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Abstract

We provide high-resolution maps of quasi-static Poynting flux (PF) in each hemisphere based on nine-satellite years of Defense

Meteorological Satellite Program (DMSP) data. Conjugate comparisons from ˜850 km reveal more quasi-static PF arriving

in the northern hemisphere (NH) than the southern hemisphere (SH). This tendency is clear in the dawn-dusk sectors and

during intervals when Kp < 3, which accounts for ˜80% of the study interval. Summer-to-summer comparisons indicate this

asymmetry is partially associated with more NH solar illumination, which supports stronger NH field-aligned currents (FAC).

Differing hemispheric FAC configurations may also play a role. Our findings support and broaden earlier reports of similar

NH preference for the deposition of Alfvenic PF. Regionally the NH has stronger dusk-region PF, while the SH has stronger

mid-morning PF. We find PF deposition in the near-cusp regions that rivals and often exceeds the PF intensity in the auroral

zones.
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Key points: 10 
 11 
- Nine-satellite years of DMSP data provide large-scale views of quasi-steady Poynting flux (PF)in each 12 
hemisphere, independently 13 
- Stronger solar illumination and magnetic perturbations in the northern hemisphere (NH) appear to be 14 
responsible for the PF excess 15 
- During the respective summer seasons in co-sampled regions, the NH receives 25% more PF than the 16 
southern hemisphere 17 

 18 
Abstract: We provide high-resolution maps of quasi-static Poynting flux (PF) in each hemisphere based 19 
on nine-satellite years of Defense Meteorological Satellite Program (DMSP) data.  Conjugate 20 
comparisons from ~850 km reveal more quasi-static PF arriving in the northern hemisphere (NH) than 21 
the southern hemisphere (SH). This tendency is clear in the dawn-dusk sectors and during intervals 22 
when Kp < 3, which accounts for ~80% of the study interval. Summer-to-summer comparisons indicate 23 
this asymmetry is partially associated with more NH solar illumination, which supports stronger NH field-24 
aligned currents (FAC). Differing hemispheric FAC configurations may also play a role. Our findings 25 
support and broaden earlier reports of similar NH preference for the deposition of Alfvenic PF. 26 
Regionally the NH has stronger dusk-region PF, while the SH has stronger mid-morning PF.  We find PF 27 
deposition in the near-cusp regions that rivals and often exceeds the PF intensity in the auroral zones.  28 
 29 
Plain Language Summary: One of the responses to solar wind forcing of geospace is the generation 30 
of currents that flow along Earth's magnetic fields. These currents exchange information between the 31 
magnetosphere and ionosphere about the state of the system. Steady interactions dissipate energy on 32 
the large scale as the currents flow through Earth's resistive upper atmosphere. Non-steady interactions 33 
also dissipate energy, but on multiple scales as the magnetosphere and ionosphere 'negotiate' how the 34 
changes are to be made in the plasmas of both systems. We map medium- and large-scale hemispheric 35 
differences in quasi-static electromagnetic energy (Poynting flux--PF) delivered to the two polar regions. 36 
On a multi-year basis, the northern hemisphere (NH) receives more electromagnetic energy than the 37 
southern hemisphere in almost every sector. Use of nine-satellite years of full-component electric and 38 
magnetic field measurements from the Defense Meteorological Satellite Program (DMSP) spacecraft are 39 
key to showing medium-sized PF structure near the polar cusps.  We show PF deposition in the near-40 
cusp regions that rivals and often exceeds the PF intensity in the auroral zones. Our findings support and 41 
broaden a recent report of similar NH preference for the deposition of PF in the noon-midnight 42 
meridian. 43 
 44 
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1. Introduction 45 
 46 
The first satellites launched to low Earth orbit (LEO) sparked a flurry of speculation about the energy 47 
sources for Earth’s heated upper atmosphere.  Cole (1962) asserted that Joule heating of the upper 48 
atmosphere could explain the fluctuations in orbital acceleration during geomagnetic disturbances. 49 
Sugiura (1984, 1986) deduced that high-latitude electric field, E, magnetic field, B, and their variations 50 
dB, and dE, reported by the Dynamics Explorer-2 (DE-2) mission during a magnetic storm in 1981 were 51 
consistent with electromagnetic energy transfer via the Poynting vector and that the transfer was equal 52 
to the ionospheric energy (Joule) dissipation below the satellite.  Subsequent investigations have 53 
considered the Poynting vector, also called Poynting flux (PF), as a source of thermospheric 54 
disturbances.  The requirement for simultaneous full-component B, E, dB, and dE measurements over a 55 
range of frequencies and locations has frustrated attempts to systematically quantify PF response to 56 
geospace disturbances.  57 
 58 
Knudsen (1990) and Kelley et al. (1991) applied Poynting’s theorem to HILAT spacecraft measurements 59 
(altitude ~800 km) of the convective electric field, E and magnetic perturbations dB relative to Earth’s 60 
main field.  They calculated electromagnetic energy transfer as:  61 

