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Abstract Polar cap ionospheric plasma flow studies often focus on large-scale averaged properties and
neglect the mesoscale component. However, recent studies have shown that mesoscale flows are often
found to be collocated with airglow patches. These mesoscale flows are typically a few hundred meters per
second faster than the large-scale background and are associated with major auroral intensifications when
they reach the poleward boundary of the nightside auroral oval. Patches often also contain ionospheric
signatures of enhanced field-aligned currents and localized electron flux enhancements, indicating that
patches are associated with magnetosphere-ionosphere coupling on open field lines. However,
magnetospheric measurements of this coupling are lacking, and it has not been understood what the
magnetospheric signatures of patches on open field lines are. The work presented here explores the
magnetospheric counterpart of patches and the role these structures have in plasma transport across the
open field-line region in the magnetosphere. Using red-line emission measurements from the Resolute Bay
Optical Mesosphere Thermosphere Imager, and magnetospheric measurements made by the Cluster
spacecraft, conjugate events from 2005 to 2009 show that lobe measurements on field lines connected to
patches display (1) electric field enhancements, (2) Region 1 sense field-aligned currents, (3) field-aligned
enhancements in soft electron flux, (4) downward Poynting fluxes, and (5) in some cases enhancements in
ion flux, including ion outflows. These observations indicate that patches highlight a localized fast flow
channel system that is driven by the magnetosphere and propagates from the dayside to the nightside,
most likely being initiated by enhanced localized dayside reconnection.

1. Introduction
Dayside merging of the solar wind with the Earth's magnetosphere drives the Earth's magnetospheric gen-
erator and establishes perpendicular electric fields, creating the ionospheric convection streams observed
in the polar cap (Dungey, 1961). Statistical studies of ionospheric convection have shown that during a
southward interplanetary magnetic field (IMF), −Bz, the average high-latitude plasma convection pattern is
overall characterized by a simple two-cell pattern, in which plasma structures in the polar cap move anti-
sunward in association with the duskward convection electric field (+Ey). A dawnward motion (−Ex) then
results under a negative IMF By, and a duskward motion (+Ex) results under a positive IMF By (Heelis, 1984;
Heelis et al., 1982; Ruohoniemi & Greenwald, 1996; Weimer, 1995). Although large-scale statistical studies
are useful for understanding the overall motion of plasma in the high-latitude ionosphere, they typically
neglect smaller mesoscale flow structures, such as those collocated with enhanced density structures. Of
particular interest to this work are airglow patches (or simply “patches”), which are 100- to 1,000-km-scale
red-line emission structures in the F region polar cap, that are associated with polar cap patches (strictly
speaking, plasma density enhancements at least twice that of the background plasma density). Patches are
typically generated near the dayside cusp (e.g., Prikryl et al., 1999) from either (1) particle impact ionization
(e.g., Goodwin et al., 2015; Kelley et al., 1982; MacDougall & Jayachandran, 2007; Moen et al., 2012; Walker
et al., 1999; Weber et al., 1984) or (2) high-density dayside plasma becoming entrained in the polar cap
(e.g., Carlson et al., 2004; Foster, 1984; Foster et al., 2005; Lockwood & Carlson, 1992; Lockwood et al., 2005;
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Moen et al., 2006). In either case, once a patch is formed, it is transported along the streamlines of con-
vection, and as they travel, plasma irregularities and scintillation effects form (e.g., Basu et al., 1990, 1994;
Buchau et al., 1985).

An early study by Kivanç and Heelis (1997) explores small-scale flow structures (on the order of 500 m)
associated with polar cap patches in the context of plasma density perturbations, showing that although
the correlation between ΔN∕N (where N is the plasma density) and an enhanced flow is weak, for a given
intensity change in flow, ΔN∕N maximizes in regions of large ΔN. Zou et al. (2015) present the results of a
statistical study of polar cap flows associated with patches, showing that ∼67% of airglow patches contain
200- to 300-km-wide enhanced antisunward flows, a few hundred meters per second larger than the back-
ground convection speed. Meanwhile, Zou et al. (2016) highlight the association among airglow patches,
fast flow channels, and localized field-aligned currents (FACs), while Zou et al. (2017) show the colloca-
tion of enhanced electron fluxes (both structured and diffuse) with patches and mesoscale flows. A study by
Zhang et al. (2017) has found flow channels to be particularly associated with polar cap patches that have
relatively high electron temperatures, also known as “hot patches.” These polar cap patches are also asso-
ciated with enhanced particle precipitations, FACs, and ion upflows. Zhang et al. (2017) suggests that since
hot polar cap patches can have the same order of density enhancement as classical polar cap patches, they
may be produced by dayside photoionized plasma being transported into polar cap flow channels. Statistical
results from Ma et al. (2018) indicate that hot polar cap patches have higher convection speeds and stronger
FACs, while the classical polar cap patches in the central polar cap generally show lower convection speeds
and weaker FACs. Their work suggests that hot polar cap patches are associated with the initial creation
phase of polar cap patches and are associated with particle precipitation and bursty plasma flow, while the
classical polar cap patches are more mature.

