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Key Points: 23 

- We examine the distribution of Poynting flux into the ionosphere related to Joule 24 

heating using DMSP data with a novel gridding scheme. 25 

- The highest Poynting flux is near the Region 1 and 2 currents’ interface; the sunlit cusp 26 

also contains high Poynting flux. 27 

- The Poynting flux is asymmetric about the R1/R2 interface, exhibiting distinct peaks in 28 

regions associated with SAPS and DAPS. 29 

Abstract. The Poynting vector (Poynting flux) from Earth’s magnetosphere downward 30 

towards its ionosphere carries the energy that powers the Joule heating in the 31 

ionosphere and thermosphere. The Joule heating controls fundamental ionospheric 32 

properties affecting the entire magnetosphere-ionosphere-thermosphere system, so it is 33 

necessary to understand when and where the Poynting flux is significant. Taking 34 

advantage of new datasets generated from DMSP (Defense Meteorological Satellite 35 

Program) observations, we investigate the Poynting flux distribution within and around 36 

the auroral zone, where most magnetosphere-ionosphere (M-I) dynamics and thus Joule 37 

heating occurs. We find that the Poynting flux, which is generally larger under more 38 

active conditions, is concentrated in the sunlit cusp and near the interface between 39 

Region 1 and 2 currents. The former concentration suggests voltage generators drive the 40 

cusp dynamics. The latter concentration shows asymmetries with respect to the 41 

interface between the Region 1 and 2 currents. We show that these reflect the 42 
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controlling impact of subauroral polarization streams and dawnside auroral polarization 43 

streams on the Poynting flux. 44 

Plain Language Summary 45 

Earth’s upper atmosphere and ionosphere receive energy from space in many ways, and 46 

one of them is through an incoming flux of electromagnetic energy. This is expressed as 47 

a ‘Poynting flux’, and we investigate how it is distributed in and around the ionosphere’s 48 

auroral zone, where most activities occur. Our results show that large Poynting fluxes are 49 

distributed at locations where dramatic plasma flows appear, indicating a significant role 50 

of these flows in the energy circulation of the geospace. 51 

1 Introduction 52 

The heating of Earth’s thermosphere and ionosphere modifies their temperature, 53 

composition, and conductivity (e.g., Farley et al., 1967; Hays et al., 1973; Aksnes et al., 54 

2002), which are important aspects of space weather (e.g., Schunk & Sojka, 1996) 55 

impacting atmospheric and magnetospheric dynamics (e.g., Buonsanto et al., 1990; 56 

Wiltberger et al., 2004). One of the major heating forms is the Joule heating (e.g., Cole, 57 

1962). It is often the dominant heating form at high latitudes (Vickrey et al., 1982; Lu et 58 

al., 1995), especially around the auroral zone (e.g., Knipp et al., 2004), the most active 59 

region of the ionosphere-thermosphere (I-T) system where dramatic events such as 60 

geomagnetic storms and substorms deposit their energy (e.g., Panov et al., 2016). The 61 

Joule heating in the I-T system is carried out by ionospheric electric fields and currents 62 

(e.g., Lu et al., 1995), both of which originate from magnetospheric processes and are 63 
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modified by magnetosphere-ionosphere coupling (e.g., Vickrey et al., 1986). Thus, 64 

investigations of Joule heating can provide key information on the dynamic energy 65 

circulation between the magnetosphere, ionosphere, and thermosphere. 66 

A direct investigation of the Joule heating requires measurements of electric fields and 67 

currents, which can only be obtained at limited altitudes by low-altitude spacecraft or 68 

within a limited field of view by radars (e.g., Kiene et al., 2019). To comprehensively 69 

investigate the Joule heating in a convenient way, Kelley et al. (1991) introduced an 70 

indirect approach based on the Poynting vector (also called Poynting flux) measured by 71 

low-altitude spacecraft: 72 

𝑆𝑆p = −(𝐄𝐄 × δ𝐁𝐁) ∙ 𝐫𝐫�/𝜇𝜇0,      (1) 73 

where E is the electric field, expected to vanish during quiet (no plasma flow) times, δ𝐁𝐁 74 

is the magnetic field perturbation relative to Earth’s main field, 𝐫𝐫� is the radial unit vector 75 

approximating the main field orientation, and Sp is the Poynting flux (approximately 76 

parallel to Earth’s main field at high latitudes) associated with E and δ𝐁𝐁. It is defined as 77 

positive when pointing from the magnetosphere downward towards the ground, which 78 

is almost always the case in the high latitude ionosphere, including the auroral zone 79 

(e.g., Gary et al., 1995; Knipp et al., 2021). 80 

Sp contains contributions from perturbations of all frequencies, including those from 81 

quasi-steady dynamics such as the large-scale convection and those from waves (e.g., 82 

Billett et al., 2022). Under steady state conditions, Sp equals the total Joule heating rate 83 

of the entire unit column of ionosphere and thermosphere below the spacecraft (Kelley 84 
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et al., 1991). This approximation assumes the neutral wind’s modification to the Joule 85 

heating rate to be insignificant, which is usually valid at high latitudes where it is 86 

typically <15% (Billett et al., 2018). Under time-varying conditions, a part of Sp goes to 87 

particles via a parallel potential drop in the auroral acceleration region (e.g., Knight, 88 