                                                      (1) 62 
where μ0 is the permeability in vacuum (4π x 10-7 H/m), and the dot product with the radial vector 63 
produces energy transfer in the earthward direction. Studying two polar passes, they reported energy 64 
transfer of 2-5 mW/m2 for the field-aligned perturbation Poynting vector, S‖, which they called ‘Poynting 65 
flux.’ We adopt the same terminology.  Kelley et al. associated this quasi-static PF (scale size ~100’s km) 66 
with large-scale field aligned currents (FACs) measured near the northern hemisphere (NH) magnetic 67 
cusp and in the afternoon auroral zone. At smaller scales (< 10 km) Knudsen et al. [1992] showed that 68 
part of the fluctuating electromagnetic energy in the two passes was due to Alfven waves (local dE and 69 
dB fluctuations): 70 

                                            (2) 71 
where the perturbation vectors are with respect to the average local field.   72 
 73 
Gary et al. (1995) provided maps of averaged quasi-static PF distributions from 570 polar passes of the 74 
DE-2 LEO mission during its 18-month mission.  Visual inspection of their averages for all levels of Kp 75 
suggests a hemispherically-integrated PF of ~100 GW and a peak average value of 8 mW/m2.  Olsson et 76 
al. (2004) produced similar quasi-static PF distributions from six months (~4000 polar passes) of Astrid-2 77 
data (sorted in two Kp bins). They reported average, peak gridded values of ~ 16 mW/m2.  Both studies 78 
were data-limited, so data from both hemispheres were combined for the maps.   79 
 80 
In a five-year survey of the nightside auroral zone using Polar and Astrid-2 data, Janhunen et al. (2005) 81 
found that Alfvenic PF contributed 0.2-0.3 mW/m2 while quasi-static PF deposited 1.4-4.0 mW/m2. with 82 
the lower values in each category associated with Kp ≤ 2.  Hartinger et al. (2015), Hatch et al. (2017) 83 
and Keiling et al. (2019) independently reported Alfvenic wave PF above the auroral acceleration region 84 
with typical values of 1 mW/m2.  Most of the energy was deposited near the dayside cusp and/or in the 85 
nightside substorm region. All studies scaled the Alfvenic PF along magnetic field lines to ~100 km.  86 
 87 
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Pakhotin et al. (2021) showed significant excess NH Alfvenic-wave PF measured by Swarm spacecraft in 88 
the noon-midnight meridian. They reported deposition intensity £ 1 mW/m2.  Although we lack uniform 89 
coverage in the noon-midnight meridian, we show that the preference for excess NH PF extends to 90 
quasi-static PF over broad regions surrounding the dawn-dusk meridian. Below we verify, with a grid 91 
resolution of ~220 km and data-averaging scales of ~100 km, the general features of the previous PF 92 
studies and discuss hemispheric and longitudinal PF asymmetries that appear in our Kp-based maps. 93 
Using nine-satellite years of data from Defense Meteorological Satellite Program (DMSP) spacecraft in 94 
three LEO planes we provide the first hemispherically-differentiated patterns of quasi-static PF. In the 95 
near-cusp and auroral zones our quasi-static PF is generally 30%-70% higher than reported for Alfvenic-96 
wave PF (e.g., Keiling, 2021 and Pakhotin et al., 2021). 97 
 98 
2. Data and Methods 99 
 100 
Data Processing. We use DMSP in-situ measurements of ion velocity (V) converted to convection E, and 101 
the FAC-associated dB, both at ~850 km to calculate PF using Equation 1. The DMSP F15, F16, and F18 102 
spacecraft are in ~98° inclined, near-circular Sun-synchronous orbits with ~110 min periods. Figure 1 103 
show mean patterns of: a-b) DMSP horizontal components of the ion drift; c-d) FAC-associated dB; e-f) 104 
the large-scale E; g-h) fraction of time PF exceeds 10 mW/m2 in each bin, when Kp < 3.  The bow-tie 105 
patterns formed from data acquired in 2011-2014 are the superposition of coverage in magnetic 106 
coordinates.  Our data processing, described below, is consistent with calculation of ‘quasi-static’ PF.  107 
However, as we discuss in Section 4 there is likely an Alfvenic PF contribution in our results. 108 
 109 
The DMSP special sensor for ions electrons and scintillations (SSIES) electric field is calculated as:   110 
E = -v x B0, where B0 is the International Geomagnetic Reference Field (IGRF) vector at the spacecraft 111 
location. The data cadence for F15 is 4-s and for F16 and F18 is 1-s. A corotation E is removed during 112 
processing. Unlike many previous DMSP PF studies that used only cross-track ion drift (e.g., Knipp et al. 113 
2011; Huang et al. 2017) we use all components of V. The Ion Drift Meter (IDM) provides cross-track ion 114 
drift, Vy and Vz; while the along-track ion drift, Vx is from current-voltage sweeps from the Retarding 115 
Potential Analyzer (RPA). Only drift data designated as Quality Flag (QF) = 1—'good,’ are used in this 116 
study. To be included, all components of the drift must be simultaneously QF = 1. The quality flags are 117 
assigned independently to each of the sensors that measure ion drift (Hairston & Coley, 2019 and 118 
Supporting Information, S1). We discard passes with low percentage QF = 1 data.  A two-cell convection 119 
pattern with convection reversals near 75°	magnetic latitude (MLAT) is evident in averaged horizontal 120 
drift components in both hemispheres (Fig. 1a-b). The corresponding E components are in (Fig. 1e-f). 121 
Our results are in good agreement with Jenniges (2015) who independently processed DMSP E for the 122 
SC 23-24 minimum. 123 
  124 
The magnetic perturbations components which we rotate into the SSIES coordinate system (Rich, 1994, 125 
p14) are derived at 1-s cadence from the DMSP SSM boom-mounted, triaxial fluxgate magnetometer.  126 
We remove the main-field background (B0 =BIGRF) and low-latitude perturbations correlated with the Dst 127 
as described in Kilcommons et al. (2017) and Burke et al. (2017) to create dB.    At DMSP altitudes the dB 128 
due to FACs are typically in the range of 100 - 1000 nT (e.g., Gjerloev et al., 2011). Our averaged values 129 
are in the expected range (Fig 1, Row 2).  We produce the component of the field-aligned S 130 
perpendicular to the ionosphere, Sdown, following Eqn. 7 of Olsson et al. (2004) 131 
 132 

