004; Weimer, 2005; Richmond, 2010). In more general cases Richmond 265 
(2010) showed that the integrated Poynting flux over an area above the ionosphere bounded by 266 
an equipotential equals the electromagnetic energy dissipation rate in the volume below bounded 267 
by that equipotential on the sides and by the base of the ionosphere at the bottom, calling this the 268 
Equipotential-Boundary Poynting-Flux (EBPF) Theorem. The EBPF Theorem can be applied 269 
separately to different components of the electric potential, such as the large- and small-scale 270 
components. Since contours of the small-scale component of potential above the ionosphere tend 271 
to close over relatively localized regions, the associated small-scale structures of perturbation 272 
Poynting flux tend to be dissipated locally along geomagnetic-field lines below. However, for 273 
large-scale structures of perturbation Poynting flux the local Poynting flux does not necessarily 274 
equal the height-integrated energy dissipation below, as also shown by Vanhamäki et al. (2012). 275 
In practice, this means that Poynting-flux measurements over regions of low ionospheric 276 
conductivity may differ significantly from the local rate of height-integrated energy dissipation, 277 
and that measurements of upward Poynting flux (e.g., Kelley et al., 1991; Gary et al., 1994, 278 
1995) may not necessarily coincide with regions where the ionospheric wind dynamo is a net 279 
generator of electromagnetic energy. 280 
 281 
7 Observations and modeling of Joule heating and Poynting flux 282 
 283 

Joule heating can be calculated from (1) or (3) if all the parameters are known through 284 
adequate measurements or models. On the other hand, Poynting flux provides energy input 285 
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estimates only in a height-integrated sense, and so certain assumptions have to be made to be 286 
able to use Poynting flux in models of upper-atmosphere response (Deng et al., 2009). The 287 
heating rate can also be estimated from measurements of the ion and electron temperatures (e.g., 288 
St. Maurice & Hanson, 1982; St. Maurice et al., 1999). Measurements are available only at very 289 
limited locations and times, and so for applications requiring global knowledge of the heating, 290 
information from empirical models is generally required. Incoherent-scatter radars have provided 291 
detailed information about the vertical and temporal structure of overhead Joule heating (e.g. 292 
Wickwar et al., 1974; Banks, 1977; Vickrey et al., 1982; Thayer, 1998, 2000; Fujii et al., 1999; 293 
Aikio & Selkälä, 2009; Cai et al., 2013). 294 
 295 
 296 
 297 
 298 
 299 
 300 
 301 
 302 
 303 
 304 
 305 
 306 
 307 
 308 
 309 
 310 
Figure 1. (Left) Average of the 30 sample distributions, covering all seasons and geophysical 311 
conditions, used for constructing the Poynting flux model.  The hemispherically integrated flux 312 
is 74 GW. (Right) Average of the 30 sample distributions, covering all seasons and geophysical 313 
conditions, used for constructing the kinetic energy flux model. The hemispherically integrated 314 
flux is 12 GW. Note the different color scales on the left and right. [Source: Cosgrove et al., 315 
2014, adapted from (left) figure 2, p. 418 and (right) figure 14, p. 427. Reproduced with 316 
permission of the American Geophysical Union.] 317 
 318 

Cosgrove et al. (2014) constructed an empirical model of Poynting flux over the polar 319 
region as a function of magnetic latitude, MLT, dipole tilt angle, the IMF By and Bz components, 320 
and the AL index, using an extensive data base from the FAST spacecraft. As explained earlier, 321 
the Poynting flux usually gives a good indication of height-integrated Joule heating, although it 322 
does not precisely locate the energy input. Figure 1 shows the distributions of Poynting flux and 323 
energy flux of precipitating auroral electrons averaged for all conditions (season, IMF strength 324 
and direction). The largest Poynting fluxes encompass the polar cap, with a maximum in the 325 
afternoon and minima around 10 MLT and 23 MLT. There are secondary maxima around 3 MLT 326 
at 70° magnetic latitude and shortly after 12 MLT at 78° magnetic latitude, in the so-called cusp 327 
region. Strong Poynting flux or Joule heating in the cusp region has also been shown in other 328 
studies (Foster et al., 1983; Rich et al., 1991; Gary et al., 1995; Olsson et al., 2004; McHarg et 329 
al., 2005; Knipp et al., 2011; Wilder et al., 2012; Y. Lu et al., 2018), while Cai et al. (2016) 330 
found there is often a “hot spot” at 75° magnetic latitude around 14-15 MLT. The cusp maximum 331 
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appears most strongly when the IMF has a northward component, and is the dominant feature 332 
when the IMF clock angle is close to 0°. Figure 2 shows how the integral of the Poynting flux 333 
over the polar region varies with IMF clock angle and magnitude, dipole tilt angle (positive 334 
values representing summer conditions), and the magnitude of the AL index.  335 
 336 