1973; Evans, 1974; Lyons, 1981). This part has been studied separately as associated 89 

with Alfvén waves (Wygant et al., 2000; Keiling et al., 2003) and comprises only a small 90 

portion of Sp (Janhunen et al., 2005). Sp may contain a contribution to the auroral 91 

acceleration region only when it is measured by a spacecraft above that region at ~2 RE 92 

above the ground (Mozer & Hull, 2001), so for spacecraft at lower altitudes (as is the 93 

case for our study; see Section 2), Sp can well represent the Joule heating rate. 94 

Recognizing the implications of Sp, previous studies have statistically investigated the 95 

global distributions of Sp to find where and how much electromagnetic energy is 96 

deposited to the ionosphere for Joule heating (Gary et al., 1995; Janhunen et al., 2005; 97 

Knipp et al., 2021). These studies showed that Sp is typically 1-10 mW/m2 at ~300-1000 98 

km altitude and larger during more active geomagnetic conditions (e.g., Billett et al., 99 

2021). Large Sp values are concentrated in the cusp and auroral latitudes, as expected, 100 

since most magnetospheric activities map to these regions. 101 

These previous studies, however, could not clarify the processes responsible for large Sp 102 

in the auroral zone, because they used magnetic latitudes to organize their statistics. The 103 

auroral zone and the various phenomena within it do not occur at constant latitudes, so 104 

their effects get intermingled when statistics are organized by latitude. These 105 

phenomena include subauroral polarization streams (SAPS), westward fast flows 106 
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appearing equatorward of the bright electron aurora of the dusk convection cell (Foster 107 

& Vo, 2002), and dawnside auroral polarization streams (DAPS), eastward fast flows 108 

appearing poleward of the bright arc of the dawn convection cell (Liu et al., 2020). Both 109 

streams result from enhanced convection involving mesoscale magnetospheric 110 

processes (e.g., Gallardo-Lacourt et al., 2017) and can lead to significant Joule heating 111 

(Wang et al., 2011; Zou et al., 2013). Despite these previous findings, the extent and 112 

significance of the streams’ Joule heating in the context of the global-scale auroral zone 113 

are still unclear. 114 

To investigate the role of dynamic phenomena such as SAPS and DAPS in the energy 115 

budget of the auroral zone, we study the statistical distribution of Sp after organizing it in 116 

physical grids representing locations relative to the Region 1 and 2 (R1 and R2) currents 117 

(Iijima & Potemra, 1976), the field-aligned currents (FACs) implicated in the large-scale 118 

M-I convection (e.g., Tanaka, 1995). The Region 1 current occupies the higher latitude 119 

part of the auroral oval; its magnetospheric origin includes the higher latitude plasma 120 

sheet and the plasma sheet boundary layer. The Region 2 current covers the lower 121 

latitude part of the oval, which maps to the central plasma sheet and the inner 122 

magnetosphere (e.g., Ohtani et al., 1988; Liu et al., 2016). The locations of the R1 and R2 123 

currents are known to determine those of SAPS and DAPS (e. g., Anderson et al., 1993; 124 

Liu et al., 2020) and organize other ionospheric phenomena. Our study involving these 125 

currents’ locations is made possible by two newly available datasets. 126 
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2 Datasets 127 

Our investigation is based on a recently assembled Sp database (Knipp et al., 2021) and a 128 

recent method for determining boundaries of Region 1 and 2 currents (Liu et al., 2022), 129 

both using data from the DMSP mission. All DMSP spacecraft are polar orbiting with a 130 

low-earth orbit of ~850 km altitude.  131 

The Poynting flux Sp has been computed using Equation 1, where the perturbation 132 

magnetic field comes from DMSP’s fluxgate magnetometer (Rich, 1984) and the electric 133 

field is inferred from 𝐄𝐄 = −𝐯𝐯 × 𝐁𝐁0 (the corotation electric field has been subtracted; see 134 

Kilcommons et al. (2022)). Here B0 is the International Geomagnetic Reference Field and 135 

v is the ion bulk flow in the Earth frame (satellite velocity has been subtracted). Unlike 136 

most previous DMSP studies of the Poynting flux which only used the cross-track 137 

components of v (e.g., Knipp et al., 2011; Huang et al., 2017), the bulk flow here includes 138 

all components measured by the Ion Drift Meter and the Retarding Potential Analyzer of 139 

DMSP with the newest quality flags (Hairston & Coley, 2019). Knipp et al. (2021) provide 140 

more information about this Sp dataset, which is available for DMSP-f15, f16, and f18 for 141 

the years 2011-2014. This availability range marks the scope of our statistical studies. 142 

The other dataset we use is boundaries of R1 and R2 currents identified from DMSP 143 

transects of the auroral zone. Liu et al. (2022) determined these boundaries using a fully-144 

automated algorithm based on the perturbation magnetic field. This algorithm has been 145 

applied to all DMSP auroral zone transects with the available Poynting flux data (Knipp et 146 

al., 2021), which provide 14796 transects with R1 and R2 boundaries thus identified for 147 

our statistical studies (as illustrated in Figure 1). 148 
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3 Results 149 

