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The first satellite observations of the total field-aligned component of the quasi-dc Poynting flux are 
presented for two passes over the polar region, one in the noon sector and one in the afternoon. The 
energy input due to electron precipitation is also presented. In the noon pass the downward Poynting 
flux in the auroral oval was comparable to the kinetic energy input rate. The peak electromagnetic 
energy input rate of 6 ergs/(cm 2 s) equaled the peak particle input while the integrated electromagnetic 
value along the trajectory was 60% that of the particles. In the afternoon pass the peak electromagnetic 
energy input was also about 6 ergs/(cm 2 s), but the peak particle energy was 6 times this value. The 
average electromagnetic input was 10% of the particle input for the pass. In this study we can measure 
the Poynting flux only over a limited range of scale sizes; thus the contribution to the total energy 
budget in the polar cap cannot be determined. Both passes show small regions characterized by 
upward Poyntiag flux suggesting a neutral wind dynamo. There is also evidence during part of the 
noontime pass that the external generator acted in opposition to an existing wind field since the 
Poynting flux was greater than the estimate of Joule heating from the electric field measurement alone 
(i.e., from •pE2). In the course of deriving Poynting's theorem for the geophysical case we also 
present a proof that ground magnetometer systems respond primarily to the Hall current which does 
not depend upon geometric cancellation between the field generated by Pedersen and field-aligned 
currents. 

1. INTRODUCTION 

Energy input to the Earth's atmosphere due to the inter- 
action between the solar wind and the magnetosphere occurs 
primarily at high latitudes. Kinetic energy is deposited 
through the precipitation of energetic particles and electro- 
magnetic energy is dissipated via Joule heating. Satellite- 
based comparisons of the two forms of energy input show 
they are similar in magnitude. For example, Doyle et al. 
[ 1986] showed that during one particular pass of the HILAT 
satellite that the energy dissipated as Joule heat was 2.6 
times larger than the particle energy deposition. Either 
energy source can dominate the other at a given location and 
local time. In fact, Vickrey et al. [1982] showed that, 
although the daily averages of the energy flux from particles 
and Joule heating are comparable in the auroral oval, there is 
a tendency for the two to be anticorrelated. Based on 
Chatanika incoherent scatter radar measurements, those 
authors found the morning sector (westward electrojet) 
particle energy deposition rate to be generally larger than 
that in the premidnight sector eastward electrojet. The Joule 
heating rate has the opposite asymmetry about midnight. 
This tendency for anticorrelation is easily understood. 
Where the particle flux is relatively hard, as it is in the 
morning sector as compared to the evening sector, ionization 
is produced at lower altitudes. Because the Hall mobility 
peaks at a lower altitude than the Pedersen mobility, the 
morning sector currents have a greater tendency to flow in 
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the Hall, rather than the Pedersen direction. Because Hall 
currents flow in a direction that is orthogonal to the electric 
field, they are by definition nondissipative. On a global scale, 
however, Joule heating is thought to be larger than particle 
energy deposition because it is spread over a wider range of 
latitudes. In the summer polar cap, for example, when B z is 
southward, considerable Joule heating occurs while almost 
no particles precipitate. 

Measurement of particle energy flux is straightforward and 
is regularly performed by polar orbiting spacecraft. The 
electromagnetic input, on the other hand, is not routinely 
monitored and its estimation usually requires severe apProx- 
imations such as neglect (or very simplistic modeling) of the 
atmospheric wind [e.g., Vickrey et al., 1982]. In this paper 
we show that the electromagnetic energy flux into the 
atmosphere can be reliably measured remotely by polar 
orbiting spacecraft at altitudes in the range 400-1000 km by 
complete determination of the vertical component of the 
Poynting flux, and we present two examples of its measure- 
ment on the HILAT satellite. Since this measurement is of a 

local quantity, no assumptions are required concerning the 
relative orientation of the spacecraft velocity and current 
sheets such as are needed in determination of Birkeland 

currents. Moreover, knowledge of the neutral winds, the 
ionospheric conductivity, and conductivity gradients are not 
necessary for the measurement of the energy input. 