 337 
Figure 2. Plots of the integrated Poynting flux as a function of various parameters. (a) The 338 
dependence on the IMF clock angle. (b) The dependence on the magnetic dipole tilt angle. (c) 339 
The dependence on the IMF magnitude in the GSM y-z plane. (d) The dependence on the AL 340 
index. Note the apparent saturation of the Poynting flux for large (negative) AL index, which 341 
behavior is probably nonphysical. When not otherwise indicated, the magnetic dipole tilt angle is 342 
0°, the solar wind velocity is 450 km/s, the solar wind number density is 4 cm−3, and the IMF 343 
strength in the GSM y-z plane is 5 nT. [Source: Cosgrove et al., 2014, figure 6, p. 422. 344 
Reproduced with permission of the American Geophysical Union.] 345 
 346 
8 Estimating Joule heating through data assimilation 347 
 348 

Empirical models are very useful for understanding how Joule heating varies with 349 
location, time, and season, and how it depends on external variations in solar and magnetic 350 
activity and conditions in the solar wind. Such models are often sufficient to characterize 351 
magnetospheric energy inputs to the upper atmosphere for climatological studies of the upper 352 
atmosphere and for general responses to events like geomagnetic storms. However, because 353 
observations show that the energy inputs are highly variable in time and space, especially during 354 
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storms but also during non-storm conditions in regions like the dayside cusp, modeling 355 
thermospheric responses to Joule heating more accurately requires more detailed information 356 
about the energy inputs in time and space for such events. An approach to determining the space-357 
time variations of magnetospheric energy inputs for individual events is through data 358 
assimilation. A simple form of data assimilation is to use a distribution of observations related to 359 
high-latitude electric fields and currents to produce a map of those fields and currents over the 360 
polar regions. Kamide et al. (1981) did this using ground magnetometer data to produce a map of 361 
ionospheric equivalent current, then to solve for an electric potential that drives the equivalent 362 
current using an ionospheric conductance model. Richmond and Kamide (1988) and Richmond 363 
et al. (1988) advanced the mapping of ionospheric electrodynamics by applying data-assimilation 364 
tools to combine ground-magnetometer data with climatological models of conductance and 365 
electric potential as well as radar observations of ionospheric drifts in order to constrain the 366 
estimated maps of electrodynamic features in an optimal manner, given certain assumptions 367 
about conductances, thermospheric winds, and current geometry. The procedure was later named 368 
Assimilative Mapping of Ionospheric Electrodynamics (AMIE) (Richmond, 1992). It provides 369 
estimates of the large-scale electric fields, conductivities, and currents, as well as estimates of the 370 
uncertainty in these estimates. A quantitative estimate of the electric-field uncertainty can be 371 
used to correct estimates of Joule heating owing to underestimation of the squared electric-field 372 
strength (Richmond et al., 1990; G. Lu et al., 1998). AMIE has been extensively used to estimate 373 
energy and momentum inputs to the upper atmosphere during disturbed periods (e.g., G. Lu et 374 
al., 1995, 1998, 2014, 2016; Emery et al., 1996; Wilder et al., 2012). Matsuo et al. (2005) 375 
showed how the AMIE procedure could be improved by dynamic fitting of covariance matrix 376 
functions to the data. Assimilative mapping procedures for SuperDARN data have been 377 
developed by Ruohoniemi and Baker (1998), Shepherd and Ruohoniemi (2000), Cousins et al. 378 
(2013), and Gjerloev et al. (2018), while Waters et al. (2001), Anderson et al. (2014), Cousins et 379 
al. (2015), and Matsuo et al. (2015) developed procedures for mapping electrodynamic patterns 380 
using multi-satellite magnetometer measurements of magnetic perturbations above the 381 
ionosphere. 382 