These studies compliment an earlier study by Nishimura et al. (2014) that tracks the evolution of a poleward
moving auroral form, which are known to be connected with localized dayside magnetic merging events
(Carlson et al., 2006; McWilliams et al., 2000; Sandholt et al., 2003). This poleward moving auroral form
is associated with a flow channel (similar to Oksavik et al., 2004, or Oksavik et al., 2005) and evolves into
an airglow patch that collides with the nightside auroral oval, resulting in a poleward boundary intensi-
fication. This observation underlines the importance of patches and mesoscale flows in coupling dayside
merging with nightside reconnection across the polar cap. Additionally, this result is consistent with Lyons
et al. (2011) and Nishimura et al. (2013), who both show poleward boundary intensifications resulting from
enhanced flows impacting the nightside auroral oval and indicate the connection between patches and
magnetospheric processes on the nightside.

Several of the aforementioned studies rather thoroughly characterize magnetosphere-ionosphere (MI) cou-
pling through patches using ionospheric observations and contradict the notion that patches are simply
localized regions of enhanced plasma that follow large-scale convection. However, these works are lim-
ited to the ionosphere, while magnetospheric studies related to polar cap patches have been very limited.
Magnetohydrodynamic simulations by Nishimura and Lyons (2016) infer the existence of lobe convection
structures and enhanced electric fields on open lobe field lines that map to mesoscale flows within the iono-
sphere. Nishimura and Lyons (2016) also indicate that these flow channels will drive faster plasma sheet
thinning and localized magnetotail reconnection on the nightside. What remains unclear is whether we can
observationally demonstrate the existence of magnetospheric structures corresponding to airglow patches,
or whether the flow channels in the polar cap ionosphere are confined to the ionosphere. If they exist in the
magnetosphere, it is then important to understand their properties and energy source, as well as their role
in plasma transport and day-night reconnection coupling across the lobe and into the magnetotail. Since
magnetospheric observations of patches have been severely lacking, it is difficult to examine whether active
MI coupling exists over patches and, if so, to determine what drives the MI coupling. Motivated by this, the
research presented here characterizes the lobe structures that correspond to patches. Works such as Vaith
et al. (2004) have shown the usefulness of the Cluster spacecraft constellation in examining small-scale
structures, such as electric field fluctuations superimposed on the average behavior of the high-latitude con-
vection pattern. Therefore, the Cluster spacecraft are an ideal set of instruments with which to probe the
lobe structures associated with airglow patches for the present study. Similar works have been performed by
Lockwood, Opgenoorth, et al. (2001); Wild et al. (2001); and Lockwood, Fazakerley, et al. (2001), in which
Cluster observations were coupled with such ground-based instrumentation as the European Incoherent
Scatter Scientific Association (EISCAT) Svalbard Radar (ESR), the Collaborative UK Twin Located Auroral
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Sounding System (CUTLASS), or the Super Dual Auroral Radar Network (SuperDARN). However, these
studies predominately focused on flux transfer events and reconnection, or, in the case of Lockwood,
Opgenoorth, et al. (2001), the electron flux of polar cap patches in relation to dayside merging. Therefore,
this research focuses on electric field, magnetic field, and particle flux measurements from three of the Clus-
ter spacecraft as their satellite footprints pass through airglow patches, which is inferred by red-line Resolute
Bay images.

The Resolute Bay imager and the Cluster spacecraft are described in section 2, along with the process by
which patches and spacecraft conjunctions are identified. Section 3 highlights the key results of this work,
presenting both case studies and epoch studies of the magnetospheric structures associated with patches.
Section 3 then briefly discusses how these observations show that the lobe structures associated with patches
cannot be the result of either a neutral wind dynamo or a gradient drift instability (GDI) dynamo but are
likely driven by the magnetosphere. Finally, section 4 summarizes the findings of this research.

2. Instrumentation and Methodology
Before the results of this work are presented, it is worthwhile briefly describing the instruments being used
for this research. This section first states relevant information regarding the Resolute Bay red-line imager,
after which key information about the Cluster spacecraft is presented.

2.1. Resolute Bay Imager
Utilizing data from the Resolute Bay Optical Mesosphere Thermosphere Imagers located at 74.73◦ N, 265.07◦

E (Hosokawa et al., 2006; Shiokawa et al., 1999, 2009), this research identifies airglow patches through
the red-line (630.0 nm) airglow emissions that result from the de-excitation of oxygen atoms following the
recombination of electrons and molecular oxygen ions. The imager obtains an all-sky image every 2 min
during dark periods (∼22 to ∼15 Universal Time, UT, from September to March) using a 30-s exposure time.
The readout noise and the dark noise of the charge-coupled device detector are 10 counts (root mean square)
and far less than 1 (counts per pixel per second), respectively, making airglow emissions easily discernible
from camera noise (Shiokawa et al., 1999). Given that red-line emissions occur between approximately 200-
to 300-km altitude, imager data are mapped to an altitude of 250 km to identify patches.

Analogous to Hosokawa et al. (2009), this work defines airglow patches to be luminosity structures 5 R above
the background luminosity with a peak luminosity above 10 R. The background is taken to be the minimum
luminosity within 10 min of the suspected patch luminosity enhancement. Coincident green-line observa-
tions are also incorporated to differentiate patches from other luminosity structures, such as polar cap arcs.
As has been done previously (Zou et al., 2016), as long as there are no substantial coincident green-line
(557.7 nm) observations (5 R above the background luminosity with a peak luminosity above 10 R), the
luminosity structure is considered a patch. In this work, the red-line emission within the patch is typically
10 times larger than the green-line intensity.

