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Abstract High-resolution multispacecraft Swarm data are used to examine magnetosphere-ionosphere
coupling during a period of northward interplanetary magnetic field (IMF) on 31 May 2014. The
observations reveal a prevalence of unexpectedly large amplitude (>100 nT) and time-varying magnetic
perturbations during the polar passes, with especially large amplitude magnetic perturbations being
associated with large-scale downward field-aligned currents. Differences between the magnetic field
measurements sampled at 50 Hz from Swarm A and C, approximately 10 s apart along track, and the
correspondence between the observed electric and magnetic fields at 16 samples per second, provide
significant evidence for an important role for Alfvén waves in magnetosphere-ionosphere coupling even
during northward IMF conditions. Spectral comparison between the wave E- and B-fields reveals a
frequency-dependent phase difference and amplitude ratio consistent with interference between incident
and reflected Alfvén waves. At low frequencies, the E/B ratio is in phase with an amplitude determined by
the Pedersen conductance. At higher frequencies, the amplitude and phase change as a function of
frequency in good agreement with an ionospheric Alfvén resonator model including Pedersen conductance
effects. Indeed, within this Alfvén wave incidence, reflection, and interference paradigm, even quasi-static
field-aligned currents might be reasonably interpreted as very low frequency (w — 0) Alfvén waves. Overall,
our results not only indicate the importance of Alfvén waves for magnetosphere-ionosphere coupling but
also demonstrate a method for using Swarm data for the innovative experimental diagnosis of Pedersen
conductance from low-Earth orbit satellite measurements.

Plain Language Summary The study shows evidence that electromagnetic waves in the
ionosphere and currents flowing into the ionosphere can be described by the same physical model. This is
important for estimating the total energy going into the ionosphere and potentially allows deriving
important high-resolution information about the ionosphere by studying data recorded when spacecraft fly
over the auroral region.

1. Introduction

Field-aligned currents (FACs) flowing between the magnetosphere and the ionosphere provide the basis for
the transfer of energy and momentum between the two systems (e.g., Cowley, 2000; Foster et al., 1983; Lu
et al.,, 1998). On the largest scale, FACs form the Region 1 and Region 2 current systems (lijima & Potemra,
1976, 1978). However, currents across a range of scales are important in magnetosphere-ionosphere cou-
pling (e.g., Hasunuma et al., 2008; Peria et al., 2000; Rother et al., 2007). FACs are usually inferred from in situ
satellite magnetic field data. Under the assumption that the FACs consist of long current sheets orientated
perpendicular to the spacecraft orbit, FACs can be calculated from the observed transverse magnetic field
variation via Ampere’s law, neglecting the displacement current (e.g., Ritter et al,, 2013, and references
therein). Significantly, this single-spacecraft approach must assume that all the transverse magnetic
oscillations occur as the result of spacecraft motion through static and infinite current sheets. Any temporal
variations in the magnetic field during the crossing of a FAC element will result in a violation of this
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assumption. As a consequence, errors are introduced into the inferred FAC estimates as a result of the
misinterpretation of temporal variations, such as might be associated with Alfvén waves, as spatial structures
associated the FACs (see e.g., Forsyth et al., 2017, and references therein).

Various techniques have been devised to assess and try to overcome the potential stationarity problem in
FAC estimation. Using multispacecraft ST-5 measurements, Gjerloev et al. (2011) determined that FAC sys-
tems with scale sizes larger than ~200 km were stable and quasi-persistent on timescales of the order of a
minute, comparable to a LEO satellite’s traversal time across the auroral zone. For the European Space agency
(ESA) Swarm mission, a dual-spacecraft FAC estimation methodology based on a path integration using two
“side-by-side” spacecraft has also been developed (Ritter et al., 2013). In this dual spacecraft technique, data
from the “side-by-side” Swarm A and C spacecraft are low-pass filtered to ensure that only currents with
spatial scale lengths >~150 km are represented. The validity of the low-pass filtering used to produce such
FAC estimates relies on the hypothesis that the role of these smaller scale structures can be neglected in com-
parison to those arising from the larger scale FACs. For example, Liihr et al. (2015) used statistical analysis to
separate these magnetic disturbances into small-scale structures (<10 km) which they related to Alfvén
waves and large-scale quasi-stationary FACs (>150 km). Unfortunately, the low-pass filtering approach has
the effect of excluding information about any potential impacts arising from small-scale FACs (e.g., Miles
etal, 2016, Figure 19) and precludes an investigation of the potential importance of nonstationary processes
such as Alfvén wave effects in driving magnetosphere-ionosphere coupling, not only on scales <10 km but
also in the range of 10-150 km.

Multispacecraft measurements from relatively closely spaced satellites with near coaligned orbits can also be
used to assess nonstationarity and to infer whether the observed magnetic disturbances are quasi-static on
the timescale of the spacecraft separation (see e.g., Forsyth et al., 2017). Depending on orbital orientations,
and cross- and along-track separations, it is also possible that interspacecraft variations can also occur due
to the currents being localized in azimuth, or due to the FACs changing intensity on the timescale of the
along-track temporal separation (cf. Forsyth et al., 2017). Care must be therefore taken to assess such effects.
However, using simultaneous electric- and magnetic-field measurements, where available, it is possible to
better elucidate whether any given structure is static or Alfvénic in nature. This also provides the means to
investigate the role of Alfvén waves in the electrodynamics of MIC under various solar wind driving
conditions, and we use the combination of Swarm electric and magnetic field data to examine that here.

