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1 Introduction

It is well known that the electric fields and currents in the polar ionosphere have a
significant role in the dissipation of energy through Joule heating.The resulting expansion of
the thermosphere canhave costly impacts on satellites in low-Earth orbit (Billett et al., 2024).
In a paper by Codrescu et al. (1995) it was proposed that the variability in the high-latitude
electric field could significantly increase the amount of energy that is dissipated through
Joule heating, and therefore electric field models that do not include such variability will
underestimate the total amount of heating. Since then, many papers have appeared about
the topic of the additional heating that could be produced by the presence of the small-scale
(<100 km) and meso-scale (100–500 km) (Sheng et al., 2022) fluctuations or structures in
the electric field. Conference sessions and agency solicitations have also been devoted to
this topic. The purpose of this paper is to suggest the possibility that these variations in the
electric field may not be as significant as generally thought, and how future multispacecraft
measurements could help to resolve the question.

2 Electric field variations

The electric fields (and heating) are generally the strongest when the Interplanetary
Magnetic Field (IMF) is directed in a Southward direction, in parallel with the Earth’s
magnetic field in the polar regions. Under such conditions the electric field is generally
points from dawn to dusk in the polar region, and towards the equator at auroral latitudes,
corresponding to anti-sunward plasma flow in the polar cap and sunward plasma flow at
the lower latitudes. An example of such electric fields measured on the DE-2 satellite with
the Vector Electric Field Instrument (VEFI) (Maynard et al., 1981) is shown in Figure 1A.
The electric field component that is shown is orientated in the direction of the satellite’s
motion. Often there may be short-duration jumps in the electric field of a “spiky” nature, as
demonstrated in this figure.

The existence of these electric field spikes has been known since 1972 when Heppner
(1972) had reported that the fluctuations are seen in the polar cap more often in the winter
hemisphere than in the summer hemisphere. Maynard et al. (1982) reported that the large-
magnitude electric field spikes are commonly seen in the polar cusp region, and also in the
nightside auroral oval. This seasonal difference was also found by Heppner et al. (1993), as
well as in a recent reanalysis of the DE-2 electric field data (Laakso and Pfaff, 2023). Figure 1
demonstrates the seasonal difference, as the example shown in Figure 1A was a winter pass
and Figure 1B shows the electric fields measured in the summer, Northern hemisphere on
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FIGURE 1
Electric field measured on the DE-2 satellite on consecutive polar
passes 19 June 1982. The field component EX is parallel to the
direction of the satellite’s velocity, with positive values being in the
direction of the forward motion. (A) Southern hemisphere (winter)
pass. (B) Northern hemisphere (summer) pass.

the same orbit. The summer hemisphere pass exhibits fewer of
the large-magnitude fluctuations in comparison to the winter pass.
Regarding the duration and magnitudes of the electric field spikes,
Laakso and Pfaff (2023) had noted that “the observed events last
between 0.1 and 60 s, corresponding to (north-south) widths of
1–500 km along the satellite trajectory.” Magnitudes of electric field
spikes in the range of 200–400 mV/m were found to be common
in the data from the electric field instrument on the DE-2 satellite.
These field strengths correspond to plasma drift velocities in the
range of 5–8 km/s. Occasionally peaks of about 1 V/m were seen,
correlating to a drift speed of 20 km/s. As noted by Pfaff et al.
(2022), these velocities exceed the maximum range of the typical
ion drift meter type of instrument that are common on ionospheric
spacecraft, that usually have a limit of around 4 km/s. Ion drift
meters often have sample rates that are lower than with double-
probes such as VEFI, which sampled the electric field at 16 Hz.

3 Influence of conductivity

As already mentioned, the electric field variability is more
pronounced on the night side and winter hemisphere. This behavior
leads to the obvious conclusion that the electric field fluctuations
have lager magnitudes when the ionospheric conductivity is low,
and therefore results in less heating. Evans et al. (1983) had found
that “the ionospheric level electric field intensity is highly correlated,

often on a one-to-one basis, with the reciprocal of the height-
integrated Pedersen conductivity, which in turn is controlled by
the auroral electron precipitation.” This anti-correlation between
the electric field and conductivity was investigated in more detail
by Mallinckrodt and Carlson (1985), Baker et al. (2004), and
Zhu et al. (2018).

Cosgrove et al. (2009) looked into this situation andmore detail,
finding that “because small spatial-scale electric fields are likely
polarization electric fields, and therefore negatively correlated with
conductance (over space), they may not lead to underestimation
of Joule heating.” Furthermore, “the result emphasizes that it
cannot be known whether small-spatial-scale variability leads to
underestimation or overestimation of the Joule heating rate, until a
careful measurement of the spatial correlation between conductance
and electric field has been made” (Cosgrove et al., 2009).