The data-assimilation procedures for high-latitude electrodynamics developed so far have 383 
made simplifying assumptions about the conductivities and winds, with the winds generally 384 
neglected altogether. This limitation, as well as the inherent errors in the estimated fields, give 385 
rise to substantial uncertainty in the Joule heating and the thermosphere/ionosphere responses 386 
(e.g., Pedatella et al., 2018). More-accurate data assimilation could potentially be achieved by 387 
directly assimilating the various observations into a dynamic model of the thermosphere and 388 
ionosphere, taking into account the effects of electric fields on electric conductivities and neutral 389 
winds. 390 
 391 
9 Dynamical effects of Joule heating 392 
 393 

Rapid variations of the heating produce thermospheric gravity waves in the lower 394 
thermosphere that propagate globally into the upper thermosphere, causing large oscillations of 395 
wind, temperature, composition, and density as well as large-scale traveling ionospheric 396 
disturbances (e.g., Wright, 1960; Chimonas & Hines, 1970; Testud, 1970; Yeh & Liu, 1974; 397 
Richmond & Matsushita, 1988; Mayr et al., 1990; Fuller-Rowell et al., 1999; Forbes et al., 2005; 398 
Bruinsma et al., 2006; Bruinsma & Forbes, 2010; G. Lu et al., 2016). Figure 3 shows height-time 399 
variations of a number of thermosphere/ionosphere quantities as observed and simulated above 400 
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the locations of the Millstone Hill (42.6°N and 288.5°E) and Arecibo (18.3°N and 293.3°E) 401 
radars for a magnetic storm on 2005 September 10 (G. Lu et al., 2008). A pulse of equatorward 402 
wind arrives at Millstone Hill starting around 16.7 UT, and at Arecibo starting around 17.8 UT. 403 
The wind pulse maximizes at later times with descending altitude. It causes the ionosphere to rise 404 
temporarily, and then fall, as the gravity wave passes. 405 

 406 

 407 
Figure 3. UT versus altitude profiles of (first row) measured electron density, (second row) 408 
simulated electron density, (third row) measured vertical ion drift, (fourth row) simulated vertical 409 
ion drift, (fifth row) simulated vertical ion drift due to neutral wind, (sixth row) and the 410 
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simulated vertical ion drift component due to electric field. The solid white lines show the (first 411 
row) observed and (second row) simulated hmF2 on the storm day of 10 September, and the 412 
dashed white lines indicate the corresponding hmF2 on the quiet day of 8 September. The vertical 413 
dashed lines mark the onset of upward lift of electron density peak height over (left column) 414 
Millstone Hill and (right column) Arecibo. [Source: Lu et al., 2008, figure 2, p. A08304(3). 415 
Reproduced with permission of the American Geophysical Union.] 416 
 417 

Joule heating of a thermospheric gas parcel causes it to expand and to be more buoyant 418 
than its surroundings, which induces it to rise. Vertical winds are produced, which couple with 419 
horizontal outflow at higher altitudes, inflow at lower altitudes, and subsidence at other latitudes. 420 
On a global scale, circulation changes propagate at speeds up to the limiting horizontal speed of 421 
gravity waves, nearly the speed of sound. Thus within several hours the entire Earth responds to 422 
changes of Joule heating at high latitudes (e.g., Volland & Mayr, 1971; Mayr & Volland, 1973; 423 
Richmond, 1979; Fuller-Rowell et al., 1994, 1997; Sutton et al., 2009). The outflow and inflow 424 
can lie several scale heights apart in the vertical. Because the outflow and inflow mass fluxes 425 
must balance, the outflow in the low-density region has a much larger velocity than the inflow in 426 
the high-density region. 427 