This study presents Swarm dual-spacecraft analysis of an FAC crossing during quiet northward interplanetary
magnetic field (IMF) conditions. Regions of apparently nontime-stationary magnetic field variations are
observed in a single pass, even though the interspacecraft separation between Swarm A and Cis only around
10 s along track and 1.4° cross track. Simultaneous E-field and B-field measurements on Swarm A are carried
out for the same interval to evaluate the impact of Alfvén waves at various scale sizes.

2. Data and Methodology

During the time period under study, the Swarm A and C satellites (Friis-Christensen et al., 2008) were in a
near-polar low-Earth orbit (LEO) at 450 km altitude, separated by 1.4° azimuthally, corresponding to a
cross-track separation of around 120 km at the equator, and approximately 10 s separation along track.
During the event under study this corresponds to separations of ~8-50 km cross track and ~75 km along
track. The Swarm spacecraft are equipped with vector fluxgate magnetometers sampling at 50 vectors per
second (Friis-Christensen et al., 2008). The spacecraft also carry the Electric Field Instrument which consists
of the Thermal lon Imager (TIl) and the Langmuir Probe (Knudsen et al., 2017). The TIl measures ion velocity
moments at up to 16 vectors/s which can be converted into electric field measurements using an assumed
frozen-in condition at Swarm altitudes such that E= — v x B, where v is the ion velocity inferred from the
Tl ion moments and B is the magnetic field.

The local electrodynamics at Swarm can also be interpreted in the context of the larger scale field aligned
currents associated with global convection by comparing them with data from the Active Magnetosphere
and Planetary Electrodynamics Response Experiment (AMPERE) (e.g., Anderson et al., 2002; Anderson,
Takahashi, & Toth, 2000; Green et al., 2006; Murphy et al., 2012; Murphy et al., 2013; Waters et al.,, 2001).
AMPERE uses data from the engineering magnetometers on the Iridium satellite constellation to derive
vertical current maps. The Iridium magnetometers have data resolution of 48 nT with data consisting of
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observations from >70 satellites in six orbital planes used to produce global current maps. The recurrence
time for satellites in each orbital plane is ~10 min; each map is produced under an assumption of quasi-
stationarity on a timescale of ~10 min. The maps are updated globally with a 2 min cadence. AMPERE data
are used in this study to provide large scale background FAC context for the detailed analysis of the related
electrodynamics which are probed using data from the Swarm A and C satellites, which, as described above,
are much more closely separated along track (~10s) than those in the Iridium constellation (~10 min).

The CARISMA array (Mann et al.,, 2008) is a Canada-wide network of fluxgate (FGM) and induction coil (ICM)
magnetometers measuring magnetic field perturbations with up to 8 Hz sampling rate for the FGMs and up
to 100 Hz for the ICMs. Some of these stations are close to the flight path of Swarm in this study and provide a
useful ground check on any observed in situ magnetic pulsations.

3. Results

The study focuses on an auroral zone crossing between 17:16 and 17:22 UT on 31 May 2014. The geomag-
netic conditions (King & Papitashvili, 2005) in the hours preceding the Swarm auroral zone crossing, indicated
by the red lines, are shown in Figure 1. Figures 1a(i), 1a(ii), and 1a(iii) show the x, y, and z GSM components of
the interplanetary magnetic field (IMF). Figures 1a(iv) and 1a(v) show the SYM-H and AE activity indices, and
the bottom shows the solar wind dynamic pressure. The IMF and solar wind conditions have been lagged
to the magnetopause. The IMF Bz (Figure 1a(iii)) was positive for at least 5 h before the crossing, suggesting
that the polar cap should be almost completely closed at this time (e.g., Newell et al., 1997). The AE index
(Figure 1a(v)) and SYM-H (Figure 1a(iv)) show relatively quiet conditions, while the dynamic pressure
(Figure 1a(vi)) remained above 2 nPa throughout, although showed some small fluctuations during and
immediately preceding the pass. The AMPERE-derived FAC map for 17:16-17:18 UT is shown in Figure 1b.
The large-scale FACs are quasi-static, largely confined to high latitudes, and rather irregular. In particular,
there is a lack of the signature of the classic concentric rings of the Region 1 and Region 2 current systems,
as expected for a northward IMF period (e.g., Hoffman et al., 1988). It can be seen from Figure 1 that the
Swarm A/C spacecraft pair was on a poleward trajectory up to 17:17 UT followed by an equatorward pass
in the ~03-08 MLT sector, initially crossing an extended but rather weak FAC region up to around 17:18 UT,
associated according to AMPERE with perhaps weakly upward FAC, before entering a region more clearly
characterized by AMPERE as a region of downward FACs (blue).