We examine the Poynting flux distribution within and around the auroral zone by 150 

generating statistical maps. These maps will contain many longitudinal and latitudinal 151 

bins to reveal detailed Sp distribution. We define the longitudinal bins as evenly 152 

distributed magnetic local time (MLT) bins. For the latitudinal bins, we use a novel and 153 

more physical definition—we construct them regarding the ranges of Region 1 and 2 154 

currents. The details in these ranges will be represented by several latitudinal bins within 155 

each range. Because the latitudinal widths of the R1 and R2 currents are different for 156 

different auroral zone transects of DMSP, dividing them into fixed-width latitudinal bins 157 

would result in different numbers of bins for different transects, prohibiting the 158 

assembly of data from many transects to generate statistical distributions. Thus, we 159 

divide each of the R1 and R2 ranges into a fixed number of bins. This is done by 160 

segmenting the spacecraft trajectory of each DMSP transect regarding the widths of the 161 

observed R1 and R2 ranges, as illustrated in Figure 2. 162 

For each transect, we define three magnetic latitudes of boundary locations: Λ1, the 163 

poleward boundary of the R1 current, Λ12, the interface between the R1 and R2 current, 164 

and Λ2, the equatorward boundary of the R2 current. By definition,|Λ1|>|Λ12|>|Λ2|. We 165 

divide the R1 range, which has a latitudinal width of ΔΛ1=|Λ1−Λ12|, into three segments, 166 

each with the same latitudinal width of ΔΛ1/3. We do the same to the R2 range 167 

(latitudinal width: ΔΛ2=|Λ12−Λ2|) and get three segments with a width of ΔΛ2/3 for each. 168 

(Note that Λ12 is not contained by any of the segments.) We also identify the three 169 

consecutive segments immediately poleward of the R1 current, each with a latitudinal 170 
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width of ΔΛ1/3, and one segment immediately equatorward of the R2 current with a 171 

width of ΔΛ2/3. These additional segments will provide useful information beyond the 172 

auroral oval. Now we have ten segments for each auroral zone transect of DMSP. For 173 

every segment, we designate the average values of quantities (e.g., Sp and MLT) over it 174 

as its signature values. Using the signature values of the segments from all DMSP 175 

transects in our database (regardless of northern or southern hemisphere), we construct 176 

statistical maps of different quantities in the following. Please note that these maps 177 

cannot be perceived in the same way as traditional maps (i.e., those using actual 178 

latitudes as grids) because the signature values on the two sides of the R1/R2 interface 179 

are averages over different latitudinal widths. Nevertheless, they are no less meaningful 180 

than averages over the same widths because M-I dynamics are not expected to be better 181 

prescribed by absolute latitude widths than by those normalized by the R1 or R2 width. 182 

Figure 3 presents statistical maps of Sp. To investigate how the Poynting flux depends on 183 

geomagnetic activity levels, we split the dataset into quiet conditions defined as Kp<3 184 

(Figures 3a-3b) and active conditions defined as Kp≥3 (Figures 3c-3d). We chose Kp to 185 

represent the activity level following previous statistical studies on Poynting flux (Olsson 186 

et al., 2004; Knipp et al., 2021) so our results can be conveniently compared with theirs. 187 

We also separate the results for sunlit (Figures 3a and 3c) and dark (Figures 3b and 3d) 188 

conditions because they are known to impact the Poynting flux via their different 189 

ionospheric conductivities due to different levels of solar EUV ionization (e.g., Pakhotin 190 

et al., 2021). We determined these conditions for each transect segment using the 191 

signature location and time of that segment; the criterion for sunrise/sunset is 90o50’ 192 
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solar zenith angle (Jacobson et al., 2011). Separating the segments based on their sunlit 193 

condition allows us to mix the data from northern and southern hemispheres together 194 

for our statistical study. For the segments in each statistical subset, we position them in 195 

different bins (colored arc areas in Figure 3) based on their relative location to the R1/R2 196 

current and signature MLT values. For each bin, we compute the median of the signature 197 

Sp of all the segments in that bin. These medians, as represented by the bin colors, 198 

reveal typical distributions of Poynting flux input to the ionosphere. To assure the quality 199 

of the statistical results, we show the medians only for bins containing segments from 200 

≥30 DMSP transects. Such bins are most abundant near the dawn and dusk sectors 201 

because of DMSP’s sun-synchronous orbits around the dawn-dusk meridian, but there 202 

are also a few bins satisfying the quality criterion in the noon and midnight sectors. 203 

The Sp distributions reveal that their median values are always downward (towards the 204 

ground) and typically 1-10 mW/m2. In general, the ionosphere receives significantly 205 

higher Poynting flux during active times (with typical values up to >10 mW/m2, as given 206 

by the medians in Figures 3c-3d) than during quiet times (<5 mW/m2; Figures 3a-3b). 207 