𝑆!"#$ =	𝑆		
|&'⃑ 	!!"|
*&'⃑ *

cos(𝐼)	       (3) 133 
 134 
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where B110 is the measured B adjusted to an altitude of 110 km, I is the inclination angle of the magnetic 135 
field at the satellite foot point, and cos (I) produces the PF perpendicular to the ionosphere. Our 136 
calculations reveal that hemispherically-integrated Sdown and S|| agree to within ~5%.   137 
 138 
To maintain spatial resolution at lower latitudes we used bins of 2° latitude on a side (~220 km) and a 139 
width in Magnetic Local Time (MLT), which produces a square-surface area for each bin and 1151 equal- 140 
area bins per hemisphere.  After making individual PF calculations from only the QF=1 data, we assign 141 
the data to appropriate bins. A nominal bin-crossing contains 15 samples of 1-s data (F16 and F18), or ~4 142 
samples of 4-s data (F15).  Five hundred bin-crossing segments typically yield > 6000 individual PF 143 
measurements. We create averages and standard deviations of all such data segments in the bin and 144 
use these statistics as representative of the bin.  This result 'standardizes' the data (for instance, 145 
removing any need to take the 4-s versus 1-s sampling into account) and produces averages with a 146 
spatial scale of ~120 km. This two-step processing reduces the impact of occasional missing values and 147 
of high-frequency Alfvenic fluctuations, but does not fully eliminate them.  The bottom row of Fig.1 148 
illustrates the bin structure and highlights some of the hemispheric asymmetries we discuss in Sections 149 
3 and 4.  The processing described above (and in S1) is an extension of that described in Rastätter et al. 150 
(2016) who reported a PF uncertainty of ~2.5 mW/m2 using the good quality DMSP data. 151 
 152 
3. Results 153 
 154 
Figure 2 presents Kp-based PF maps for both hemispheres.  Figures 2a-b show PF for Kp < 3. Figures 2c-d 155 
show the observation density of the ~15-s PF data segments.  Aerial coverage is ~10% higher in the SH 156 
than in the NH.  The NH has a better coverage near noon and hence near the magnetic cusp, but lacks 157 
nightside coverage.  In contrast, the SH has good nightside coverage.  The integrated PF for the coverage 158 
in each hemisphere is:  25 GW from 68% coverage in the NH and 29 GW from 78% coverage in the SH.  A 159 
near-cusp PF of ~3.5 mW/m2 is present in both hemispheres when Kp < 3 (82% of time during 2011-160 
2014).  The auroral regions have ~2mW/m2 of PF separated from the polar cap PF (< 1 mW/m2) by 161 
‘voids’ created by the convection reversals where E is approximately zero.  Figs 2a-b show features in 162 
both hemispheres with aspects in common with ‘low-activity’ PF patterns in Gary et al. (1995) and 163 
Olsson et al. (2004). The former patterns have dayside high-latitude PF and a weak enhancement in the 164 
pre-midnight region near 70° MLAT. The Olsson et al. patterns generally have broader and more intense 165 
features at slightly lower latitudes.  Our auroral region PF is better matched to that in Olsson et al.  Our 166 
longer sampling time and use of full component drift data seem to better define previously reported 167 
large- and medium-scale features. 168 
  169 
For Kp ≥ 3 (about 18% of the time in 2011-2014), the average patterns are shown in Figs. 2d-e with a 170 
color-bar range twice that of Figs. 2a-b. The integrated PF for the covered areas in each hemisphere is:  171 
95 GW (67% coverage) in the NH and 100 GW (75% coverage) in the SH. Both polar caps have a PF 172 
intensity of ~ 3-5 mW/m2. A near-cusp PF of ~7 mW/m2 is present in the NH when Kp≥3.  The centroid 173 
of the NH near-cusp PF shifts about 4° equatorward for Kp ≥ 3.  It is likely that a similar SH shift moves 174 
some of the near-cusp PF out of the observation region in the SH. There is a tendency for more PF on 175 
the dawn side of the near-cusp region in both hemispheres.   This is generally consistent with more 176 
complicated high-latitude, morning-side FACs shown by Wing et al. (2010) and with Gary et al. (1995) 177 
and Olsson et al. (2004) PF patterns. Where DMSP provides coverage in both hemispheres, our patterns 178 
show this tendency is stronger in the SH. The NH auroral regions also show extended regions of PF (> 7 179 
mW/m2) in the auroral regions with higher intensity tailward of the 06-18 MLT meridian.   For nearly all 180 
sectors where DMSP coverage overlaps in the two hemispheres, the mean PF is higher in the NH.   181 
 182 
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The SH auroral PF enhancement is mostly on the dayside consistent with SH dayside FAC enhancements 183 
as argued by Liou & Mitchell (2020). The low SH post-midnight PF during high activity may be more of an 184 
observational deficit than real.  There is a seasonal dependence between Earth’s axial tilt and the DMSP 185 
orbit planes, such that the SH orbits are more often in darkness. As such, in the dark winter SH the drift 186 
measurements are more likely to be discarded due to contamination by the presence of light ions 187 
(Anderson, 2001).  Nonetheless, the overall tendency for more NH PF is not fully a sampling issue, but 188 
rather a physical effect as we discuss next and illustrate in Fig. 3. 189 
 190 
We mitigate the hemispheric sampling differences by comparing PF data in conjugate bins for only the 191 
local summer months of each hemisphere; that is NH (SH) dipole tilt angle > 0 (< 0). Although the 192 
sampling rates are comparable (Figs. 3c-d), the NH still shows more PF than the SH (also evident in Fig 1 193 
g-h).  The NH is more illuminated (Figs. 3e-f), especially in the central polar cap.  Above 80° MLAT the 194 
dayside NH PF is roughly double that in the SH. We suggest the difference is caused by the SH statistical 195 
oval and polar cap being slightly shifted with respect to Earth’s rotation axis, causing these SH regions to 196 
be more in shadow during SH summer solstice.  Thus, the NH experiences more solar illumination and 197 