4 Other considerations

Similar to the paper by Codrescu et al. (1995), efforts to model
the effects of variability in the electric field often introduce such
variations superimposed on a simulated, large-scale electric field
model. The problem is that the conductivity in their calculations is
often fixed, with the result that larger amounts of heating are found.
Obviously, if the anti-correlated variations in the conductivity are
not taken into consideration, then the results of such efforts are likely
over-exaggerated, in agreement with (Cosgrove et al., 2009).

A similar problem is that the lifetimes of each electric field spike
have not considered. Do these large-magnitude field spikes persist
for a long time, or just a few seconds or less? Another way of putting
it is in terms of their duty-cycle, or what percentage of time they exist
at one location compared to being absent? How far do they extend
in the transverse direction? The relevant papers generally do not
consider that question, although the initial one by Codrescu et al.
(1995) did admit that “E-field fluctuations are known to exist on a
variety of temporal and spatial scales.” Ignoring these properties can
also lend to over-exaggeration of the heating effects, especially if the
modeling calculations assume that the fluctuations are fixed in place
and are long lasting.

Direct measurements of the Poynting flux from simultaneous
vector electric and magnetic field measurements helps to diminish
the problem of not knowing conductance values. These Poynting
flux data are also subject to misinterpretation if momentary energy
spikes that are detected are assumed to persist for the entire duration
of the 20–30 min polar pass.

Weimer (2005a) presented an empirical model for calculating
the Poynting flux entering the polar ionosphere, derived from
combining models of the electric fields and field-aligned currents
(Note that a later Weimer (2005b) paper updated the model
calculations to use a spherical cap harmonic analysis, but the
methods used to obtain the Poynting flux remained the same.).
Through use of results from Burke (2008) and the JB2008
thermosphere model (Bowman et al., 2008), Weimer et al. (2011)
had found that the total energy flowing into the ionosphere and
thermosphere calculated with the 2005 model could account for
the observed changes in the density of the global thermosphere
in geomagnetic storm intervals. Despite the lack of small-scale
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variations, there does not seem to be any missing energy in the 2005
model predictions.

5 Multispacecraft measurements

The lifetimes and dimensions of the small-scale electric field
fluctuations cannot be determined with measurements from only
one satellite, so multispacecraft measurements are required. NASA’s
future Geospace Dynamics Constellation (GDC) will be useful for
this task, as measurements of electric fields and Poynting flux will
be obtained at varied intervals of time and location. The Science
and Technology Definition Team (STDT) Final Report for the
GDC mission (https://lws.larc.nasa.gov/pdf_files/04%20GDC%20
STDT%20Report%20FINAL.pdf) refers to a particularly useful
orbital configuration known as “pearls on a string,” with multiple
satellites on the same orbital plane separated by short distances. In
this orbital configuration, if an electric field spike is detected by one
or two satellites but not on the following one, then its lifetime could
be narrowed down. The expected motion of the electric field spikes,
along with their associated aurora, could lead to some ambiguity in
the lifetime measurements. But some spikes could disappear, to be
replaced by others that havemoved into the satellites’ orbit. A careful
analysis will be required to resolve some ambiguity. Ideally the
initial separation in the GDC mission would be smaller than the 5-
min that is illustrated in Figure 3.2 in the report by the STDT (2019).
Multispacecraft measurements that are obtained on orbits separated
in local time will be worthwhile for estimating the longitudinal
spatial dimensions and motions of the small-scale variations.

Unfortunately, the currently planned configuration of the GDC
satellites will not have onboard any double-probe type of electric
field instrument, like theVEFI onDE-2.With plans for only a plasma
drift instrument to measure the electric fields, the GDC capabilities
will not be optimal for the detection of electric field spikes having the
largest magnitudes (plasma drifts over 5 km/s) and smallest spatial
sizes (Pfaff et al., 2022; Laakso and Pfaff, 2023).

6 Space weather models

To resolve the matter of the amount of heating generated by
the small-scale electric field variations, the global, physics based
ionosphere-theremosphere-magnetosphere models need further
improvement. In order for to fully reconstruct the small-scale
structure in the electric field, they would need to have spatial
grid resolutions on the order of 10–50 km in both dimensions.
The temporal variability of the electric fields in such models will
need to be realistic, following from the results obtained from
the future GDC mission. Modeling the conductivity variations on
similar scales will be difficult, as the conductivity cannot be easily

obtained. Conductivity variations that are derived from electron
precipitation require that the precipitation inputs have the same
spatial resolutions as the electric field, with appropriate dimensions
and temporal scales.

7 Discussion

During the last 2 decades there has been a common viewpoint
that postulates that the small-scale and mesoscale fluctuations
in the polar electric fields provide a significant contribution to
the amount of Joule heating that is dissipated in the ionosphere.
The opinion expressed here is that this significance may be
overestimated. Oftentimes the calculations that are presented to
support this hypothesis ignore the relevant conductivity variations
as well as assuming that the fluctuations persist for tens of
minutes. Multispacecraft measurements, such as with the future
GDC mission, will provide valuable evidence about the temporal
and spatial characteristics of the small-scale fields and Poynting flux,
with some limitations due to missing double-probes. These data will
help to answer the questions about their significance.
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