In addition to comparing red-line and green-line emissions, the work presented here compares red-line air-
glow emissions to Canadian Advanced Digital Ionosonde (CADI) measurements (Jayachandran et al., 2009).
These instruments send a radio signal and record the received power for a range of plasma frequencies,
which allows us to infer the plasma density from

𝜔pe =

√
nee2

me𝜖0
, (1)

where 𝜔pe is the plasma frequency, ne is the plasma/electron density, e is the elementary charge, me is the
electron mass, and 𝜖0 is the permittivity of free space. This study utilizes both the Eureka ionosonde located
at 88.10◦ N, 329.86◦ E and the Resolute bay ionosonde located at 83.13◦ N, 320.61◦ E (geomagnetic latitude
and longitude).

2.2. Cluster
Cluster is a constellation of four polar-orbiting satellites organized in a tetrahedral configuration, orbiting
the Earth every 57 hr with an apogee of 20 Earth radii and a perigee of 4 Earth radii. Each satellite contains
identical instruments to resolve a variety of plasma parameters. The Electron Drift Instrument (EDI) is used
to obtain electric field measurements at a resolution of 4 s (Paschmann et al., 2001). When EDI observations
are unavailable, Ey is found using the Electric Field and Wave (EFW) experiment instrument (Gustafsson
et al., 2001). EFW also provides the spacecraft potential data at a resolution of approximately 0.2 s and Ey at
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a resolution of 4 s. The Fluxgate Magnetometer is used to determine the magnetic field at a resolution of 4 s
(Balogh et al., 2001), as well as the FAC using Ampere's law:

JFAC =
(∇ × 𝛿B)||

𝜇0
, (2)

where 𝛿B is a magnetic field perturbation relative to the T01 magnetic field model (Tsyganenko, 2002a,
2002b) and 𝜇0 is the vacuum permeability. We use the sheet current assumption to compute this equation
from the Fluxgate Magnetometer measurements (Fukunishi et al., 1991), and we validate this assumption
by comparing two successive satellite measurements. Given that the distance between the Cluster spacecraft
is approximately the size of an airglow patch, the curlometer technique cannot be applied, making the sheet
current assumption ideal. Using both the magnetic field and the electric field, E, it is possible to infer the
direction of the Poynting vector, S, given by

S = 1
𝜇0

E × B. (3)

Of final interest to this work is the three-dimensional distribution of magnetospheric ions resolved from the
Cluster Ion Spectrometry (CIS) sensors with a resolution of 4 s (resampled using a 12-s median filter; Reme
et al., 2001), and the three-dimensional distribution of electrons resolved from the Plasma Electron And
Current Experiment (PEACE) sensors with a resolution of 4 s (Szita et al., 2001). It should be mentioned that
measurements from the PEACE sensors are also able to validate when the Cluster spacecraft are traveling
in the lobe, given that the lobe has a background energy typically between 10 and 100 eV (Pedersen et al.,
2008). However, note that data from the Cluster 2 satellite are not available and that both the EDI and the
Cluster Ion Spectrometry sensors on Cluster 4 are not operating. Thus, Cluster 1 and Cluster 3 are primarily
used in this study.

The launch inclination of the four Cluster satellites was 90◦, and from 2005 (when the Resolute Bay imager
became operational) to 2009 (when the Cluster spacecraft began to probe lower latitudes), the Cluster space-
craft somewhat frequently traveled through the open field lines that mapped into the Resolute Bay imager
field of view (FOV). These conjunctions are identified using the T01 magnetic field model, and conjunctions
in which airglow patches are present are studied. This work identifies 38 satellite passes through airglow
patches from 2005 to 2009. It is worth mentioning that the mapping locations do not change significantly
when the T89, the T96, or the T04s magnetic field model is used (Tsyganenko, 1989, 1995; Tsyganenko &
Sitnov, 2007), indicating that we can be confident in the accuracy of the field-line mapping performed. Addi-
tionally, the Cluster spacecraft are typically between three to seven Earth radii during the events of interest,
where the magnetic field lines are reasonably dipolar and simpler to map into the ionosphere.

3. Results
Using the methodology described in the previous section, three cases are presented first to show the lobe
structures that correspond to airglow patches in individual events. Results of the superposed epoch analysis
based on the conjunctions from 2005 to 2009 are described next. Lastly, these results are discussed in the
context of what drives the magnetospheric and ionospheric structures collocated with patches.