has higher conductivity and stronger FACs.  In comparing the summer intervals, the PF excess in the NH 198 
in the co-sampled regions is 7 GW = (31-24 GW), which is ~25% or ([excess/average] = [7 GW/27.7 GW]).   199 
Pakhotin et al. (2021) show a NH excess of Alfvenic PF derived from the Swarm satellite constellation in 200 
the noon-midnight meridian of several 10’s of percent on average. They associate their result with the 201 
SH geomagnetic pole offset. 202 
 203 
Figure 4 shows the temporal averages of the binned, PF-related parameters in the co-sampled regions 204 
for both hemispheres. Seven-day averages reduce individual-storm influences.  Gaps are due to poor 205 
quality SSIES measurements in the dark SH. The top panel shows the averages of |V|.  The second panel 206 
shows |E|, and the third and fourth panel shows averages for |dB| and PF, respectively.   Colored dots 207 
correspond to NH-blue and SH-red; black dots correspond to hemispheric differences (scale on the right) 208 
with positive being a NH ‘excess’. The winter time (dipole tilt negative) enhancement of NH ion drift (Fig. 209 
4a) and E (Fig. 4c) are consistent with the radar electric potential results of Pettigrew et al. (2010), who 210 
suggested that the Magnetosphere-Ionosphere (M-I) system acts as a current generator with the dark 211 
hemisphere having higher E to balance low conductivity.  Clearly, E and PF are out of phase, while dB 212 
and PF are in phase.  The NH average PF ‘excess’ (~one-third mW/m2) in the co-sampled bins correlates 213 
with the NH FAC ‘excess’. 214 
 215 
4. Discussion 216 
 217 
Nine satellite-years of quality-flagged DMSP drift data allow us to investigate the coincidently-sampled, 218 
full-component E and dB fields at high-latitudes. This is the first global-scale view of high-latitude PF 219 
generated independently from DMSP data in both hemispheres.  The PF maps reveal hemispheric 220 
asymmetries in quasi-static PF both locally and over the entire high-latitude regions.   221 
 222 
Regional Hemispheric Comparisons. Figure 1 reveals a notable hemispheric asymmetry in the dusk 223 
regions where there are strong NH ion drifts coincident with moderately strong dB.    Shi et al (2020) 224 
show that mean NH AMPERE-derived R1 currents are stronger in the dusk to early-afternoon region.  225 
Sangha et al. (2020) show a strong NH-preference for bifurcated substorm Region 2 (R2) FACs that may 226 
also contribute to the dusk asymmetry. The PF asymmetry in Fig. 2 scales with geomagnetic activity near 227 
dusk and may indicate a mix of dynamic (Alfvenic) and quasi-steady PF signatures. 228 
 229 
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Figures 2 and 3 indicate strong near-cusp PF in the NH (e.g.,Olsson et al., 2004.) with higher intensities 230 
than in Billett et al. (2021).  This feature also appears in the SH cusp where satellite coverage exists, 231 
although direct comparison is not possible due to limited coverage. Above 80° MLAT this feature is 232 
stronger in the NH than the SH.  When Kp < 3 this PF feature dominates even the auroral zone PF.  When 233 
Kp > 3 the near-cusp PF and auroral zone PF are approximately equally intense.  Percentage-wise the 234 
excess is larger during quiet times. 235 
 236 
Figures 2 and 3 also show PF in the high-latitude mid-morning sector that is enhanced in the SH relative 237 
to the NH.  We believe this is related to the region of relatively intense Region 1 FAC shown in the Shi et 238 
al. (2020) Empirical Orthogonal Function analysis of FACs (see their Fig. 1 and Fig. 3 mean patterns). This 239 
region overlaps with strong DMSP ion-drift velocity shear. Comparing the pre-dawn sector, the NH PF 240 
again exceeds SH PF.  This also appears to be the case in the post-midnight/predawn sector for high 241 
activity, where the RPA drift data make a significant contribution to E.  The midnight-sector (only 242 
available in the SH) shows little PF, in general agreement with the empirical models of Weimer (2005) 243 
and Cosgrove et al. (2014).  Hartinger et al. (2015) and Keiling et al. (2019) show this sector to be 244 
dominated by substorm-related Alfvenic PF which we have attempted to filter out with averaging.   245 
 246 
Figure 4 shows the time series of the averaged parameters related to PF for the co-sampled regions. The 247 
enhanced NH dB (proxy for FAC) varies directly with the excess NH PF.  Coxon et al. (2016) reported that 248 
the FAC magnitudes and conductance derived from Iridium AMPERE in the NH are on average greater 249 
than the those in the SH.   Workayehu et al. (2019) examined nearly 4 years of dB measurements from 250 
the parallel-flying Swarm A and C satellites.  They found the NH FACs to be stronger than the SH FACs by 251 
12% during quiet times.  However, during active times they found no significant hemispheric difference 252 
in FAC strength. Subsequently Workayehu et al. (2020) reported the asymmetry is seasonal.  Zhou & 253 
Lühr (2017) used five years of CHAMP data to determine the net ionospheric currents closing FACs.  254 
They found weaker net anti-sunward currents in the NH, which they attributed to a smaller conductivity 255 
gradient from the auroral oval to the polar cap in the NH.   They also found stronger net duskward 256 
auroral closing currents in the NH compared to the SH (summer time ratio: NH/SH=1.5) which they 257 
associated with an annual higher conductivity in the NH polar region. Stronger NH FACS, as reported 258 
here, would also support stronger NH closing currents. 259 
 260 
Alfvenic, Quasi-static, Both?  From DMSP data we have calculated large-scale, quasi-steady PF, in 261 
accordance with the coverage and quality constraints imposed by these data.  We find regional PF 262 
features that may better align with interpretation as smaller-scale dynamic features consistent with low-263 
frequency Alfven waves.  The seasonal variations of E, dB and PF suggests that we are investigating 264 
electromagnetic drivers and PF responses at the quasi-steady/Alfvenic wave interface.  Note that Lühr et 265 