The concept of the Poynting flux as a diagnostic tool in the 
study of time-varying electromagnetic waves is well estab- 
lished. As discussed by Feynman et al. [1964], under certain 
circumstances the Poynting flux provides a valid conceptual 
measure of energy flow even for steady or dc electric and 
magnetic fields. A brief derivation and a discussion of the 
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concept as applied to geophysical systems are given in the 
appendix where we show that a local measurement of (Eñ x 
t$Bñ)//x0 at typical ionospheric satellite altitudes yields the 
local electromagnetic power input to the Earth's atmo- 
sphere. It is important to note that no geometric assumptions 
are necessary to find this quantity, unlike those required to 

determine, say, Jll from magnetic field measurements along 
a trajectory (which can yield only part of one component of 
V x B). It is also true that the Poynting flux yields the correct 
energy input even if a neutral wind is present in the iono- 
sphere, which is almost always the case. In fact, if, as has 
been suggested, a "flywheel" effect occurs such that accel- 
erated neutral winds maintain the circulation of plasma 
during decaying magnetic activity, then the Poynting flux 
will be upward. A detection of upward Poynting flux would 
be unambiguous evidence for such a flywheel effect. 

We can also compare the usefulness of Poynting flux as a 
diagnostic tool to measurements of the correlation between 
the electric field along the satellite trajectory and the mag- 
netic field across the trajectory. Such correlations are some- 
times excellent [e.g., Sugiura et al., 1982] and sometimes not 
so good [Smiddy et al., 1980]. These authors point out that 
assuming that the current sheets are perpendicular to the 
trajectory and that the ionospheric conductivity is uniform, 
the change neutrality condition V ß J = 0 implies 

HILAT Magnetic Field Data 
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Fig. la. HILAT magnetic field data for two passes. The 40-s 
variation in the day 164 data and the long period variation in the day 
122 data are due to attitude oscillations of the satellite, yet super- 
imposed on these are clear signatures of field-aligned currents. 

Ex 1 
(1) 

where Ep is the height-integrated Pedersen conductivity, and 
œ and 9 are in the meridional and zonal directions respec- 
tively. Well-correlated data then imply uniform Ep as well as 
a measure of that quantity. However, gradients in 
neutral winds, and non-L shell aligned current sheets all 
make the ratio above invalid and have been used to explain 
the cases when the correlation is not good. Moreover, the 
above relation (1) assumes that static currents closing 
through the ionosphere are being sampled; if, instead, the 
electrodynamic energy is carried by a propagating Alfven 
wave the ratio of txoEx/tSBy would yield the intrinsic imped- 
ance of the medium for Alfven waves, not the inverse of the 
height-integrated Pedersen conductivity. A recent study has 
shown that at small scales and during an active auroral 
event, the Alfven wave component of the energy input is 
substantial [Knudsen et al., 1990]. The Poynting flux, on the 
other hand, does not suffer from these ambiguities of inter- 
pretation, and furthermore, is a more fundamental quantity. 

2. APPLICATIONS OF THE TECHNIQUE 

In this section we present two examples of Poynting flux 
measurements in the high-latitude ionosphere. The instru- 
ments used were not optimized for measurement of this 
parameter and yet the results are quite reasonable. We 
believe that they support the theoretical discussion given in 
the appendix and hope that other researchers pursue this 
concept with more sensitive instruments and better behaved 
measurement platforms. 

The data come from the HILAT satellite which measures 

the vector magnetic field using a fluxgate magnetometer and 
deduces the electric field from an ion drift meter. These 

instruments are described in detail elsewhere [Potemra et 
al., 1984; Rich et al., 1984]. The magnetometer was sampled 