These values under various conditions are consistent with previous findings (e.g., Knipp 208 

et al., 2021). Regardless of the condition or MLT, Sp peaks in the bins adjacent to the 209 

R1/R2 interface and decreases away from it until it approaches zero in the bins 210 

immediately equatorward of the R1 current’s poleward boundary and in the bins 211 

immediately poleward of the R2 current’s equatorward boundary. Equatorward of the 212 

R2 current, the Poynting flux is negligible. Poleward of the R1 current, Sp is typically <3 213 

mW/m2, but can be significant (>5 mW/m2) near the noon meridian under sunlight 214 
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(Figures 3a and 3c). Between 8 and 14 MLT during active and sunlit conditions (Figure 215 

3c), Sp is ~ 5 mW/m2 poleward of the R1 current. This region is the cusp (e.g., Jacobsen et 216 

al., 2010) and has been shown to contain high Poynting flux (e.g., Cosgrove et al., 2014). 217 

Taking a closer look at Figure 3, we find an interesting feature: Sp is usually 218 

asymmetrically distributed about the R1/R2 interface. In most MLT bins (13 out of 18) 219 

from postnoon to premidnight, Sp in the bins equatorward of the interface are larger 220 

than those poleward of it with the same normalized distances to it, so the maximum Sp 221 

occurs in the bins immediately equatorward of the interface. During active times 222 

(Figures 3c-3d), this difference is typically >50%. From postmidnight to prenoon, an 223 

opposite asymmetry shows up under darkness (Figures 3b and 3d): at any given MLT, Sp 224 

peaks in the bin immediately poleward of the R1/R2 interface and is significantly larger 225 

(>30% under quiet conditions and >50% under active conditions) than that in the bin 226 

immediately equatorward of the interface. 227 

3.1 Factors Contributing to the Poynting Flux Distribution 228 

To find what leads to the distributions in Figure 3, we examine the factors contributing to 229 

the Poynting flux. Converting Equation 1 into scalar form: 230 

𝑆𝑆p = −[(𝐄𝐄ℎ + 𝐄𝐄𝑟𝑟) × (δ𝐁𝐁ℎ + δ𝐁𝐁𝑟𝑟)] ∙
𝐫𝐫�
𝜇𝜇0

= −(𝐄𝐄ℎ × δ𝐁𝐁ℎ) ∙
𝐫𝐫�
𝜇𝜇0

= −𝐸𝐸ℎδ𝐵𝐵ℎ sin𝜃𝜃BE /𝜇𝜇0, 231 

Where suffices h and r indicate the horizontal (to earth surface) and radial components, 232 

respectively. It is evident that Sp should be proportional to the magnitudes of the 233 

horizontal electric and perturbation magnetic fields Eh and δBh and sinθBE, where θBE is 234 

the angle between Eh and δBh. Figure 4 shows the distribution of these factors, with the 235 
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horizontal ion bulk flow vh as the proxy of Eh (𝐄𝐄h ≈ −𝐯𝐯ℎ × 𝐁𝐁0; B0 is the nearly vertical 236 

main field). As indicated by Figures 4a-4h, the higher Poynting flux during active times is 237 

caused by larger plasma flows and perturbation magnetic fields. The flows (Figures 4a-238 

4d; and thus electric field) are also higher under darkness than under sunlight, as 239 

expected from ‘current generators’ in the magnetosphere (Vickrey et al., 1986). On the 240 

contrary, δBh (Figures 4e-4h) presents an opposite dependence on illumination, although 241 

it does not dominate the Poynting flux’s dependence. According to Ampere’s law, this 242 

δBh dependence indicates that field-aligned currents are more intense under sunlight 243 

than under darkness. Current continuity requires the same for horizontal ionospheric 244 

currents, which suggests ‘voltage generators’ as their magnetospheric sources (Vickrey 245 

et al., 1986). δBh and Eh are more perpendicular to each other (higher sinθBE in Figures 246 

4i-4l) under sunlight than under darkness, but this does not affect the Poynting flux’s 247 

dependence on illumination significant enough to overturn it. 248 

The high Sp near the R1/R2 interface is contributed by all factors—vh, δBh, and sinθBE all 249 

peak near the interface and decrease away from it. All factors also contribute to the high 250 

Poynting flux in the sunlit cusp (Figures 4a, 4c, 4e, 4g, 4i, and 4k). Although the dark cusp 251 

and polar cap contain significant flows (>0.5 km/s; Figures 4b and 4d), the lack of 252 

magnetic perturbations there (Figures 4f and 4h) leads to small Sp. Equatorward of the 253 

R2 current, vanishing magnetic field perturbations (Figures 4e-4h) lead to vanishing Sp. 254 