As a heated air parcel rises, it expands and cools adiabatically. In fact, there is a tendency 428 
for the parcel to move upward at such a rate that its density remains similar to that of its 429 
surroundings, thereby tending to eliminate horizontal variations of pressure and pressure scale 430 
height (Hays et al., 1973). Only relatively small horizontal pressure gradients are needed to drive 431 
the divergent horizontal winds that balance the mass convergence associated with the upward 432 
wind.  However, horizontal gradients of the scale height are not completely eliminated, for at 433 
least three reasons. First, transience in the dynamics, especially due to gravity waves, is 434 
inherently associated with pressure gradients. Second, even in a steady state, residual horizontal 435 
pressure gradients are needed to balance other forces like the Coriolis and centrifugal forces and 436 
the forces due to ion drag and viscosity (Schoendorf et al., 1996; Fuller-Rowell et al., 1999; G. 437 
Lu et al., 2016). In most cases these forces have little direct relation to Joule heating, and so the 438 
horizontal pressure variations and related temperature and density variations can have 439 
patterns very different from those of Joule heating (Mayr & Harris, 1978; Trinks et al., 1978; 440 
Schoendorf et al., 1996; G. Lu et al., 2016). Third, rapid heat conduction and vertical diffusion in 441 
the upper thermosphere tend to keep the upper thermosphere close to a state of isothermal 442 
diffusive equilibrium, in which the density variation with height would be entirely determined by 443 
the temperature and composition at the lowest altitude where isothermal diffusive equilibrium is 444 
effective. The pressure scale height is proportional to T/m, where T is temperature and m is the 445 
mean molecular mass. For a state of isothermal diffusive equilibrium T would be constant in 446 
height but m would decrease with increasing height at a rate dependent on the O/N2 ratio. Even if 447 
the pressure scale height at 400 km were horizontally uniform but T and m each varied 448 
horizontally, T/m would not be horizontally uniform at other heights. The study by Thayer et al. 449 
(2012) explains how the scale heights of pressure and density differ, depending on different 450 
thermospheric compositions. 451 
 452 
10 Joule heating effects on composition, temperature, and density 453 
 454 

Since the O/N2 ratio in the thermosphere increases with altitude, an air parcel rising from 455 
lower to higher altitudes has a smaller O/N2 ratio than its surroundings, which means its mean 456 



To appear in Space Physics and Aeronomy, Volume 4: Upper Atmosphere Dynamics and Energetics (AGU 
Geophysical Monograph Series), edited by W. Wang and Y. Zhang 

 

 

molecular mass is greater than that of its surroundings. In the upper thermosphere regions of 457 
enhanced N2 density are indicative of strong heating below (Taeusch et al., 1971; Taeusch & 458 
Hinton, 1975). If the circulation were able to completely eliminate horizontal variations of T/m, 459 
regions of enhanced m produced by upwelling would coincide with regions of proportionately 460 
enhanced temperature. As shown by Mayr and Volland (1973), the high-latitude decrease of 461 
O/N2, which increases m, allows the temperature to increase considerably above the temperature 462 
in neighboring regions with smaller O/N2 density. Other observations and model studies also 463 
indicate that T and m in the upper thermosphere tend to be spatially correlated over the Earth 464 
during disturbances (e.g., Qian et al., 2010; G. Lu et al., 2016). 465 

Most of the Joule heating occurs in the lower thermosphere, where Pedersen conductivity 466 
is greatest when there is ionization by sunlight or auroral particle precipitation. Only 18-34% of 467 
the Joule heating occurs above 150 km (Deng et al., 2011a; Y. Huang et al., 2012b). However, 468 
owing to the smaller mass density at high altitudes, this relatively small high-altitude fraction of 469 
the heating has a disproportionate impact on the upper thermosphere and F-region ionosphere 470 
(Deng et al., 2011a; Y. Huang et al., 2012b; Brinkman et al., 2016). The immediate temperature 471 
response to a change in heating per unit volume is inversely proportional to the mass density, 472 
which is roughly a thousand times smaller at 400 km than at 125 km. However, temperature 473 
perturbations at high altitude are smoothed by rapid heat conduction, which is also inversely 474 
proportional to air density, so that after 6 hours most of the heat deposited anywhere above 150 475 
km has spread out over all altitudes above 150 km, with some of the heat conducted down below 476 
150 km. The thermospheric density at 400 km responds to changes in scale height at all lower 477 
altitudes, so on a global scale Joule heat deposited anywhere above 150 km affects the 400 km 478 
density comparably after about 6 hours. On the other hand, heat deposited below 150 km has a 479 
much smaller effect on the density at 400 km within 6 hours, apart from the possible generation 480 
of acoustic-gravity waves (Deng et al., 2011a). However, the low-altitude heat plays an 481 
important role in high-altitude density changes on longer time scales. Y. Huang et al. (2012b) 482 
analyzed the effects of heating at different heights on the global 400 km density response. 483 
 484 