3.1. Case Studies
Before showing epoch studies of the structures that correspond to airglow patches, it is worthwhile exploring
a few clear case studies of patches. Here, three case studies are presented. Case 1 shows a patch with clear
lobe structures, while Case 2 shows a patch with similar lobe features but more substructures. Lastly, Case
3 shows one patch with no clearly associated lobe structures.
3.1.1. Case Study 1: 1 February 2006
Figure 1 shows Resolute Bay red-line imager data along with the corresponding IMF conditions on 1
February 2006. An airglow patch is located near the magnetic pole with a prenoon-premidnight orienta-
tion. The bright emission on the left side of the image is the duskside auroral oval. The motion of the patch
is primarily antisunward, which is consistent with the predominately southward IMF. The patch also has
a changing dawnward and then duskward motion, as is seen more clearly in Movie S1 in the supporting
information. This is expected given the IMF reversal in By (Reiff & Burch, 1985). Figure S1 shows plasma
frequency measurements from the Eureka ionosonde. The peak plasma frequency at 400 km changes from
5 MHz at 6:10 UT, when the ionosonde observes the patch of interest, to 3.5 MHz at 7:10 UT, when the
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Figure 1. Red-line emission data from the Resolute Bay Optical Mesosphere Thermosphere Imagers instrument, along with the corresponding interplanetary
magnetic field (IMF) conditions, for a 1 February 2006 airglow patch observation. The overlaid coordinates are altitude-adjusted corrected geomagnetic
coordinates (given at 5◦ intervals in latitude and 1 hr in MLT), the red line indicates the direction of magnetic noon, the blue line indicates the direction of
magnetic midnight, and the green squares indicate the Cluster spacecraft footprints. The line indicates the approximate patch location.

ionosonde observes the background polar cap. Given equation (1), this indicates that the density of the air-
glow structure observed in the imager data compared to the background changes by a factor of 2.3 and
thus satisfies the definition of a polar cap patch (Crowley, 1996). Figure S2 presents Resolute Bay ionosonde
observations in a similar format as Figure S1. Although the observations in Figure S2 are noisier (e.g., the ver-
tical streaks are not associated with ionospheric plasma readings), the plasma frequency at 400 km changes
from 4.5 MHz at 6:40 UT, when the ionosonde observes the patch of interest, to 3 MHz at 7:00 UT, when
the ionosonde observes the background polar cap. The density enhancement observed by the Resolute Bay
ionosonde is similar to that viewed by the Eureka ionosonde but is observed at a later time. This is consistent
with the antisunward airglow patch motion observed in Movie S1.
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Figure 2. Cluster 1 (left) and Cluster 3 (right) observations of the 1 February 2006 patch. (a) Along-track luminosity as
determined from the Resolute Bay red-line imager, where the background luminosity is deducted and a 5-min median
filter is applied. The dashed lines indicate the start and end of the patch crossing (>5 R above the background).
(b) Ex and Ey measurements taken from the Electron Drift Instrument (EDI), where a 90-s median filter is applied.
(c) Magnetic field perturbations relative to the T01 magnetic field model, where a 30-s median filter is applied.
(d) Field-aligned currents (FACs) determined from the magnetic field perturbations presented in Panel c, where a 120-s
median filter is applied. Positive is upward. (e and f) Electron flux measurements parallel and antiparallel to the
magnetic field, where the black curve indicates the spacecraft potential with a 90-s median filter. (g) Ion number flux
parallel (black) and antiparallel (blue) to the magnetic field, where a 60-s median filter is applied.

During this patch motion, the Cluster 1 and Cluster 3 spacecraft cross the open field lines associated with
the patch, from the leading/dawnward edge of the patch to the trailing/duskward edge (where leading and
trailing indicate the front and back of the patch, respectively, in relation to the patch motion). Cluster 1
passes through the patch from 6:34 to 6:55 UT, while Cluster 3 passes through the patch from 6:41 to 6:56 UT.
These times are determined from the along-track optical luminosity given by the imager along the satellite
footprint, as shown in Figure 2a. The maximum along-track luminosity within the patch is 35 R for Cluster
1 and 25 R for Cluster 3, well above the background luminosity of ∼1 R.

Figure 2b shows that dawnward of the patch edges, Cluster 1 probes a fluctuating Ey that remains within
±1 mV/m far outside the patch. Approximately 10 min prior to the dawnward edge and 20 min after the
duskward edge, Ey increases up to 3 mV/m, indicating an enhanced antisunward E × B flow channel asso-
ciated with the patch. Additionally, Ex fluctuates within ±1 mV/m prior to the dawnward edge of the patch
and then changes from −1 mV/m within 10 min dawnward of the patch to above 1 mV/m approximately
5 min duskward of the patch. Approximately 10 min duskward of the patch, Ex and Ey decrease and fluc-
tuate near zero. The behavior of Ex indicates a dawnward flow turning duskward, which is consistent with
the patch optical motion and the IMF By turning from negative to positive.

Cluster 3 detects similar electric field signatures. After fluctuating between approximately 2 and −1 mV/m,
Ey increases and peaks above 3 mV/m approximately 5 min prior to the dawnward edge of the patch. Closer
to the duskward edge, Ey decreases and fluctuates around 1 mV/m. It is interesting to note that Cluster 3
shows the Ey enhancement to be more localized and stronger near the dawnward edge of the patch than
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Cluster 1, indicating either a growing flow channel on the dawnward edge of the patch or a small-scale
spatial structure that only Cluster 3 passes through. Prior to the dawnward edge of the patch, Ex at Cluster 3
fluctuates near −1 mV/m but then turns positive within the patch and extends above 1 mV/m within 5 min
duskward of the patch. Then, Ex decreases to near zero. Similar to the Cluster 1 measurements, Cluster 3
indicates an antisunward flow channel coincident with the patch, as well as a dawnward to duskward change
in the flow.