The Fort Simpson (FSIM) ground magnetometer data from the Canadian Array for Real-time Investigations of
Magnetic Activity (CARISMA; Mann et al., 2008) are close to the location Swarm A and C overpass during the
time period under study. Data from the 8 Hz FSIM fluxgate magnetometer (FGM) are displayed on Figure 1c. It
can be seen that at the time of the crossing the FSIM ground observations show only small perturbations of
the order of several nanotesla. Generally throughout the day the station mainly sees variations due to the
solar quiet current system, with some at most modest magnetic local midnight activity earlier in the UT
day at this station. These quiescent conditions represent typical magnitudes observed by ground magnet-
ometers during very quiet periods characterized by northward IMF.

Swarm A and C magnetic field data in mean-field aligned (MFA) coordinates are displayed in the top panel of
Figure 2. The mean field was derived by taking a running average over a 40 s window. The three components
in the orthogonal MFA coordinate system then correspond to a vector along the mean magnetic field
(MFA_3), a horizontal vector pointing toward the geomagnetic east (MFA_2), and MFA_1 completing the
triad pointing approximately in the magnetic north-south direction. The data from Swarm C has been lagged
with respect to Swarm A by 10.66 s, corresponding to a lag which maximizes correlation between the time
series. This time lag helps compensate for interspacecraft along-track separation and any angle-of-attack
effects. Despite the very quiet geomagnetic conditions, there are large magnetic perturbations in the two
transverse components reaching tens to hundreds of nT. This is in stark contrast to the apparent small ampli-
tudes seen on the ground. Given the temporal scales of the magnetic signals in the Swarm frame, such a dis-
parity could result from these small-scale disturbances being largely screened from the ground by Biot-Savart
integration. Significantly, however, from the perspective of, for example, statistical analyses of Swarm data,
the small amplitudes and quiet conditions seen on the ground and which would also be reflected in low mag-
nitudes of local and likely planetary range indices such as K and Kp derived from ground-based magnet-
ometer data cannot be used to conclude that the magnetic perturbations at Swarm altitudes are also small.
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Figure 1. (a) (top to bottom): (i) IMF Bx (GSM), (ii) IMF By (GSM), (iii) IMF Bz (GSM), (iv) SYM-H, (v) AE index, and (vi) solar wind dynamic pressure. The red vertical bars
denote the interval under study. (b) AMPERE FAC map for 17:16-17:18 UT overplotted with Swarm A (blue) and C (red) spacecraft tracks, with locations labeled

in UT. The red and black numbers denote AACGM latitude and MLT. The red and blue colors on the FAC map denote upward and downward FACs, respectively.
(c) FSIM CARISMA FGM time series for the time of the pass: (top) north-south, (middle) east-west, and (bottom) up-down components.
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Figure 2. (top) Vector magnetic field observed Swarm A and C: MFA_1 (north-south; blue/black; offset by +300 nT), MFA_2
(east-west) in red/black, and MFA_3 (compressional; offset by —300 nT after mean removal, green/black). Note the

much smaller amplitude perturbations in the compressional compared to the transverse components. All components of
the Swarm C time series have been lagged by 10.66 s. (bottom) The difference arising from subtracting the two MFA_2
components on Swarm A and (lagged by 10.66 s) Swarm C. The red bars show time periods marked for E-B study (below). In
this figure and others the x axes are “UT” (hhmm:ss), while “MLAT,” “MLON,” and “MLT” refer to the AACGM magnetic
latitude, AACGM magnetic longitude, and magnetic local time, respectively.

Figure 2 shows that the transverse perturbations are fairly well correlated between the Swarm A and lagged
Swarm C data between 17:16:40 and 17:18:27 UT. The agreement is particularly clear in the MFA_2 compo-
nent (correlation coefficient R = 0.8920). However, after 17:18:27 UT the agreement between the two time
series and the magnetic signatures drops (R = 0.4548 between 1718:27 and 1720:13) even though the two
spacecraft are only ~10 s apart along track. Then, after about 17:19:42 UT, coherency between the two time
series increases again as the satellites exit the FAC region.

The morphology observed in this Swarm pass very much resembles the “static” and “Alfvénic” regions
denoted in Figure 3 of Ohtani et al. (1996), where conjugate Viking and DMSP-F7 satellites traversed a region
of Birkeland currents one after the other. However, the distinction between the “static” and “Alfvénic” regions
in the Viking and DMSP-F7 data was made based on the basis of ~15 min along-track separations as well as
from two platforms at significantly different altitudes. In contrast, in the case of Swarm A and C, the spacecraft
are at the same altitude and separated by only around 10 s along track.