Details in Figure 4 reveal the contributors to the asymmetry in the Sp distribution about 255 

the R1/R2 interface. While the magnetic field perturbation contributes to the 256 

asymmetry only for the active-time postnoon-to-premidnight sector as in Figures 4g-4h, 257 
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sinθBE and plasma flows always contribute to it—they are larger in the R2 range than in 258 

the R1 range in the postnoon-to-premidnight sector; they are larger in the R1 range than 259 

in the R2 range in the postmidnight-to-prenoon sector. The peak plasma flows 260 

equatorward of the R1/R2 interface in the postnoon-to-premidnight sector are at where 261 

subauroral polarization streams are expected, and the peak flows poleward of the 262 

interface in the postmidnight-to-prenoon sector should be contributed by dawnside 263 

auroral polarization streams. In the postmidnight-to-prenoon sector, the difference in 264 

flow magnitude across the interface is much larger under dark conditions than under 265 

sunlit conditions (Figures 4a-4d), consistent with the DAPS generation mechanism 266 

suggested by Liu et al. (2020). This is a major factor leading to the difference in the Sp 267 

asymmetry about the R1/R2 interface between sunlit (Figures 3a and 3c) and dark 268 

(Figures 3b and 3d) conditions in the postmidnight-to-prenoon sector. 269 

3.2 The Role of SAPS and DAPS 270 

Figures 4a-4d suggest that SAPS and DAPS may contribute to the Poynting flux 271 

asymmetry about the R1/R2 interface. To evaluate this idea, we examine typical DMSP 272 

observations of SAPS (Figures 5a-5d) and DAPS (Figures 5e-5g). A SAPS is a fast westward 273 

flow (Figure 5b) equatorward of the electron aurora as indicated by electron 274 

precipitations (Figure 5d). At the same location of the SAPS is an enhanced downward 275 

Poynting flux (Figure 5c). To put this region into the context of the auroral zone, we 276 

determine the ranges of R1 and R2 currents based on the gradual slopes of the magnetic 277 

field’s east-west component, as marked in Figure 5a (see, e.g., Liu et al., 2021 for this 278 

method). The high Poynting flux is equatorward of the R1/R2 interface and much larger 279 
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than that poleward of it, consistent with the statistical asymmetries in the postnoon-to-280 

premidnight sector of Figure 3. Figure 5f shows a typical DAPS, an eastward fast flow in 281 

the dawn convection cell (as indicated by the R1 and R2 FAC directions in Figure 3e) near 282 

the R1/R2 interface. A typical signature of DAPS is that the eastward flow poleward of 283 

the interface is much larger than that equatorward of it, which causes the same 284 

asymmetry in Poynting flux (Figure 5g). This asymmetry is consistent with those in the 285 

postmidnight-to-prenoon sector of Figures 3b and 3d. 286 

To better illustrate the streams’ impact on the Poynting flux distribution, in Figure 6 we 287 

generate a statistical Sp map from the DMSP transects with either SAPS or DAPS 288 

observed. We identified SAPS and DAPS using fully automated algorithms (Appendix A), 289 

which gave us 2028 and 1301 transects with SAPS and DAPS, respectively. The locations 290 

of these transects are indicated by green and red dots in Figure 1. Because SAPS and 291 

DAPS are themselves condition-dependent, we no longer divide these transects into 292 

subgroups based on activity level or illumination. Figure 6 shows the Sp asymmetries 293 

more clearly than any panel in Figure 3: In the postnoon-to-premidnight sector, Sp 294 

immediately equatorward of the R1/R2 interface is much larger than poleward of the 295 

interface; in the postmidnight-to-prenoon sector, Sp immediately poleward of the R1/R2 296 

interface is much larger than equatorward of the interface. 297 

4 Conclusion and Discussion 298 

Our statistical results have revealed the following: 299 
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1. The Poynting flux input to the ionosphere (as computed from Equation 1) is 300 

higher during active times than during quiet times, consistent with previous 301 

findings (e.g., Gary et al., 1995; Cosgrove et al., 2014; Kaeppler et al., 2022). 302 

2. Under all activity and illumination conditions, the highest Poynting flux input 303 

occurs near the interface between Region 1 and 2 currents and decreases toward 304 

the poleward and equatorward boundaries of the R1 and R2 current, 305 

respectively. Such a distribution is caused by all factors contributing to the 306 

Poynting flux: near the interface, the plasma bulk flow (and thus electric field) 307 

and the perturbation magnetic field are larger than in other places; the angle 308 

between the electric and the perturbation magnetic fields is closer to 90o. These 309 

flow and magnetic field peaks are consistent with the typical convection profile in 310 

the auroral zone (Archer et al., 2017). 311 

3. The sunlit cusp is another region of high Poynting flux input, especially during 312 

active times. In contrast, the dark cusp does not show a concentration of 313 

Poynting flux, although its plasma flows are as intense as those in the sunlit cusp. 314 