at a 20 Hz rate and the measurement of the cross-track drift 

of the plasma switched between 16 and 32 Hz. The data were 
averaged to 1.5-s samples. Unfortunately, the in-track drift 
component is only available once per second since it re- 
quires a sweep of the retarding potential analyzer. These 
data yield the cross-track electric field component which at 
high latitudes is necessary for a Poynting flux determination. 
The spacecraft is gravity gradient stabilized but suffers 
attitude perturbations from thermal stress. Both components 
of the magnetic field data for the two orbits presented here 
are given in Figure la and show the attitude problem very 
clearly. The upper panel shows the cross-track and ram 
components (approximately E-W and N-S) of the magnetic 
field data obtained on day 164 of 1984. The sinusoidal 
modulation of the signal is due to one of the unfortunate 
attitude oscillation modes of the spacecraft. Another mode is 
clearly seen in the second panel using data obtained on day 
122 of the same year. Here a very long-period attitude 
oscillation is seen in the signal. It is clear from these data, 
however, that signals of geophysical significance are 
present. On day 164, for example, the spacecraft passes 
through three large-scale reg!ons of field-aligned current as 
ascertained from the derivative of the magnetometer signal, 
ignoring the sinusoidal component. On day 122, three con- 
secutive pairs of current sheets are visible, even in the 
presence of the long-period perturbation. In the analysis 
below we have filtered the signals to remove these perturb- 
ing influences. A notch filter (order 20 digital Butterworth) 
with a center frequency of 0.0286 Hz and a bandwidth of 0.01 
Hz was used for day 164; a high pass filter allowing frequen- 
cies above 0.0029 Hz to contribute was used for both days. 
This necessary filtering precludes measurement of the larg- 
est scale size Poynting flux input to the high-latitude system. 
The fractional orbit acquisitions from a real time satellite 
system such as HILAT are not suited for fully global 
measurements anyway, and we are therefore restricted to 
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FIlLAT Electric Field from Ion Drift 
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Fig. lb. HILAT electric field components derived from the ion 
drift meter. 

studies such as auroral oval crossings. The meridional and 
zonal components of the electric field for these two passes 
are presented in Figure lb. 

The Poynting flux measured on day 164 is presented in the 
upper panel of Figure 2 along with the field-aligned current 
and precipitating electrons in two energy bands. The latter 
are plotted positive for downward energy flow since the 
detector looks upward. The inset shows the pass in a 
magnetic local time invariant latitude format. The satellite 
was acquired in the polar cap and passed over the dayside 
auroral oval just before local noon. We have plotted the 
Poynting flux in ergs/(cm 2 s) to conform to the usual notation 
in presenting particle fluxes in the aurora. The power flux is 
almost entirely downward throughout the pass, with the 
single exception of a brief burst of upward flux near 1228 
UT. The average vertical electrical power flux during the 

pass is equal to 0.45 ergs/(cm 2 s) (or 0.45 mW/m 2) down- 
ward, while an upper limit for the average mechanical power 
flux due to the electrons was 0.70 ergs/(cm 2 s). This value 
was obtained by assuming an isotropic distribution of down- 
going electrons over 2•r steradians. Comparison of the 45 ø 
and vertical electron sensors (not shown here) indicates this 
is a reasonable assumption. Integrating along the trajectory 
yields 2100 W/m (electromagnetic) and 3300 W/m (kinetic 
energy). To give some perspective we can estimate the total 
power into the entire auroral oval region by assuming that 
the energy input is independent of local time. This yields 
7.9 x 10 •ø W. This value is a lower limit since we cannot 
determine the Poynting flux at the largest scales. 

The second panel in Figure 2 is the field-aligned current 
derived from the usual assumptions which have been used to 
derive the region 1/region 2 current patterns. Because a 
derivative is required some smoothing has been necessary. 
We restrict attention to the three shaded current sheets in 