To illustrate the magnitude of the change in magnetic field, Figure 2 (bottom) shows the residual created by
subtracting the lagged MFA_2 magnetic field components observed by Swarm A from that from Swarm C. It
can be seen that the residual between the two appropriately lagged time series is low in the early part of the
pass (range = 139.8 nT, root-mean-square (RMS) = 15.9638 between 17:16:40 and 17:18:27 UT). As the space-
craft move equatorward, the differences steadily increase (range = 446.1 nT, RMS = 57.3203 nT between
17:18:27 and 17:20:13 UT), exhibiting multiple >100 nT perturbations in this time period. Meanwhile, the
ranges of the constituent MFA_2 time series on Swarm A during these two periods increase from 193.9 nT
to 318.5 nT. Therefore, the range of the residual is below the range of constituent quasi-stationary magnetic
field perturbations in Period 1, but in Period 2, the range of the residual exceeds the range of presumably
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Alfvénic perturbations. The area of poor correlation appears to coincide with a region of net downward
FAC as seen on AMPERE (see Figure 1b). Correlation for this period does not significantly improve when
using different time lags. This suggests either the existence of fine-scale current structures, with scales
smaller than the cross-track separation of the Swarm A/C pair, and/or that the magnetic field changes signif-
icantly even on the very short 10 s interspacecraft along-track separation timescale. We propose that the
latter occurs as a result of rapid temporal variations caused by large amplitude Alfvén waves and examine this
further below.

We use the available data from the Tl on Swarm A to derive electric fields and examine the nature of the elec-
tromagnetic dynamics of the disturbances. Figure 3a shows the detrended cross-track component of the
magnetic field observed by Swarm A together with the cross-track component of the ion moment. This latter
measurement is derived from the location of the centroid (moment) of the distribution of particles impacting
the detector plate in the Tll instrument—a cross-track ion velocity component changes the direction of arrival
of the incident rammed ion signal, displacing it in azimuthal angle on the detector. As such, the ion moment
is a zero-order measurement from which ion velocity and electric field are later derived (Knudsen et al., 2017).
This parameter is plotted here to demonstrate clearly that the correspondence between these independent
measurements is not an artifact of any processing but is representative of a physical relationship between the
ion flows and the magnetic perturbations. It can be seen that there is truly remarkable correspondence at
multiple scales in the frame of Swarm A between the independent measurements of the magnetic perturba-
tions and the ion moment measurements corresponding to ion velocity. The electric field can be calculated
from ion velocity distributions under the assumption that the (oxygen) ions are frozen-in at Swarm altitudes
such that E= — v X B (Knudsen et al., 2017). The magnetic field (NEC_2 component) and electric field (NEC_1
component) are plotted on Figure 3b, with NEC being the north-east-center coordinate system with the
axes pointing toward geographic north, geographic east, and the center of the Earth, respectively. As with
ion velocity, we observe good correspondence between the orthogonal electric and magnetic field
components for both large and fine scales. As we demonstrate below, the frequency dependence of this
relationship points not only to the importance of the ionospheric Pedersen conductance in controlling the
MIC electrodynamics at Swarm altitudes but also to the significance of Alfvén wave incidence, reflection,
and interference.

Closer to the ionospheric boundary than one field-aligned Alfvén wavelength, the orthogonal transverse
electric and magnetic fields are expected to be well correlated with no phase difference and with the ratio
of magnitudes equal to the ionospheric Pedersen conductance (e.g., Lysak, 1991). Well-correlated E- and
B-fields are observed in Figure 3f for longer-period perturbations with frequencies in the frame of Swarm
<1 Hz. Remembering that changes in FACs are caused by the propagation of Alfvén waves (e.g.,
Woodroffe & Lysak, 2012; Wright, 1996), this condition is of course also true for quasi-static FAC systems
where the timescale of FAC evolution is slow enough such that the same condition is met. Therefore, similarly
for static FAC systems, the ratio of magnetic and electric fields close to the current closure location in the
ionosphere should also be controlled by an identical boundary condition (e.g., Ishii et al, 1992; Sugiura
et al,, 1982). In both cases the in-phase relationship is consistent with the requirement for the Poynting flux
to be carried from just above the ionosphere into the dissipative ionosphere region below. In the case of
Alfvén waves above the reflection point, the amplitude and phase of the magnetic and electric fields will
change as a function of the distance along the field line in units of parallel wavelength, due to the superposi-
tion of the incident and reflected waves. Such superposition can occur as a result of a single reflection at the
ionosphere (e.g., Knudsen, Kelley, & Vickrey, 1992) or the action of the lonospheric Alfvén Resonator or IAR
(Lysak, 1991). In the case of the IAR, where there is an additional reflection from Alfvén speed gradients at
high altitudes (typically assumed to lie at altitudes of around 4,000 km), similar structure can develop but
on parallel wavelength scales determined by the harmonics of the cavity of the resonator (e.g., Lysak,
1991; Lysak & Song, 2008).