This controlling factor of the Poynting flux in the cusp is the perturbation 315 

magnetic field, which is much larger in the sunlit cusp than in the dark cusp. The 316 

magnetic perturbations are caused by field-aligned currents, which must be 317 

connected to horizontal ionospheric currents to ensure current continuity. 318 

Therefore, the difference in magnetic perturbations between the sunlit and dark 319 

cusp indicates a difference in horizontal ionospheric currents, which is most likely 320 

related to the ionospheric conductivity—the higher conductivity under sunlit 321 
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conditions allows larger horizontal current, and thus FACs, magnetic 322 

perturbations, and Poynting flux. This role of the conductivity reveals that the 323 

magnetospheric sources of the cusp’s dynamic processes are ‘voltage generators’ 324 

instead of ‘current generators’ (see e.g., Lysak, 1985; Vickrey et al., 1986 for the 325 

meanings of these terms)—the processes originate as potential electric fields 326 

instead of currents needing closure through the ionosphere. Such voltage 327 

generators can cause significant Poynting flux only in regions of high ionospheric 328 

conductivity. 329 

4. The Poynting flux shows asymmetries about the R1/R2 interface—in the 330 

postnoon-to-premidnight sector of the R1 and R2 range, the Poynting flux 331 

equatorward of the interface is significantly higher (~30% to >50% in statistical 332 

medians) than that poleward of it; in the postmidnight-to-prenoon sector, the 333 

asymmetry is opposite. The asymmetries are more prominent if we only include 334 

DMSP transects observing SAPS or DAPS in the statistics (Figure 3i), suggesting 335 

that these streams are responsible for the asymmetries. Confirming this notion, 336 

plasma flows are a major contributor to the asymmetries (Figures 4a-4d). The 337 

asymmetry in the postnoon-to-premidnight sector exists under all conditions but 338 

that in the postmidnight-to-prenoon sector only shows up under darkness. This 339 

difference suggests that the generation of DAPS depends on conductivity much 340 

more than that of SAPS. As Liu et al. (2020) suggested, an auroral zone 341 

conductivity gradient caused by precipitation is crucial for prominent DAPS 342 

signatures, but this gradient can be much suppressed under sunlight. The 343 
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Poynting flux equatorward of the R1/R2 interface in the postmidnight sector 344 

receives limited contributions from abnormal SAPS (Voiculescu & Roth, 2008; D. 345 

Lin et al., 2022), which are less common and slower than DAPS (Qian & Wang, 346 

2023). 347 

All these signatures of the Poynting flux distribution also show up in statistical quartiles 348 

(Figures S1-S4 in the supporting information), so they are robust results. 349 

The conclusions above come from DMSP data, which were measured at ~850 km 350 

altitude. Thus, the investigated Poynting flux does not contribute to the auroral 351 

acceleration region (see Section 1) and should mostly become Joule heating in the 352 

ionosphere and thermosphere. The conclusions about the Poynting flux’ distribution and 353 

asymmetries may also be applied to Joule heating. For example, the asymmetries about 354 

the R1/R2 interface (Point 4 above) indicate strong Joule heating and thus 355 

recombination in the R2 range of the postnoon-to-premidnight sector and the R1 range 356 

of the postmidnight-to-prenoon sector. The recombination may cause low density 357 

troughs to form in these two regions, consistent with observations (e.g., Anderson et al., 358 

1991; Zou et al., 2013). The Joule heating may also lead to phenomena such as the 359 

STEVE (Strong Thermal Emission Velocity Enhancement; MacDonald et al., 2018), which 360 

has received intense research focus recently (Harding et al., 2020). Our results provide 361 

important information for predicting such phenomena. 362 
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Appendix A: Selection Algorithms for SAPS and DAPS 363 

We look for SAPS and DAPS by applying fully automated algorithms (including all the 364 

following) to the DMSP auroral zone transects used for our Poynting flux statistics, which 365 

all have identified R1 and R2 ranges (see Section 2). As a preparation, from the magnetic 366 

field slopes within the R1 and R2 ranges we automatedly determine the directions of the 367 

R1 and R2 FACs (e.g., Figure 5e). These directions indicate which convection cell the 368 

spacecraft transected–the dusk cell is given by an upward R1 FAC and the dawn cell by a 369 

downward R1 FAC. This method is more accurate than using spacecraft ephemerides 370 

because the convection cells do not stay at constant locations (see Walach et al., 2022 371 

and references therein). We select SAPS and DAPS only from the dusk and dawn 372 

convection cells, respectively, as consistent with their definitions. 373 

We select SAPS and DAPS from DMSP’s cross-track flow measurements, which we treat 374 

as (approximately) east-west flows. We smooth the original measurements vcross using 375 

the Kitagawa (1981) method with a half bandwidth equal to the inverse of the total 376 

latitudinal width of the R1 and R2 currents. The goal of this smoothing is to remove 377 

secondary flow variations that may confuse the selection for SAPS and DAPS. 378 

A.1 SAPS Selection 379 

A SAPS is defined as a significant westward flow equatorward of the prominent electron 380 

aurora in the dusk convection cell (e.g., C. S. Lin & Hoffman, 1982). Thus, we first need to 381 

find the equatorward boundary of the electron aurora from each DMSP transect of the 382 

dusk convection cell. Because electron aurora intensity is proportional to ionospheric 383 

conductance (Lam et al., 2019; Gabrielse et al., 2021), we look for the aurora boundary 384 
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based on 𝛴𝛴P, the Pederson conductance. This is a common practice for identifying 385 

aurora boundaries from DMSP observations (e.g., Wang et al., 2008). After computing 𝛴𝛴P 386 

from electron precipitation using the Robinson et al. (1987) equation, we smooth it to 387 

get 𝛴𝛴P� (the third row from top of Figure A1) using the same method applied to the cross-388 

track flow. Next, we characterize the auroral zone using ΛM, the latitudinal location of 389 

the maximum 𝛴𝛴P� in the Region 1 and 2 range, and 𝛴𝛴P��Au, the overall auroral brightness of 390 

each DMSP transect, which is computed as the average 𝛴𝛴P� over the expected overall 391 

range of auroral emissions. By default, we use the R1 range for this range, because the 392 