the center of the figure and not the small variations outside 
this region which may be due to the filter. The existence of 
three sheets is quite common in the noon sector [Iijima and 
Potemra, 1976]. The upward current sheet at invariant 
latitudes below about 72 ø is colocated with fairly hard 
electron precipitation, as shown in the heaviest trace in the 
third panel, as well as convection toward the noon meridian. 
The Poynting flux near the central (downward) current sheet 
was greater than the precipitating electron energy flux, even 
assuming that the down-going particle energies are distrib- 
uted over 2•r steradians. It is interesting to note that the flux 
of soft electrons in the region of downward current is 
anticorrelated with the measured current density. Further- 
more, the precipitating electrons carry current of the oppo- 
site sign to that measured. A lower limit to the current 
carried by the soft electrons can be estimated by assuming 
that the perpendicular energy of the electrons is small so that 
they all fall within the aperture of the detector (6 ø by 4 ø , or 
7.3 x 10 -3 sr). The current nev e due to a 1 erg/(cm 2 s sr) flux 
carried by, say, 10-eV electrons is then 0.7 /xA/m 2. The 
implication is that the upward thermal electron flux must 
have been very large or a considerable ion precipitation was 
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Fig. 2. Comparison of electromagnetic and particle energy inputs into the ionosphere and the large-scale field-aligned 
current structure for a summer noon descending pass. 
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Joule Heating 
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Fig. 3. Comparison of Joule heating and Poynting flux for the 
same pass as in Figure 2. 

occurring to counter the upward current from the soft 
electron precipitation. 

This orbit was such that the ionosphere was sunlit over the 
entire trajectory. By taking into account the solar depression 
angle, the electron density and the conductivity of the E 
region can be determined [Robinson and Vondrak, 1984]. 
Although not particularly important in this case, we have 
also estimated the contribution of particle precipitation to 
the conductivity by assuming that the observed electron flux 
has been present long enough for a steady state electron 
density profile to be reached. With this estimate for Ep and 
the observed electric field from the ion drift meter we can 

estimate the Joule heating in the ionosphere and compare it 
to the Poynting flux as shown in Figure 3. We use the term 
"estimate" since the calculation cannot take into account 

the existence of a neutral wind in the region near 140 km 
where the Pedersen conductivity maximizes. The compari- 
son shows that the Poynting flux level we have found is quite 
reasonable, but that it is not always equal to EpE 2 and can 
even have a different sign. 

In addition to neutral winds, inadequate knowledge of ion 
collision frequency profile •'i(z) can cause errors in the Joule 
heating rate. That is, an estimate for the value of Ep used in 
the Joule heating calculation requires both neutral atmo- 
sphere and electron density profiles. The neutral atmosphere 
model, in turn, requires knowledge of the thermospheric 

temperature Tn. Tn is difficult to determine exactly, and 
errors in this parameter can greatly affect estimates of •'i and 
hence Ep. For these reasons we argue that the disagreements 
between the two energy flux measurements shown in Figure 
3 are due to errors in the Joule heating estimate, and that the 
Poynting flux is the fundamental quantity of interest for 
studies of energy transfer to the atmosphere. 

Data from the second event are presented in Figure 4 in a 
format nearly identical to that used in Figure 2. As can be 
seen in the raw data in Figure 1 and in the smoothed 
Birkeland currents in the second panel of Figure 4, several 
current sheets were detected during this dusk pass through 
the auroral oval. This is unusual, at least as far as the 
literature indicates. All significant upward currents are co- 
located with a burst of electron precipitation and antisun- 
ward convection while downward current regions were 
associated with sunward flow and no precipitation. There 
was still significant Poynting flux in regions where the 
particle input was low and the Birkeland currents down- 
ward. In the central downward current sheet, regions of both 
upward and downward Poynting flux were found. Figure 5 
shows this effect in an expanded plot of the meridional 
electric field, the Poynting flux, and the electron energy flux 
for the period 1852-1854 UT. The magnitude of the average 
electromagnetic energy over the entire pass was 0.22 ergs/ 
(cm 2 s); the kinetic energy input was 2.0 ergs/(cm 2 s). The 
integrated values over the pass are 980 W/m and 8900 W/m. 
Again we assumed an angular spread of 2rr steradians in the 
kinetic energy based on vertical and 45 ø electron measure- 
ments. Assuming no variation of energy input with local time 
in this case gives 1.5 x 10 ]] W for the total energy input into 
the auroral oval. It is essentially impossible to estimate the 
Joule heating in this case, since the time history of the 
particle flux is unknown and dominates the Ep calculation. 