In the frame of Swarm A, the perturbations in these fields can correspond to either a spatial structure of a
given scale crossed at the orbital speed of the satellite, a temporal variation, or a combination of the two.
In Figures 2 and 3, the large-scale dB/dt corresponding to FACs crossed on timescales of >~30 s appear to
have good correspondence, in line with the statistical results of Gjerloev et al. (2011), Lihr et al. (2015),
and Forsyth et al. (2017) that show FAC with scales >150-200 km are in general rather stable. In order to
determine whether the reflected Alfvén wave paradigm is applicable to our event, we use synchronous
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Figure 3. (a) Swarm A linearly detrended cross-track magnetic field (red) and linearly detrended cross-track ion moment
(blue, scale derived from the centroid of the Tll ion distribution in scaled instrument pixel units), (b) linearly detrended
Swarm A NEC_2 magnetic field component (red) and linearly detrended NEC_1 electric field component (blue), (c) the
dynamic power spectrum of the red curve in Figure 3b, (d) the dynamic power spectrum of the blue curve in Figure 3b,
(e) the dynamic power spectrum of the residual of the 2 MFA_2 magnetic field components from Figure 2 (bottom), and
(f) the cross-power spectral density of the magnetic and electric fields from Figure 3b.
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Figure 4. (a and d) Cross-power spectral density, (b and e) impedance histogram, and (c and f) phase difference histogram
for periods 1 and 2, respectively. The red curves plotted over the histograms denote the results from the Lysak (1991)
IAR model initialized with parameters Vai = 70 km/s, 3P = 5 S, scale height = 110 km, and altitude above the reflection layer
z =340 km. In Figures 4 and 5 “occurrence rate” refers to the total number of spectral points in that frequency and
impedance/phase bin that exist in the spectral matrices for that time period and which have survived the thresholding
procedure.

measurements of the electric and magnetic fields on Swarm A to empirically determine the frequency-
dependent E-B phase and impedance functions (cf. Knudsen et al., 1990; Lysak, 1991).

The dynamic spectra of E (NEC_1) and B (NEC_2) were calculated using a 12.5 s sliding window fast Fourier
transform with a 50% overlap. The absolute cross-power spectral density was also calculated, and all
elements with a cross-coherence below a threshold of unity were discarded. This was found to represent a
good balance between maintaining reasonable statistics and removing low amplitude noise. Of the surviving
elements in both matrices, phases were calculated for each complex spectral element in each matrix. The
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Figure 5. Period 3 (a) impedance and (b) phase calculated using an 8 s window showing frequencies from 0 to 8 Hz. Period
3 impedance and phase calculated using a 64 s window (c and d) for 0-1 Hz and (e and f) for 0-0.2 Hz. The red curves
denote the impedance and phase functions from the same model as was applied to Figure 4.

phases were subtracted elementwise to get an E-B phase difference matrix. After Grzesiak (2000), a histogram
of the occurrence of each phase difference as a function of frequency was calculated. A histogram of
impedance was also calculated from the element-wise E/B ratio (Ishii et al, 1992; Knudsen et al., 1992)
from the absolute magnitudes of the Fourier transforms of the orthogonal transverse components, as per
equation (19) in Knudsen et al. (1992):

2(F) = o ~E,()/5-8,(F)|
where o is the magnetic constant, ~E_(f) is the Fourier transform of the NEC_1 electric field, and 5~By(f) is
the Fourier transform of the NEC_2 magnetic field.

The results are shown in Figure 4 for two time periods which are also marked on Figures 2 and 3. The
“quasi-static” Period 1, 17:16:40-17:18:27 UT, shows high levels of correspondence between Swarm A

PAKHOTIN ET AL.

ALFVEN WAVES IN M-I COUPLING 9



@AG U Journal of Geophysical Research: Space Physics 10.1002/2017JA024713

and Swarm C, with residuals never exceeding £100 nT. The “dynamic” Period 2, at 17:18:27-17:20:13 UT,
features high nonstationarity and residuals exceeding £100 nT on several occasions. Both the “quasi-static”
and “dynamic” intervals, there is a clear indication of cross power which peaks at low frequencies below
2 Hz, but which also reaches much higher frequencies during the interval of nonstationarity in Period 2
(Figure 3f).

During the first period, the coherent signal (where the cross power is highest) is mostly below 1 Hz (Figure 4a).
The impedance histogram (Figure 4b) shows high concentrations of data points at low frequencies, in
agreement with time series information. There is a sharp drop in occurrence rate above 1 Hz, as the period
is dominated by low frequency fluctuations. The data points above 1 Hz are composed of mostly noise which
has low coherency between E_NEC_1 and B_NEC_2, so their points do not reach the aforementioned
coherency threshold. The histogram shows clustering around 0.2-0.4 Q. There is a sharp cutoff at 0.2 Q below
which very few data points exist. There is no such cutoff higher than 0.4 Q, but rather a gradual decline in
occurrence rate for higher impedances. Meanwhile, the phase difference histogram between E and B for
Period 1 (Figure 4c) shows that at the lowest frequencies it is concentrated near 0° but spreads rapidly
with rising frequencies, mostly populating the parameter space for phase differences between ~+90° and
—90°. There are also a few spectral points which appear to lie above 90° or below —90°. For frequencies
<1 Hz, which dominate this interval, the phase difference is preferentially clustered around 0°. In the
north-east-center (NEC) coordinate system used here, phase differences of —90° to +90° signify downgoing
Poynting flux. A model for mutually interfering Alfvén waves inside the IAR, derived from the Lysak (1991)
methodology, is overplotted in pink for both the impedance and the phase difference histograms. The
parameters and assumptions used in the model will be expanded on later in this paper.