Figure 2c shows that throughout this Ey enhancement, Cluster 1 and Cluster 3 both probe overall smooth
magnetic field changes with small fluctuations. Both Cluster 1 and Cluster 3 indicate a sunward Bx change
within the patch compared to Bx before the patch encounter. This, combined with a duskward Ey, indicates
a downward Poynting vector within the patch (see equation (3)). For Cluster 1, Figure 2d shows that the
FAC is upward approximately 10 min before the dawnward edge of the patch, downward in much of the
patch, and then upward toward the duskward edge of the patch (see equation (2)). Cluster 3 infers a similar
FAC structure, but the FACs are smoother, and their magnitude is slightly smaller. The different levels of
FAC fluctuations at the two spacecraft suggest that small-scale FACs are present or that a portion of the
FACs are highly variable, while the patch-scale FAC sheets are more stable. Much of the enhanced positive
Ey is located in the region of the downward and the second upward FACs. Namely, this FAC pair has a
Region 1 sense, where a downward FAC is present on the dawnside of the patch and an upward FAC is
present on the duskside (as done in Zou et al., 2016, the term “Region 1 sense” simply refers to the direction
of the localized FAC system and does not suggest that this signature is directly connected to the large-scale
Region 1/Region 2 current system). The enhanced positive Ey drives a Pedersen current to close the FACs
and is characteristic of a flow channel within the FAC pair. The upward FAC dawnside of the patch may
close through a portion of the downward FAC, in association with the negative Ey (Region 2 sense FAC).

Throughout the majority of the enhanced Ey, Figures 2e and 2f indicate a weakly enhanced diffuse elec-
tron energy flux both parallel and antiparallel to the magnetic field. At the dawnward edge of the patch,
the electron flux increases to ∼3 × 106 eV cm2·s−1·sr−1·eV−1 between approximately 20 and 500 eV, almost
fully coincident with the patch. The downgoing flux is slightly larger than the upgoing flux, indicat-
ing that these electrons originate in the magnetosphere or magnetosheath. Then, a separate and larger
(∼1 × 107 eV cm2·s−1·sr−1·eV−1) electron flux enhancement is detected mostly in the second upward FAC.
Note that the low-energy portion of the lower-energy flux is due to the spacecraft potential (indicated by a
black line). The enhanced electron precipitation seen here is typical of polar rain, which is uniform and soft
between 100 and 300 eV (Winningham & Heikkila, 1974). Meanwhile, the ion number flux averaged over
≤100 eV, shown in Figure 2g, is weakly enhanced bidirectionally near the duskward edge of the patch from
about 7 × 106 cm2·s−1·sr−1 to over 1 × 107 cm2·s−1·sr−1 for both satellites. Later, more substantial upgoing
ions (i.e., ion outflow) reaching nearly 7 × 107 cm2·s−1·sr−1 are detected in a region where the electron flux
is particularly enhanced and upward FACs exist. This ion outflow may be the result of either a heating by
precipitation or a pileup of ions on the duskward edge of the patch by the duskward electric field.

Figure 2 shows that Cluster 3 measures overall similar features as Cluster 1 with an approximate 5-min time
lag, consistent with the patch encounter time lag. For example, Ey turns from negative to positive at 6:27 UT
at Cluster 1 and 6:30 UT at Cluster 3, and the electron flux increases at 6:34 UT at Cluster 1 and 6:41 UT
at Cluster 3. This time lag emphasizes that these features are not temporal changes of large-scale features
but are rather localized spatial structures in the polar cap. Both spacecraft (Cluster 1 especially) show a
strong correlation of a localized and enhanced Ey with a Region 1 sense FAC pair and an electron energy
flux enhancement.
3.1.2. Case Study 2: 29/30 December 2005
Figure 3 and Movie S2 show a group of airglow patches moving dawnward and antisunward on 29/30
December 2005. The patches detach from the dayside auroral oval (bright region to the top) and propagate
into the polar cap. During this period, the IMF Bz fluctuates between northward and southward, while the
IMF By is predominately negative, which is consistent with the dawnward motion of the airglow patch.
Although the data are somewhat noisy, plasma frequency measurements from the Resolute Bay ionosonde
presented in Figure S3 show a change in the peak plasma frequency from 6.0 MHz at 23:00 UT, when the
ionosonde is observing the patch of interest, to 3.5 MHz at 23:15 UT, when the ionosonde is observing the
background polar cap. These observations indicate a density increase by a factor of 2.9 within the airglow
structure, which means that it is a polar cap patch. Eureka ionosonde observations are not available during
this period.
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Figure 3. Red-line emission data from the Resolute Bay Optical Mesosphere Thermosphere Imagers instrument, along with the corresponding interplanetary
magnetic field (IMF) conditions, for a 29/30 December 2005 airglow patch observation. Presented in the same format as Figure 1.

Figure 4 shows measurements taken from the Cluster spacecraft as they pass from the leading/dawnward
edge of one of the patches to the trailing/duskward edge of the patch. Cluster 1 passes through the patch from
23:48 to 0:36 UT, while Cluster 3 passes through the patch from 23:57 to 0:41 UT. The maximum along-track
luminosity within the patch is 80 R for Cluster 1 and 90 R for Cluster 3, well above the background luminosity
of ∼5 R.