R1 current in the dusk convection cell is an upward FAC carried by precipitating electrons 393 

producing auroral emissions. However, the range of bright auroral emissions is not 394 

always collocated with the R1 current (Carter et al., 2016), so ΛM sometimes falls outside 395 

the R1 current (then it must be within the R2 range). Under such conditions, we extend 396 

the averaging range to be from ΛM to the poleward boundary of the R1 current to 397 

include the significant auroral precipitation in the R2 range. 398 

Next, we divide the time interval of the DMSP track between ΛM and the equatorward 399 

boundary of the R2 current (Λ2) into N equally spaced windows. N is chosen as follows: if 400 

the whole interval is >50 seconds, N=10; otherwise, N is the maximum integer allowing 401 

each window to be ≥5 seconds. Next, we identify the poleward-most window with every 402 

window equatorward of it (including itself) having an average 𝛴𝛴P� smaller than 0.2𝛴𝛴P��Auor 403 

1 mho (the criterion values come from Wang et al. (2008)). If such a window can be 404 

identified (WLow), we look for the equatorward boundary of the electron auroral within 405 

this window by dividing it into n small time windows—n is the smallest integer allowing 406 
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each resultant window to be ≤5 seconds. We then repeat what we did to the N windows 407 

above to these n small windows to identify a final low-conductance small window. If 408 

such a small window can be identified, we take its poleward boundary as ΛAU, the 409 

equatorward boundary of the electron aurora. Otherwise, we define ΛAU as the 410 

equatorward boundary of WLow. Figure A1 illustrates examples of identified ΛAU (orange 411 

dotted lines). 412 

For SAPS selection, we first identify all westward peaks of the smoothed flow 𝑣𝑣�𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 413 

within the range equatorward of ΛAU and poleward of Λ2. The generation mechanism of 414 

SAPS requires it to be within this range (e.g., Anderson et al., 1993). For all the locations 415 

of identified 𝑣𝑣�𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 peaks, we examine whether their original vcross is at least 0.5 km/s 416 

larger than 𝑣𝑣𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐
q , the flow in the unperturbed region (determined as the average of the 417 

30 seconds of data immediately equatorward of the R2 range). We chose the 0.5 km/s 418 

criterion following Zhang et al. (2020). Of the peaks satisfying this criterion (if any), we 419 

select the one with the largest 𝑣𝑣�𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 as the SAPS peak. Figure A1 shows examples of 420 

selected SAPS (with their peaks indicated by dotted magenta lines). 421 

A.2 DAPS Selection 422 

Our DAPS selection algorithm is designed based on the typical events reported by Liu et 423 

al. (2020). First, we compute an average-sense eastward flow gradient as 𝐾𝐾0 =424 

�𝑣𝑣�𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐
𝐸𝐸,max − 𝑣𝑣𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

q �/∆𝛬𝛬2, where 𝑣𝑣�𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐
𝐸𝐸,max is the maximum eastward flow of the R1 and R2 425 

range. Next, within the range between 𝛬𝛬12 − ∆𝛬𝛬2/3 and 𝛬𝛬12 + ∆𝛬𝛬1/3, we find all data 426 

points of 𝑑𝑑𝑣𝑣�𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐/𝑑𝑑|𝛬𝛬| with the same sign as K0 and a magnitude exceeding 3|K0|, 427 

where Λ is the magnetic latitude. Each continuous group of such data points (if they 428 
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exist) is regarded as a significant eastward flow gradient. For each significant gradient, 429 

we examine the range immediately poleward of it with a latitudinal width of 0.3∆𝛬𝛬1 (if 430 

this range’s poleward edge is poleward of the R1 current’s poleward boundary, we adjust 431 

it to be that poleward boundary) and the one immediately equatorward of it with a 432 

width of 0.3∆𝛬𝛬2 (if this range’s equatorward edge is equatorward of the R2 current’s 433 

equatorward boundary, we adjust it to that equatorward boundary). If the maximum 434 

eastward vcross of the former range is larger than that of the latter range and 𝑣𝑣𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐
q  by 435 

≥0.5 km/s, we mark this gradient as a candidate for final selection. Of all candidates, we 436 

select the one with its poleward edge closest to the R1/R2 interface as that of a DAPS 437 

and define the eastward flow poleward of it as a DAPS. Figure A2 shows examples of 438 

selected DAPS. 439 
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 680 

Fig. 1. The locations of the observations used in our statistical study. Grids: magnetic 681 

latitude and MLTs. Gray lines: Defense Meteorological Satellite Program trajectories in 682 

the latitudinal range covered by R1 and R2 currents. Green, red, and blue dots: R1/R2 683 

interface locations for transects identified to contain DAPS, those containing SAPS, and 684 

all other ones, respectively. Please note that the dots do not indicate the exact locations 685 

of SAPS or DAPS. 686 
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 687 

Fig. 2. A Schematic illustration of how we segment a DMSP transect of the Region 1 and 688 