The results for Period 2, characterized by large residuals in Figure 2 (bottom), are shown in Figure 4
(Figures 4d-4f for cross-power spectral density, impedance, and phase difference, respectively). During this
time, the E-B cross power extends to higher frequencies above 1 Hz up to around 3 Hz or more. The impe-
dance and phase histograms (Figures 4e and 4f) appear qualitatively very similar to those for Period 1 below
1 Hz but also extending the same phase characteristics to higher frequencies. It can be seen that there is
more coherent high-frequency content (Figure 4d) which explains the increase in data points at higher
frequencies in the histograms.

Period 3 shown in Figure 5 encompasses the entire auroral crossing including Periods 1 and 2. The histo-
grams are calculated after applying two different window lengths. For Figures 5a and 5b the same window
applied in Figure 4 is used, which is 8 s, with a 50% overlap between successive windows. Figures 5a and
5b resolve frequency up to the Nyquist limit. For Figures 5c-and 5f a longer window of 64 s was used with
the same 50% overlap to resolve down first to 0-1 Hz (Figures 4c and 4f) and then to 0-0.2 Hz (Figures 4e
and 4f) including the 0.05 Hz range which is believed from statistical work to mark the transition between
Alfvén waves and quasi-static FACs (e.g., Lihr et al., 2015).

4, Discussion

Despite the differences in residuals in magnetometer time series between Periods 1 and 2 (Figures 2 and 3),
from the histograms of the impedance and phase differences during this period shown in Figures 4 and 5, a
new picture emerges. All the time periods analyzed show characteristics which are qualitatively similar: at low
frequencies, the calculated impedances are ~0.2 Q for frequencies <0.05 Hz, and with phase differences
close to 0. The observed impedance increases with frequency with a sharply defined lower envelope edge
which is expected to be related to the Pedersen conductance. This indicates that the perturbations character-
izing the whole auroral zone crossing appear to be consistent with the Alfvén wave incidence, reflection, and
interference paradigm with both the quasi-static and more rapidly varying field fluctuations being likely
explained by the same physics. Crucially, from Figure 5 it can be seen that there does not appear to be a sharp
discontinuity between the “quasi-static” and “Alfvén” regimes, but rather a smooth continuum in the
impedance and phase functions in line with the theoretical predictions of Alfvén incidence, reflection, and
interference models. As we discuss in more detail below, the behavior appears to be consistent with that
expected for a continuum of reflected and interfering Alfvén waves, and specifically to be consistent with
the response from a superposition of waves incident upon, and reflecting within, the ionospheric Alfvén
resonator (see e.g., the model of Lysak, 1991, and references therein).
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The impedance function as predicted by the model of Lysak (1991) for reflected Alfvén waves, is overplotted
in Figures 4 and 5. The model can simulate frequency-dependent phase and impedance functions, assuming
an Alfvén speed profile which increases exponentially with height above the ionospheric reflection layer. It
also accounts for the peak in Alfvén speed which creates the cavity within which the ionospheric Alfvén
resonator (e.g., Belyaev et al., 1990) operates.

The model was initialized with a representative ionospheric Alfvén speed of 70 km/s, a Pedersen conduc-
tance of 5 S, a scale height h = 110 km, and a height z = 340 km above the ionospheric reflection layer.
The value of the Pedersen conductance was taken from the histogram in Figure 5e which shows a rapid
decrease in data points at impedances below 0.2 Q. The scale height is taken as a representative value in
the range for that local time during summer (Tulasi Ram et al., 2009). The height z is taken assuming that
the waves are reflected from the E-layer (e.g., Fedorov et al., 2014) which is here assumed to be located at
110 km above Earth. Since Swarm A was at an altitude of ~450 km during the time of the event, this means
the distance from Swarm to the assumed E-layer was 340 km. The Alfvén speed was selected empirically so as
to best match the histogram data.

The model predicts an impedance equal to the inverse of the Pedersen conductance 35 at low frequencies
and a zero phase difference between E and B. This is observed in the data presented here (e.g., in
Figures 5e and 5f). At higher frequencies, the Lysak model predicts that the impedance function will be qua-
siperiodic oscillating between a lower and an upper bound determined by the Pedersen conductance, the
ionospheric Alfvén speed, and the density scale height. Since the Swarm spacecraft are traveling across field
lines, and each field line will likely have a different ionospheric Alfvén speed in traversing these different field
lines, it is possible that this upper impedance limit will be expected to be smoothed out in the histograms of
the data shown in Figures 4 and 5. This diffuse upper limit is also observed in the histograms for the highly
correlated Period 1 (Figure 4b), the poorly correlated Period 2 (Figure 4e), and for the cumulative Period 3
(Figures 5a and 5¢). In contrast, since the lower impedance envelope is largely controlled by "p, then the
envelopes of the histograms might be expected to have a sharper lower boundary, exactly as observed in
Figures 4 and 5 for all three Periods 1, 2, and 3.