Figure 4b shows that, prior to the patch crossing, Ey is small and fluctuates near zero. Within a 10 min
period from the dawnward edge of the patch, Cluster 1 shows an enhanced Ey that extends up above 4 mV/m
and then back to 2 mV/m and below. The positive Ey around the dawnward edge of the patch suggests an
enhanced antisunward flow associated with the patch. Another weaker positive Ey exists at the duskward
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Figure 4. Cluster 1 (left) and Cluster 3 (right) observations before, during, and after the 29/30 December 2005 patch.
Presented in the same format as Figure 2.

edge of the patch where Ex is also enhanced negatively. This is consistent with the dawnward motion of the
patch under negative IMF By.

Cluster 3 shows similar Ey enhancements of ∼4 mV/m at the dawnward edge of the patch and ∼2 mV/m
fluctuations at the duskward edge, with an ∼10 min time delay from the localized Ey at Cluster 1. Consistent
with Case 1, this Ey change indicates the existence of spatially localized antisunward flow channels rather
than a temporal change in convection. This signature suggests that there are two antisunward flow channels
associated with the patch. Ex is also negatively enhanced in this region. There is another set of enhanced
electric field (and precipitation) signatures ∼20 min before the Cluster 3 patch encounter. This feature is
likely associated with another flow channel system outside the imager FOV.

Figure 4c shows that, throughout the patch, both Cluster 1 and Cluster 3 measure smooth magnetic field
changes with small fluctuations. Once again, both Cluster 1 and Cluster 3 show a sunward dBx at the patch
edges where Ey is enhanced and duskward. This indicates a downward Poynting vector within the patch (see
equation (3)). Figure 4d shows that the FAC system is found to be more variable than that observed in Case 1
(equation (2)). Cluster 1 infers a downward FAC at the dawnward edge of the patch with approximately
−0.4 μA/m2, and then an upward FAC until the patch luminosity reaches its peak. This is a Region 1 sense
FAC pair, where the enhanced Ey electric field would close Pedersen currents. After the luminosity reaches
its peak, the FAC is overall downward and then becomes upward toward the end of this plotted time interval.
The second pair of FACs may be related to the Ey enhancement at the duskward edge of the patch.

Figures 4e and 4f indicate that the electron energy flux increases to ∼4 × 106 eV cm2·s−1·sr−1·eV−1 between
10 and 100 eV at the dawnward edge of the patch, which is associated with the upward FACs. Another
burst of precipitation is located at the duskward edge of the patch. In contrast to the diffuse electron fluxes
observed in Case 1, electron fluxes in Case 2 are more localized and show a bursty nature with signatures of
field-aligned acceleration, thus marking different flux tube properties. Cluster 3 observes these features as
well, but the electron flux is smaller. Figure 4g indicates that the ion flux does not change at the dawnward
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Figure 5. Red-line emission data from the Resolute Bay Optical Mesosphere Thermosphere Imagers instrument, along with the corresponding interplanetary
magnetic field (IMF) conditions, for the 11 December 2007 airglow patch observation. Presented in the same format as Figure 1.

edge of the patch but shows a small increase near the duskward edge for Cluster 3. An ion outflow is seen
before the encounter of the dawnward edge.

This case study supports the findings of Case 1 and also features two Region 1 sense FAC systems associated
with the patch. The first system is located near the dawnward edge of the patch, while the second one is near
the duskward edge. The signatures of these FAC systems are a downward and upward FAC pair coincident
with an enhancement in Ey and electron flux, as observed in Case 1. However, ion outflows are not associated
with the patch in this case.
3.1.3. Case Study 3: 11 December 2007
Figure 5 shows an airglow patch on 11 December 2007, along with corresponding IMF conditions. The patch
initially moves dawnward and antisunward and then becomes stagnant. After brightening briefly around
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Figure 6. Cluster 1 (top), Cluster 3 (left), and Cluster 4 (right) observations before, during, and after the 11 December
2007 patch. Presented in the same format as Figure 2. Note that Cluster 1 does not have electric field, spacecraft
potential, or magnetic perturbation data and Cluster 4 does not have ion data. Additionally, only the dawnward edge of
the patch can be distinguished in the Cluster 1 along-track luminosity; hence, only the dawnward edge is indicated.

7:00 UT, the patch begins dissipating by the time the Cluster spacecraft pass through from the dawnside to
the duskside, as seen in Movie S3. The initial motion is consistent with the southward Bz and negative By
components of the IMF, while the stagnation is consistent with the northward turning of the IMF (Weimer,
1995). The patch of interest did not pass through either the Resolute Bay ionosonde or the Eureka ionosonde.
However, similarly luminous structures observed by the Eureka and Resolute Bay ionosondes have a neg-
ligible density enhancement, indicating that these airglow patches are not necessarily polar cap patches
(they satisfy the definition of an airglow patch, but not the traditional definition of a polar cap patch). Note
also that during this period, a series of dawnward moving arcs are present in the imager FOV and cross the
Cluster spacecraft trajectory.
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The corresponding Cluster measurements are given in Figure 6, along with the along-track luminosity from
the red-line imager. Since Cluster 4 EDI measurements are not available, EFW instrument measurements of
Ey have been used instead. Additionally, measurements of the electric field, the spacecraft potential, and the
magnetic field are not available from Cluster 1 in this case; thus, only electron and ion flux measurements
are provided by Cluster 1.