 485 
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Figure 4. Maps of (top row) neutral mass density at 380 km and (bottom row) height-integrated 486 
Joule heating over the southern hemisphere. The small colored dots indicate the CHAMP 487 
trajectory, with the color of each dot corresponding to the mass density value measured by 488 
CHAMP using the color scale from the top row. The outer circle corresponds to 40ºS, and the 489 
triangle in each map indicates the magnetic south pole. [Source: G. Lu et al., 2016, figure 4, p. 490 
7115. Reproduced with permission of the American Geophysical Union.] 491 
 492 

An example of a model simulation of the complex relation between upper-thermosphere 493 
density and Joule heating is illustrated in Figure 4. This shows sequences of neutral mass density 494 
at 380 km altitude (top) and height-integrated Joule heating (bottom) over the southern polar 495 
region (-40° to -90° geographic latitude) for the geomagnetic storm of 2005 January 17, with 496 
observed mass densities from the CHAMP satellite overlain. There are density increases over 497 
Antarctica at 12:20 UT and 13:30 UT that have some correspondence with the distributions of 498 
Joule heating at those times, though many details differ. At 13:50 UT the spatial correspondence 499 
between density and height-integrated Joule heating has disappeared entirely, owing to the 500 
relaxation of the polar density bulge and the equatorward propagation of a large-scale gravity 501 
wave. 502 

It is clear that Joule heating has a major impact on the thermosphere during magnetic 503 
storms. Even at quiet times high-latitude Joule heating affects thermospheric temperature, 504 
composition, and density not only locally, but to some extent globally (Reber & Hedin, 1974; 505 
Dickinson et al., 1975, 1977; Roble et al., 1977). Knipp et al. (2004) estimated that daily-average 506 
Joule heating, integrated over the globe, ranged from 7 GW to 2035 GW during the years 1975-507 
2003, with an average value of 95 GW. This amounts to 16% of the average total energy input to 508 
the thermosphere, 595 GW, from combined solar extreme- and far-ultraviolet radiation, Joule 509 
heating, and auroral particle precipitation. When we take into account that less than half of the 510 
solar radiation and auroral particle energy absorbed in the thermosphere leads to direct heating 511 
(the remainder going to the breaking of O2 chemical bonds and to airglow), the relative 512 
importance of Joule heating to overall thermospheric heating is seen to be quite important. 513 
During large magnetic storms Joule heating can totally dominate thermospheric heat input. 514 

Joule heating also affects thermospheric temperature indirectly, through its role in 515 
modulating the production of radiatively active NO. Because the reaction rate of ground-state N 516 
with O2 to form NO is highly dependent on temperature (Siskind et al., 1989), more NO is 517 
produced when the temperature is elevated. The increased NO density, in turn, increases the 518 
radiative cooling rate of the thermosphere (Barth et al., 2009). 519 

Studies of how the thermosphere responds to recurrent geomagnetic activity have helped 520 
quantify the role of Joule heating (e.g., Mlynczak et al., 2008; Deng et al., 2011b; Y. Huang et 521 
al., 2012a; Jiang et al., 2014). For example, Jiang et al. (2014) showed that the standard 522 
parameterization of high-latitude electric potential and particle precipitation used in the 523 
Thermosphere-Ionosphere-Mesosphere General Circulation Model (TIME-GCM) based on the 524 
Kp index underestimate the amount of Joule heating needed to explain observed 9-day and 13.5-525 
day periodicities in upper-thermospheric density associated with recurrent geomagnetic activity, 526 
and they suggested that additional heating associated with electric-field variability might explain 527 
the underestimation. The results of Y. Huang et al. (2012a) support this explanation, by showing 528 
that Joule heating estimations that use the variable electric fields provided by AMIE data 529 
assimilation produce about 2.5 times as much heating as an empirical model of high-latitude 530 
fields. 531 
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 532 
11 Summary 533 
 534 