al. (2015) used a spatial scale of 150 km to separate Swarm mission quasi-static FAC structures from 266 
more dynamic structures at smaller scale. McGranaghan et al. (2017) called 150–250 km scale 267 
structures, ‘mesoscale’. Pakhotin et al. (2019, 2020) argued that dB and FACs with scales < ~ 150 km are 268 
more appropriately treated as incident, ionospherically reflected, and interfering Alfvén waves. In their 269 
view, an Alfvén wave paradigm could/should be used to accurately describe the entire spectrum of scale 270 
sizes involved in MI coupling.  Those at larger scale sizes correspond to longer time-scale disturbances.  271 
By virtue of our averaging, the perturbations and PF we report are likely in the transition between quasi-272 
static and low-frequency Alfven waves.   273 
 274 
The out-of-phase behavior for E and dB in Fig. 4 is consistent with considering large-scale FACs at a 275 
conducting boundary as low-frequency Alfvén waves. For a perfect conductor where the Pedersen 276 
conductance becomes infinite at or just above the conductor, ETangential = 0 while BTangential is doubled 277 
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relative to the incident values far away from the conductor. This condition is realized imperfectly for a 278 
good but finite conducting surface such as the summer ionosphere. Note that in the co-sampled 279 
summer dawn-dusk regions (Figs. 3e-f) we find an ~7° solar zenith angle difference. For an insulating 280 
surface (winter ionosphere), BTangential is nulled (or small) and ETangential is doubled.  See Mallinckrodt & 281 
Carlson (1978) for in-depth discussion. Keiling (2009) and Cosgrove (2016) noted that the transition from 282 
an Alfvén wave to a quasi-static structure under strong M-I coupling is not fully understood.  Seemingly, 283 
the ambiguity extends to all levels of activity with implications for regional- (e.g., Lotko & Zhang, 2018) 284 
and global-scale energy deposition (this study).  285 
 286 
5. Summary and Conclusions 287 
 288 
We provide an independent assessment of quasi-static PF in both hemispheres. There are significant 289 
regional differences between the two hemispheres that align with previous studies of M-I-coupling 290 
phenomena (Section 4).  When summer-to-summer comparisons of PF are made in the dawn-dusk 291 
regions, the NH sees roughly 25% more PF.   We find that the NH tendency for excess PF is associated 292 
with stronger FACs in the NH.  This may be interpreted as an extension of Alfvenic behavior into what 293 
has previously been considered as the ‘quasi-static’ regime (see Pakhotin et al., 2021).  We also find 294 
persistent PF in the near-cusp region at a higher intensity than that reported by Billett et al. (2021).  For 295 
low levels of geomagnetic activity (~80% of the time in this study) the near-cusp PF dominates the 296 
auroral zone PF. For Kp ≥3 the near-cusp PF can be equal in intensity to auroral PF in the auroral zone.    297 
Although we lack full hemispheric coverage, we believe the nine-satellite years of DMSP coincident E 298 
and dB measurements offer important new insights into Poynting flux asymmetry that should be 299 
assessed and studied by future LEO missions. In a future manuscript we will present PF maps with an 300 
IMF categorization as well as categorization by geomagnetic indices and season. 301 
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 439 
 440 
Figure Captions 441 
 442 
Figure 1. DMSP data for Kp < 3.  The dial plots display the NH (left) and the SH (right). Top row a-b: 443 
convection velocity; Second row c-d: magnetic perturbations; Third row e-f: convection E; Fourth row g-h: 444 
percent of time PF exceeds 10 mW/m2. Magnitude corresponds to arrow length, and is further 445 
highlighted according to the purple-gray color bar. Data are mapped to 110 km. The outer ring is 50 deg 446 
MLAT. Noon is at the top. 447 
 448 
Figure 2. a-b) Polar plots of NH and SH PF for Kp < 3. The color bar is in mW/m2; Integrated power is in 449 
GW; c-d) Polar plots of data coverage, with percent coverage; e-f) Polar plots of NH and SH PF for Kp ≥ 450 
3; g-h) Polar plots of data coverage.    451 
 452 
Figure 3.   a-b) Hemispherically-conjugate bins of average PF for summer conditions where the seasonal 453 
component of dipole angle > 0 for NH and dipole angle < 0 for SH; c-d) Percent for bins containing more 454 
than 100 passes; e-f) Average solar zenith angle; g-h) Standard deviation of solar zenith angle in degrees. 455 
 456 
Figure 4. Seven-day averages of the magnitude of the DMSP  V, E, dB, and PF, calculated for the co-457 
sampled bins in Figure 3.  Magnitude scales are on the left. Blue - NH data: Red - SH data.  Differences in 458 
each parameter are shown in black (note the scale is on the right), with positive black values indicating a 459 
NH ‘excess’.  Gaps are present during SH winter when the drift data suffer light-ion contamination.   460 
 461 
 462 
 463 
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This supplemental text contains short sections describing:  1) Defense Meteorological System Program 497 
(DMSP) Special Sensor Ions Electrons and Scintillation (SSIES) Quality Flags; 2) DMSP SSIES Baseline 498 
Removal Method; and 3) Uncertainty discussion related to the DMSP magnetic perturbation estimates.  499 
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Text S1. 501 
SSIES Quality Flags: The DMSP ion flows are measured by the special sensor-ion electrons scintillation 502 
(SSIES) instruments on board the spacecraft.  DMSP-F15 carried the SSIES-2 version of the instrument 503 
package while DMSP-F16 and later spacecraft carried the more advanced SSIES-3 version. Thus, the 504 
determination of the quality flags (good, caution, poor) for the data are slightly different between the 505 
two versions.  For SSIES-2 the velocities were measured on a 4-second cadence (~30 km) to match the 4-506 
second sweep of the Retarding Potential Analyzer (RPA) which gives the in-track flow (VAlong). The SSIES-3 507 
velocities are on a 1-second cadence. 508 