Cluster 1 enters the patch at 7:11 UT, and although it is unclear exactly when Cluster 1 exits the patch (since
it begins to merge with the bright auroral oval), the maximum luminosity around this time is 30 R, and the
background luminosity is ∼10 R. After passing through a polar cap arc, Cluster 3 passes through the patch
from 7:52 to 7:55 UT, and Cluster 4 passes through the patch from 7:51 to 7:57 UT. The maximum along-track
luminosity within the patch is ∼10 R for both Cluster 3 and Cluster 4, and the background luminosity is
∼3 R. Note that the maximum along-track luminosity decreases from Cluster 1 to Cluster 3 and Cluster
4, demonstrating that, over time, this patch is subject to a decay due to recombination. Also note that the
along-track luminosity of this patch (particularly along the Cluster 3 and Cluster 4 tracks) is less than those
in either Cases 1 or 2. This indicates that when the Cluster spacecraft traveled through this patch, there
was less density present in the ionosphere than when the spacecraft traveled through the patches in Cases 1
and 2.

Figure 6b indicates that prior to the dawnward edge of the patch; both Cluster 3 and Cluster 4 observe an
approximately −8 mV/m Ey that is coincident with the polar cap arc. Inside and on the duskside of the
patch, Ey is negative and close to zero, without any substantial positive Ey. This contrasts Cases 1 and 2,
where a distinct positive Ey is present over the patches. Figure 6c shows that the the change in magnetic
perturbation is relatively minimal; therefore, the Poynting vector is very small. FAC fluctuations shown in
Figure 6d are within ±0.1 μA/m2, considerably less than the FACs found in Cases 1 and 2 (approximately
−0.2 to 0.1 μA/m2 for Case 1 and −0.4 to 0.8 μA/m2 for Case 2). Thus, neither a Region 1 sense or a Region 2
sense FAC pair can be attributed to this patch.

The Cluster spacecraft all show electron energy flux enhancements of the patch in association with the
auroral oval and the observed polar cap arc. Duskward of the dawnward edge of the patch, Cluster 1 does
not show much of an enhancement of electron fluxes parallel to the magnetic field, and only a <100 eV
enhancement of electron flux antiparallel to the magnetic field. Meanwhile, when the Cluster 3 and Cluster
4 satellites cross through the patch, there is relatively little enhancement from the background energy flux
inside the airglow patch. Duskward of the patch, Cluster 3 and Cluster 4 record the same electron flux
signature viewed in Cluster 1 data, indicating that the <100 eV enhancement antiparallel to the magnetic
field is associated with the auroral oval. Therefore, throughout this period, there is no significant electron
flux enhancement that can be attributed to the patch.

Contrary to Cases 1 and 2, this case shows a patch with no enhanced features in electric field, FACs, electron
flux, or ion flux. As discussed in the next section, the difference in magnetospheric structures in Case 3
indicates the much slower motion of the patch.
3.1.4. Case Study Summary
Three case studies have been presented: two in which the patches are moving during the satellite crossings
and one in which the patch stagnates and begins dissipating before the satellite crossings. Arguably, the most
striking feature associated with the patches presented in Cases 1 and 2 is the localized Ex and Ey on the patch
field lines. Ey in particular is enhanced at the leading edge (dawnward edge) of the patches. These signa-
tures are coincident with localized Region 1 sense FAC pairs, namely, a downward FAC on the dawnside and
upward FAC on the duskside. This is consistent with a positive Ey closing the localized FAC pairs through
Pedersen currents. Although these two cases detected enhancements in electron flux related to the patch,
the electron flux is diffuse for Case 1 and bursty for Case 2, indicating different flux tube properties between
Cases 1 and 2. Note that we do not suggest that these patches were created from an enhanced electron flux.
Case 1 shows a weak precipitation coinciding with the luminosity enhancement, but the stronger precipita-
tion from 7:10 to 7:30 UT overlaps with only a <5 R luminosity. Meanwhile, the luminosity enhancement in
Case 2 is much wider than the localized precipitation. Both Cases 1 and 2 also show a comparable level of
both upgoing and downgoing electron fluxes, indicating that the majority of the downgoing fluxes is being
reflected without reaching the ionosphere. The ion number flux also changes in relation to the patch, but
this is less predictable than the electron energy flux.
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Case 3, on the other hand, shows that when the patch begins to slow down and ultimately disappear, there
are no significant lobe structures associated with the patch. Since the patch luminosity is an indication of
patch age, one can conclude that the patch visited in Case 3 is older than in either Cases 1 or 2. Therefore,
older patches do not possess the clear lobe structures that younger patches have. The lack of Ey lobe struc-
tures in Case 3 also indicates that the patch is moving more slowly than the patches in Cases 1 and 2, which is
not just consistent with imager data but also indicates a lack of enhanced ionospheric flow channels. These
findings are consistent with Ma et al. (2018), who show that patches closer to their initial creation phase are
more likely to be associated with particle precipitation and plasma flows.