Meanwhile, the phase function is expected to have zero phase difference Agp = 0 for low frequencies (which is
observed in Figure 5f), while at higher frequencies, it is expected to oscillate around Ag = 0 with the maximal
deviation being between zero and +90° and —90°, dependent on the ratio of the Pedersen and Alfvén impe-
dances. This range of phase behavior, albeit not a resolved oscillation as a function of frequency, is observed
in this study for both the quasi-static (Figure 4e) and dynamic periods (Figure 4f) as well as for the whole
crossing period (Figures 5b and 5d). It should be noted that the aforementioned phase and impedance
function behavior is expected both in the case of a single reflection from the ionospheric E-layer and for
the double reflection in the case of the IAR. The periodicity in the oscillation of both phase and impedance
as a function of frequency is a function of distance from the reflecting boundary normalized to field aligned
wavelength, which, of course, also depends on the Alfvén speed.

In the case of the IAR, there is also the development of a periodic impedance and phase between Eand Bas a
function of frequency. However, in the IAR case the field-aligned wave numbers are quantized such that the
periodicity of oscillation in frequency can be controlled by the global dispersion relation for the IAR, and not
only by the local characteristics of phase development along the field from the ionospheric reflection height
to the altitude of the satellite. In both cases, in the low frequency (i.e., long wavelength) limit then the phase
difference between E and B becomes the same as that at the location of the ionospheric reflection, with the
impedance being equal to Zp = 1/3,,. As shown in Figures 4 and 5, the impedance observationally approaches
an asymptotic low frequency limit of 0.2 Q, which seems reasonable for this location. For comparison
the International Reference lonosphere model gives an estimate for Zp of ~0.3 Q. Indeed, a significant
result from our work is an indication that low frequency analysis of electric and magnetic fields, such as pre-
sented here using Swarm, might be able to be used to diagnose the height integrated ionospheric
Pedersen conductance.

Using the observed electron density from the Langmuir probe on Swarm A, and assuming an O+ plasma at
these altitudes (e.g., Park et al., 2017), generates an Alfvén speed estimate of 639 km/s. Meanwhile, translating
the assumed Alfvén speed at the ionospheric reflection point of 70 km/s to the Swarm height assuming the z
and h values specified earlier gives an estimated Alfvén speed at Swarm height of 340 km/s. There are several

PAKHOTIN ET AL.

ALFVEN WAVES IN M-I COUPLING 1



@AG U Journal of Geophysical Research: Space Physics 10.1002/2017JA024713

possible sources for this discrepancy between theoretically extrapolated Alfvén speed and Alfvén speed as
measured by the Langmuir probe. First, the Langmuir probe is known to consistently underestimate density
and thus overestimate Alfvén speed (e.g., Park et al., 2017, and references therein). Second, the scale height is
a function of season, local time, and solar activity (e.g., Liu et al., 2006) and so may vary from event to event.
Third, and potentially most significantly, the mass density profile between the altitude of Swarm A and the
reflecting layer is likely not adequately captured by a simple scale height exponential and may well be more
complex, especially between the E and F layers (e.g., Figure 10.3 in Gombosi, 1998). It is hoped that as work in
this direction progresses onward from this proof-of-concept study, some of these challenges will be
addressed and the agreement between the two values will improve.

As seen in the curves overplotted on the panels of Figure 4, periodic peaks in the impedance spectrum are
generated at frequencies corresponding to near nodes in the electric field at the location of Swarm, the
periodicity in frequency being determined by the Alfvén speed profile in the topside, and the maximum
amplitude being determined by the nature of the wave interference at Swarm altitudes. An Alfvén speed
of 70 km/s just above the ionosphere appears to generate oscillating impedance as a function of frequency
whose envelope is in good agreement with the observations in Figure 4. Significantly, despite low-altitude
uncertainty in the Alfvén speed profiles, the model for the IAR presented by Lysak (1991) initialized with para-
meters fitted from observations seems to reproduce the principal features of the observations, albeit driven
by sources with varying frequencies in the frame of the Swarm satellites (mostly below 1 Hz for Period 1 and
extending to higher frequencies during Period 2).

The asymmetry between the upper and lower cutoffs in the impedance histograms at higher frequencies
presented in Figures 4 and 5 rejects the interpretation of the oscillations being caused by purely static
field-aligned currents. In that case the expected impedance histogram would be a frequency-independent
single value or a Gaussian with symmetric roll-offs in occurrence rate and a maximum corresponding to
the Pedersen conductivity (e.g., Knudsen et al., 1992). Meanwhile, in the static FAC case the expected phase
histogram would be a frequency-independent Gaussian centered sharply around 0°. Neither is observed
here. However, the symmetric Gaussian-like distribution is observed in Figure 5e which concerns lower
frequencies. This is also in line with model predictions as discussed above. Overall, we argue here that both
the slowly varying and higher frequency magnetic fluctuations can all be explained by the same model of
Alfvén wave incidence, reflection, and interference. Both for the slowly varying magnetic fields, which can
be reliably used to estimate FAC even from single spacecraft, as well as those at higher frequencies, the
impedance and phase profiles can be explained in the context of mutually interfering Alfvén waves and
modeled using a generalized ionospheric Alfvén resonator model such as that presented by Lysak (1991).