3. DISCUSSION 

We believe that the data presented here, along with the 
theoretical discussion in the appendix, make the case that a 
very important upper boundary condition dealing with en- 
ergy input to the Earth's atmosphere is measurable on a 
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Fig. 4. Same as Figure 2 for a descending pass through the afternoon sector. 
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Fig. 5. Comparison of meridional electric field (top), and the 
electromagnetic (middle) and particle (bottom) energy inputs during 
2 min of intense activity in the afternoon pass. The value of the total 
electron energy flux was assumed constant over the entire down- 
going hemisphere. 

upper atmosphere. In addition, a disturbance dynamo is also 
thought to occur when winds blow out of the auroral oval 
into the low-latitude zone [Fejer et al., 1983]. More detailed 
study of Poynting flux measurements may be an ideal 
method to ascertain whether this "flywheel" effect main- 
tains the circulation of the high-latitude plasma, and over 
what time scale, when B z turns north after a long time in the 
southward direction. 

APPENDIX 

A formal derivation of Ponyting's theorem begins with 
consideration of the total magnetic energy in some volume, 

The time rate of change of this quantity can be written 

= B.-- dV (A2) 
ot ot 

Using OB/Ot = -V ß E and the vector identity V ß (E x B) = 
B.V.E-E.V xBwehave 

regular basis from orbiting spacecraft. If several satellites 
were available and instrumented to yield both the Poynting 
flux and the particle input, and a model of the ionosphere 
were updated from this data set, it seems feasible to obtain a 
near-continuous measure of the effect of the solar wind/ 

magnetosphere system on the Earth's atmosphere. This in 
turn could be related to a number of possible parameters in 
upper atmospheric dynamics, the interplanetary magnetic 
field, sunspot number, the electric field in the lower atmo- 
sphere, etc. These measurements could be of great impor- 
tance in the period of time encompassed by the International 
Solar Terrestrial Program. 

For the cases studied here, we have shown that the 
electromagnetic power input to the upper atmosphere is 
comparable to the kinetic energy input in the noon pass, and 
a substantial fraction of the kinetic energy input in the 
afternoon case. The data are comparable to estimates of the 
Joule heating in the case where we can estimate the latter. At 
times the Poynting flux was less than the estimated Joule 
heating (using ZpE 2) which implies that the neutral wind was 
in the opposite direction from the E x B drift. This of course 
can occur in regions where the electric field changes direc- 
tion as it does in the noontime cusp region. For both cases 
we have found significant energy input in regions with little 
electron precipitation. 

Some localized regions displayed upward Poynting flux. 
Since we cannot measure Poynting flux at the largest scales 
it is possible that the direction of the total flux in these 
regions is downward. Even if this is the case, it is still 
significant that there is a large upward perturbation in the net 
Poynting vector. The upward bursts occurred at the bound- 
aries of precipitation zones and flow reversal regions. This 
may be explained by something of a "flywheel" effect if the 
neutral atmosphere is put in motion by electrodynamic 
forcing and subsequently generates an electric field by a 
dynamo process. Such an effect is known to'be responsible 
for electric fields in the low-latitude ionosphere under quiet 
conditions, when solar heating drives the circulation in the 

OEB 

ot 

lfffE.(VxB) dV (A3) /x0 

If we consider the static case O eB/Ot - 0 and furthermore, 
that V x B = /x0J, we can write 

'fff fff m V. (E x B) dV = - E. J dV 
/x0 

Finally, from Gauss' theorem 

(A4) 

where P = (E x B)//x 0 and the vector d• is pointed into the 
volume everywhere. 

The classic example of this result is that of a long thin wire 
of resistance R carrying a current I across a voltage V. Since 
the magnetic field in this case is given by B = tXoI/2•ra and 
E = V/L where a is the wire radius and L is its length, the 
total energy flux into the wire is the surface integral of P, 

W= P. d• =-- /z0 • (2•raL) = VI (A6) 
which yields the total energy dissipated per unit time in the 
volume. Obviously, in deriving this result we have ignored 
the fringing fields and the contributions at the ends of the 
thin wire. 