The Ion Drift Meter (IDM) samples the cross-track flow (VCross) six times a second and takes the 509 
average of these measurements to produce the corresponding VCross value. The RPA calculates the in-510 
track flow by measuring the amount of ion current into the instrument as a function of a varying 511 
retarding potential placed on a grid at the RPA’s opening, then fitting a Maxwellian function to the 512 
resulting current-voltage curve.  Assuming the plasma is relatively uniform throughout the retarding 513 
potential sweep, the Maxwellian distribution of the ion energy is reasonable and the fit should be good.   514 
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From this fit, the in-track flow velocity, the ion temperature, the ion density, and the fractional 515 
composition of the O+, He+, and H+ in the plasma are determined (see Rich, 1994 and  Heelis and 516 
Hanson, 1998 for more details). The quality flag on the in-track flow is based on the RMS error of the fit 517 
to the data curve. The good quality flag for the VCross values indicates the sweeps where the RMS error 518 
was low enough for all the parameters from the RPA to be determined.  The IDM was designed to work 519 
optimally in a moderate to high density plasma that is predominately composed of O+ ions.  Under 520 
conditions where the total ion density was at least 103 ions/cc and the O+ fraction of the ions (as 521 
measured by the RPA) was 85% or higher, the VCross values are flagged as ‘Good.’  Only the F15 SSIES-2 522 
data for which both velocity values were flagged as Good (Quality Flag = 1) were used in this analysis 523 