2 currents in the ionosphere. Pink/light blue: upward/downward field-aligned currents. 689 

Green line and diamond: schematic track of a DMSP spacecraft. Each dashed curve is of 690 

a constant magnetic latitude. Λ1, Λ2, and Λ12 are the magnetic latitudes of the poleward 691 

boundary of the R1 current, the equatorward boundary of the R2 current, and the R1/R2 692 

interface, respectively. ΔΛ1 and ΔΛ2 are the widths of the R1 and R2 currents in magnetic 693 

latitude, respectively. From these values we determine the orange segments for 694 

computing average values (see Section 3). 695 
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 696 

Fig. 3. Statistical distribution of typical Sp at various locations around the auroral zone 697 

under (a-b) quiet, (c-d) active, (a, c) sunlit, and (b, d) dark conditions, as reconstructed 698 

from DMSP transects of the auroral zone (including both northern and southern 699 

hemispheres). Color of each bin: the median of the signature Sp values of all spacecraft 700 

trajectory segments falling inside that bin (see Section 3; the lower and upper quartiles 701 

of the values are illustrated in Figures S1 and S2 of the supporting information, 702 

respectively). A positive Sp means a Poynting flux downwards towards the ground. White 703 

circles from small to large: the poleward boundary of the R1 current, the R1/R2 704 
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interface, and the equatorward boundary of the R2 current. For each panel, the center 705 

of the circles is the magnetic pole; a radially increasing distance from the center 706 

represents a decreasing normalized magnetic latitude (normalized by the R1 or R2 707 

current’s latitudinal width). Each bin’s normalized latitudinal width is 1/3; it has been 708 

normalized by the latitudinal width of the R1 (R2) current if it is poleward (equatorward) 709 

of the R1/R2 interface.  710 
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Fig. 4. Distributions of (a-d) horizontal ion bulk speed, (e-h) horizontal perturbation 712 

magnetic field strength, and (i-l) the sine function of the angle between the horizontal 713 

electric field and the horizontal perturbation magnetic field under (a-b, e-f, i-j) quiet, (c-714 

d, g-h, k-l) active, (a, e, I, c, g, k) sunlit, and (b, f, j, d, h, l) dark conditions. Each panel is 715 

presented in the same way as those in Figure 3. 716 

 717 

Fig. 5. Examples of (a-d) SAPS and (e-h) DAPS observations. (a, d) Horizontal 718 

perturbation magnetic field. Blue (green) component: in the minimum (maximum) 719 

variance direction; positive when approximately northward (eastward). We obtain these 720 

directions by applying a principal axis analysis (Pearson, 1901) to the interval of R1 and 721 

R2 currents. (b, e) Horizontal ion bulk velocity parallel and perpendicular to the 722 

spacecraft trajectory, as illustrated by the blue and green curves, respectively. The blue 723 

(green) component is positive when approximately northward (eastward). (c, f) 724 

Perturbation Poynting flux. (d, g) Differential energy flux of electron precipitation. 725 
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 726 

Fig. 6. A statistical distribution of median Sp reconstructed from DMSP transects 727 

containing either SAPS or DAPS, presented in the same format as Figure 3. The 728 

corresponding lower and upper quartiles are illustrated in Figures S3 and S4 of the 729 

supporting information, respectively. 730 

 731 
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Fig. A1. Examples of SAPS identified by our selection algorithm. The top and bottom 732 

rows present the same quantities as Figures 5a and 5d, respectively. Second row from 733 

top: Horizontal ion bulk velocity perpendicular to the spacecraft trajectory, positive 734 

when approximately eastward. The green and cyan curves are original and smoothed 735 

data (see Appendix A for the smoothing technique), respectively. The dotted magenta 736 

lines indicate the peaks of the identified SAPS. Third row from top: Pederson 737 

conductance computed from the Robinson (1987) equation. The blue and cyan curves 738 

are the original and smoothed data, respectively. The dotted orange lines indicate the 739 

equatorward boundaries of the electron aurora as determined by our algorithm. 740 

 741 

Fig. A2. Examples of DAPS identified by our selection algorithm. The panels present the 742 

same quantities as those in the first two rows of Figure A1. Magenta dotted lines 743 

indicate DAPS (marked at the poleward edge of the significant gradients of the 744 

smoothed flow; see Appendix A.2). 745 


	Plain Language Summary
	1 Introduction
	2 Datasets
	3 Results
	3.1 Factors Contributing to the Poynting Flux Distribution
	3.2 The Role of SAPS and DAPS

	4 Conclusion and Discussion
	Appendix A: Selection Algorithms for SAPS and DAPS
	A.1 SAPS Selection
	A.2 DAPS Selection

	Open Research/Data Availability Statement
	References