For our application to the problem of magnetosphere- 
ionosphere coupling, we first consider the volume enclosed 
by the surface of the Earth and a "cap" covering all latitudes 
above, say, 50 ø . The cap is located at an altitude which is not 
crucial but which is between 400 and 1000 km. (Below, we 
assume that it is the HILAT satellite's orbital altitude of 800 

km.) This height is chosen to be high enough that particle 
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Si 

S 3 

Equator 

Fig. 6. $1 is the surface through which magnetospheric Poynt- 
ing flux P enters the upper atmosphere. S2 is the Earth's surface, 
which is a good conductor and therefore requires E •_ = 0 and hence 
P = 0. Assuming that the magnetic field lines are straight and 
vertical, and the fair weather electric field is vertical implies that 
P- h 3 m 0 where h 3 is a unit vector normal to the surface S 3. 

collisions are rare but below any region of significant field- 
aligned electric fields associated with the aurora. We assume 
that the zonal component of the perpendicular electric field 
goes smoothly to zero at the boundary of this region and that 
the magnetic field lines are everywhere vertical, and we 
ignore curvature of the magnetic field lines over this height 
range. The volume of interest, shown in Figure 6, is then 
bounded by the high-altitude cap, S•, the surface of the 
Earth, S2, and the surface S3 linking the cap and the Earth. 
Since the Earth is a good conductor the electric field 
vanishes on S2 and the Poynting flux is zero across it. If no 
thunderstorms are located near the boundary then we can 
assume that the fair weather electric field is vertical and the 

Poynting flux across S3 is also zero. This implies that the 
entire electromagnetic power dissipated in the volume may 
be found by integrating the Poynting flux across S•. Since S l 
is perpendicular to B0, the power input to the Earth's 
atmosphere in the high-latitude zone is given by 

Wr = -- (E •_ x gB •_). d• (A7) 

Si 

where E •_ is the perpendicular electric field on S i and/iB •_ is 
the deviation of the total magnetic field from the undisturbed 
value in the plane perpendicular to B0. 

We now argue that the cross product of these two quan- 
tities gives the local value of the energy flow rate into the 
atmosphere. Consider an infinitesimal element of the surface 
S l and the volume it subtends between S l and the Earth. 
The contribution at the Earth vanishes as before. Since we 

know that the flow in the high-altitude ionosphere is incom- 
pressible, it follows that the integral of (E•_ x /iBm_) ß d• 
vanishes there. Furthermore, since large-scale dc electric 
fields map without distortion along field lines into and 
through the E region and vertically deep into the atmosphere 
[Mozer and Serlin, 1969], where they go smoothly to zero at 
the Earth's surface, the integral of (E •_ x /iB •_) ß d• vanishes 
on these edges as well. 

The dc Poynting flux has meaning only when it has a net 
divergence when integrated over some closed surface. That 

is, V-(E x B) =B.(V xE)-E-(V x B)•:0. Forstatic 
fields V x E - 0 and V x B = /a0J; thus electric currents 
must be present for a Poynting flux measurement to be 
useful. Since the geomagnetic field B0 is curl-free, its cross 
product with any electric field vector E will have zero 
divergence. Thus the quantity E x B0 does not contain any 
useful information concerning energy flow or dissipation. 

One additional comment is of interest. As noted above, 
the magnetospheric electric field maps deep into the strato- 
sphere. If we acknowledge that there is very little dissipation 
of magnetospherically imposed electrical energy in the tro- 
posphere, then it follows that the perturbation magnetic field 
due to auroral currents near the surface of the Earth must be 

parallel to the mapped electric field. In turn, this is equiva- 
lent to the oft-quoted statement that ground magnetometers 
respond only to overhead Hall currents. The Poynting flux 
argument can thus be used to make this point without the 
need to show that the magnetic fields from Birkeland cur- 
rents cancel those from Pedersen currents. Balloon data 

taken in the stratosphere have been compared to nearby 
ground magnetic field data and the relationship EllriB has 
been found to hold [Mozer and Manka, 1971]. 
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