The basic mechanics of the measurements by the SSIES-3 instrument package are the same as 524 
the SSIES-2 except that the sweep time for the RPA has been shortened to 1 second, thus the cadence of 525 
the flow data is now 1 second (~ 7.5 km) with 6 measurements of the cross-track flow going into the 526 
averaged VCross value.  The quality flag algorithm for the RPA is more sophisticated with separate flags for 527 
each of the parameters. For the VAlong quality flag to be rated as good, the RMS fit of the curve to the 528 
data must be less than or equal to 0.12 and the resulting VAlong value is between -1000 and +1000 m/s. 529 
For the SSIES-3 IDM the quality flags were revised to accept slightly lower O+ fractional compositions so 530 
long as the ion densities were in the high range.  The VCross measured values were flagged as good if the 531 
O+ fraction was greater than 75% (as measured by the RPA) and the total ion density was greater than 532 
103 ions/cm3. As with F15, only the F16 and F18 data where both velocity values were flagged as good 533 
were used in this analysis. See Hairston and Coley (2019) for more details 534 
 535 
SSIES Baseline Removal: The IDM faces the spacecraft ram direction to within 0.5° inclination. Errors in 536 
the drifts due to the offset are of the order of 100 s of m/s, necessitating a baseline removal.    As in Zhu 537 
et al. (2021) linear baseline corrections of Vx, Vy, and Vz components are applied to ensure they are zero 538 
at both ends of each polar crossing (i.e., |MLAT| = 45° in this study).  For this study corrections are 539 
performed automatically with a weighted least-squares regression, using weights which penalize low 540 
quality measurements. (We do permit use of QF =2 data for baseline determination.) Landry & Anderson 541 
(2018) note that automated baseline correction algorithms can be off by as much as 100 m/s from a 542 
manually selected baseline, so a statistical collection of DMSP measurements should be considered to 543 
have a resolution limit of ~100 m/s. There are systematic uncertainties in the accuracy of the cross-track 544 
flows in the F17 data so these data were not included in this study. 545 
 546 
Data Reliability. Although we have implemented a number of quality control measures in including the 547 
full-component DMSP E, and dB on a large scale, the nature of operational spacecraft data adds 548 
uncertainty.  Appendix A of Rastätter et al. (2016) contains an extended discussion of Estimating Error 549 
Levels of DMSP Poynting Flux.  An estimate of 2.5 mW/m2 was determined based on use of QF =1 data 550 
from RPA and IDM observations.  For auroral zone PF values of 10 mW/m2 this translate` to ~25% 551 
uncertainty (and 60-70%% uncertainty in regions of low intensity PF.)   552 