The main points of this paper can be summarized as follows. 535 
• Joule heating is an important energy source driving thermospheric temperature, circulation, 536 
composition, and density. Its effects are particularly strong during magnetic storms, but it 537 
contributes to global thermospheric structure even at magnetically quiet times. 538 
• For a given electric field and conductivity, winds either increase or decrease Joule heating, 539 
depending on direction and temporal variability. 540 
• Plasma turbulence generated by strong electric fields can greatly increase small-scale electric 541 
fields and increase Joule heating and the electron temperature. 542 
• Electric-field structures with scale sizes of roughly 1 km to 300 km can make a comparable 543 
contribution to Joule heating as the large-scale field. Variability of the large-scale field about the 544 
climatological average also affects the calculation of Joule heating. 545 
• Joule heating is affected by spatial/temporal correlations between the electric field and 546 
conductivity, which can be positive or negative. The conductivity can be affected by electric 547 
fields through changes in electron and ion temperature that affect ion loss rates, and also through 548 
vertical displacement of F-region plasma. 549 
• Estimates of height-integrated Joule heating can be obtained from the field-aligned Poynting 550 
flux measured above the ionosphere, although the estimates can mislocate the precise region of 551 
energy deposition. 552 
• Studies of Joule heating by incoherent-scatter radar have shown complex height and time 553 
structures. 554 
• Analyses of downward Poynting flux above the ionosphere have established that most energy is 555 
deposited near the morning and afternoon/evening sides of the auroral oval, often with a 556 
substantial additional contribution in the magnetospheric cusp region. 557 
• Data assimilation using multiple observations of ion velocities and magnetic perturbations on 558 
the ground and in space can help quantify complex spatial/temporal variations of Joule heating. 559 
• Rapid changes of Joule heating launch gravity waves from the lower thermosphere that 560 
propagate globally into the upper thermosphere. 561 
• High-latitude Joule heating drives upward winds that induce a global circulation with large 562 
equatorward winds at altitudes above the altitude of the main heating region and small poleward 563 
winds at altitudes below this region, with subsidence at middle and low latitudes. The circulation 564 
is established on a time scale of several hours, in conjunction with the global propagation of 565 
gravity waves. 566 
• The circulation acts to reduce horizontal variations of the pressure scale height, although some 567 
horizontal pressure gradients persist owing to gravity waves and the tendency of horizontal 568 
pressure gradients to balance Coriolis, centrifugal, ion-drag, and viscous forces on a time scale of 569 
hours. 570 
• Because of complex factors affecting the pressure that are only indirectly related to Joule 571 
heating, the distributions of temperature and density in the upper thermosphere often show little 572 
relation to the distribution of Joule heating. 573 
• Vertical winds alter the thermospheric composition, decreasing the O/N2 ratio in regions of 574 
heating and increasing the ratio in regions of subsidence. Horizontal transport of air parcels with 575 
enhanced or reduced O/N2 ratio by the circulation occurs much more slowly than the gravity-576 
wave propagation speed. 577 
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• The tendency of the circulation to reduce horizontal variations of the scale height produces 578 
spatial correlation between the temperature and the mean molecular mass in the upper 579 
thermosphere on a time scale of hours. 580 
• The upper thermosphere is affected more by the fraction of Joule heating deposited above 150 581 
km, in the F region, than by the larger amount of Joule heating deposited below 150 km, in the E 582 
region. The horizontal distributions of E- and F-region heating can be quite different. 583 
• Storm-time increases of temperature cause increases in NO density, which increases the rate of 584 
infrared cooling of the thermosphere. 585 
• Studies of the thermospheric response to recurrent geomagnetic activity have helped quantify 586 
the relation of Joule heating to geomagnetic activity. 587 
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