This raises an intriguing possibility where instead of there being a divide between quasi-static FACs and
dynamic Alfvén waves as has been proposed by the authors of previous studies (e.g., Lihr et al, 2015;
Rother et al,, 2007), it is possible that all of the dynamics observed during this auroral zone crossing may
all be described in the context of Alfvén waves interacting with a reflecting ionospheric boundary (e.g.,
Song & Lysak, 2006). Attempts to differentiate between the quasi-static FAC and Alfvén waves phenomena
using a scale separation of 150 km, and the related low-pass filter in the frame of Swarm, is an approach
which has been used in the past, for example, in deriving the Swarm L2 FAC product (Ritter et al., 2013)
and further in the work of Llhr et al. (2015). Based on the results presented here, such a separation at
150 km scale length seems to be rather arbitrary. Moreover, based on the results presented here, such filter-
ing at periods corresponding in the frame of Swarm to this 150 km scale will act to exclude a portion of the
auroral energy transport associated with such disturbances. Most significantly, while at higher frequencies
the individual E- and B-field perturbations may time-average to zero, the downward Poynting flux associated
with these disturbances/waves is a quadratic quantity which will not time-average to zero. Since the
nonquasi-stationary regions are also associated with peak-to-peak values of magnetic field perturbation
equal to or greater than those in the quasi-stationary regions, their energy content appears to be most likely
significant. This will be a topic for further future analysis.

Interestingly, the region associated with the higher frequency disturbances also seems to occur in a
region that AMPERE characterizes as a net downwards FAC region. Understanding why downward FACs
appear, at least during this northward IMF case study, to produce finer-scale (nonstationary) magnetic fluc-
tuations is also a subject of future work. Theoretically, feedback should be favored by large-scale
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downward currents; however, recently, Sydorenko and Rankin (2017) have questioned the instability in a
height-resolved ionosphere.

There are broadly speaking three proposed mechanisms for the creation of small scale structure within the
auroral region. First, phase mixing has been discussed in the field-line resonance context by Mann, Wright,
and Cally (1995) and in the IAR by Lysak and Song (2008) and seems to be the most universal mechanism,
requiring only gradients perpendicular to the field and second, the feedback mechanism as discussed in
Lysak (1991) and, for example, Streltsov and Lotko (2008), which favors low ionospheric conductance.
Finally, a third candidate process would involve nonlinear coupling (e.g., Chaston et al., 2008); however, in
the auroral zone several of the underlying assumptions for that process would be violated (Lysak & Song,
2008). Nevertheless, all three candidate processes can produce fine-scale structuring in Poynting flux and
could account for the observations seen in this study.

Overall, based on the analysis presented here, it appears that both the low and higher frequency perturba-
tions can be interpreted within the framework of Alfvén waves within the IAR (a single reflection from the
ionosphere being a special case of the general IAR framework). The only differences between quasi-stationary
and nonquasi-stationary behavior can then be interpreted as being due only to the wave scale lengths and
distance from the reflecting layer. Of course, in this context the more quasi-static behavior (longer period,
longer wavelength waves) can also be naturally interpreted as slower time varying disturbances. Since
Alfvén wave propagation is required to establish or change a FAC, such an Alfvén wave model provides a nat-
ural connection to the FAC distributions in dynamic MIC. Indeed, within this paradigm even quasi-static FAC
might be reasonably interpreted as very low frequency (v — 0) Alfvén waves.

5. Conclusions

1. An analysis of the magnetic field data for a FAC system crossed by Swarm A and C during northward IMF
conditions revealed evidence for ~100 nT large-amplitude nonstationary magnetic structures which
evolve on 10 s timescales.

2. Analysis of the independent measurements of the electric and magnetic fields reveals phase differences
which are a function of frequency, rather than the zero phase difference expected for static structures.
This is indicative of the control of these disturbances by the incidence, ionospheric reflection, and inter-
ference of Alfvén waves.

3. An analysis of the amplitude ratio and cross phase of the E- and B-field data reveals a continuum of fluc-
tuations spanning a frequency range of up to at least 8 Hz, and with phase and impedance characteristics
consistent with a framework of energy transfer in the coupled magnetosphere-ionosphere system arising
from the incidence, reflection, partial absorption, and interference of Alfvén waves. The possibility of inter-
spacecraft variation at higher frequencies being caused by azimuthally localized fine-scale quasi-static
currents is examined and rejected as inconsistent with the synchronous E- and B-field observations
available from Swarm A.

4. The wave analysis presented here also provides a potential method for remote sensing ionospheric
Pedersen conductance based on the low-frequency behavior of the combined E- and B-field
measurements.

5. Analysis of the large amplitude magnetic signatures, together with coincident electric fields, is consistent
with the conclusion that Alfvén wave dynamics are an integral and important part of the coupled
magnetosphere-ionosphere system. Filtering out fine spatial scale magnetic perturbations based on
(what we argue is an arbitrary) scale of 150 km as is often done (e.g., Lihr et al., 2015; Ritter et al., 2013)
seems, on the basis of the results presented here, to obscure important physical processes—especially
those associated with Alfvén waves which are active in magnetosphere-ionosphere coupling.
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