The DMSP magnetometer has an uncertainty of +/- 2 nT, however slight boom misalignments 553 
during flight are known to occur. See Knipp et al. (2015) and Kilcommons et al. (2017) for more details.  554 
For our study the mostly likely source of error is in removal of the background field.  The locations of the 555 
spacecraft is only recorded each minute.  Intermediate locations are determined via orbit propagation, 556 
often producing a 1 s to 2 s error, which translates to a likely IGRF background removal uncertainty of 557 
100 nT.   558 

The DE-2 spacecraft experienced systematic roll errors in the horizon sensor of up to several 559 
times 0.1 deg.  Gary et al. (1994) estimated a maximum cumulative uncertainty of 50 nT for the DE-2 dB, 560 
and a cumulative uncertainty of 2 mV/m for E.  They reported PF error of 60% in regions with low 561 
intensity PF, whereas in the typical auroral zone they estimated ~14% uncertainty in PF.   562 
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 The uncertainty for DMSP PF is of the same magnitude as that reported by Gary et al (1994).  563 
We have approximately two orders of magnitude more data than shown in Gary et al.  We believe the 564 
large amount of data helps to mitigate the uncertainty described above. 565 
 566 
 567 
 568 

 569 
Figure S1. Distribution of DMSP data used in this study for the rise and peak of solar cycle 24. 570 
 571 
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