3.2. Superposed Epoch Analysis
Using the definition of a patch presented in section 2.1, 38 patch crossings by Cluster satellites were iden-
tified between 2005 and 2009. From these events, a superposed epoch analysis is performed to examine if
lobe electric field, FAC, and particle flux features are commonly associated with patches. Since the Cluster
spacecraft encounter the field lines associated with airglow patches at different altitudes from pass to pass,
passes that occur at higher altitudes in the magnetosphere detect weaker electric field and FAC structures
than those that occur closer to the ionosphere. To correct this altitude effect, the electric field is scaled to its
magnitude at 250 km altitude using Mozer (1970)

ENi

ENe
= 2L(L − 3∕4)1∕2 (4)

and
EWi

EWe
= L3∕2, (5)

where EW is the electric field component in the east-west direction; EN is the electric field component in
the north-south direction; the subscripts i and e refer to quantities measured in the ionosphere and at the
equator, respectively; and L denotes L-shell. Knowing the distance between dipole field lines in both the
meridional and zonal directions at both ionospheric and magnetospheric distances, the FACs are scaled
according to the change in the flux tube cross-section area. The particle flux data cannot reasonably be scaled
in a similar fashion because some particles have mirror points above the ionosphere and may also experience
nonadiabatic wave-particle interactions. Therefore, the particle flux data are not mapped to the ionosphere.

In Figure 7, the time at which each satellite encounters the dawnward edge of each patch is defined to be the
epoch time zero, such that anything before this time is dawnward of the patch and anything after is either
within or duskward of the patch. Figure 7 shows the resulting 25th percentile (red line), median (black line),
and 75th percentile (blue line) of the epoch study. Periods in which the Cluster satellites traveled through
arcs or the auroral oval, as well as periods in which a given Cluster satellite is outside the imager FOV, are
removed from individual passes. In addition, the median and quartiles are only calculated if they are based
on more than two passes.

This dawnward edge epoch study contains the 33 satellite passes in which the dawnside edge is clearly
identifiable (i.e., no other adjacent optical structures or light contamination is observed). Of these passes,
27 contain moving patches and 6 contain stagnant patches. Of the 27 passes containing moving patches,
17 patches are moving dawnward, and 10 are moving duskward, while 20 patches are moving antisunward,
and 4 patches are moving sunward (3 are moving purely duskward). As expected, the dawnward moving
patches typically occur under −By conditions, while the duskward moving patches typically occur under
+By conditions.

The along-track luminosity in Figure 7a shows the patch size is variable, but the median suggests that a
typical patch-crossing time along the satellite track is ∼30 min, where the median luminosity reaches ∼16
R above the background luminosity. Based on the approximate altitude and the patch duration, the patch
width is 1.2 Earth radii in the lobe and 700 km in the ionosphere, which is consistent with Crowley (1996).

The median FAC in Figure 7b is downward at the dawnward edge, and upward from 20 to 30 min in epoch
time, which is near the duskward edge of the patch. The quartiles follow a similar trend. This downward
FAC on the dawnward side and upward FAC on the duskward side is consistent with the Region 1 sense
FAC signatures seen in Cases 1 and 2. These findings are consistent with those from Zou et al. (2016), who
also found FACs collocated with patches to typically feature a Region 1 sense.
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Figure 7. Superposed epoch studies performed with respect to the dawnward edge of each patch, where the red line is
the 25 percentile, the black line is the median, and the blue line is the 75 percentile. The shaded purple region indicates
the approximate patch width. (a) Along-track luminosity, where the dawnward edge is normalized to 5 R.
(b) Field-aligned current at 250 km. (c) Ex at 250 km. (d) Ey at 250 km. (e) Parallel electron number flux at the Cluster
spacecraft altitudes. (f) Antiparallel electron number flux at the Cluster spacecraft altitudes.

Figure 7c shows that, around the dawnward edge, the median Ex ranges between −10 and 0 mV/m from
−10 to 20 min, indicating an overall dawnward motion. This is consistent with the dawnward motion of the
majority of the patches. Meanwhile, Figure 7d shows that Ey is positive throughout the patch. Ey increases
at approximately −10 min in epoch time and peaks near 0 min. A smaller peak exists at 20 min, around the
duskward edge of the patch. This study is consistent with Case 2 and could indicate the presence of multiple
mesoscale flow channels within a given patch.

Figures 7e and 7f show that both the electron flux parallel and antiparallel to the magnetic field are elevated
at the dawnward edge of the patch relative to background energy flux, which is consistent with what is
seen in Cases 1 and 2. From the initial jump at the dawnward edge to the duskward side, the electron flux
decreases gently, indicating a strong degree of collocation between the electron flux and the patch that varies
in position from pass to pass. Since the antiparallel flux is comparable to the parallel flux, much of the
electron flux sent toward the ionosphere reflects back rather than being lost.

An additional superposed epoch study is given in Figure 8 using the leading edge of the patch as the zero
epoch time, such that everything before epoch time zero is in front of the leading edge of the patch and
everything after is either within or trailing the patch. Note that because the leading edge cannot be defined
for stagnant patches (e.g., Case 3), this study is based on 27 passes where the patch motion and leading edge
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Figure 8. Superposed epoch studies performed with respect to the leading edge of each patch, where the red line is the
25 percentile, the black line is the median, and the blue line is the 75 percentile. The shaded purple region indicates the
approximate patch width. (a) Along-track luminosity, where the leading edge is normalized to 5 R. (b) Field-aligned
current at 250 km. (c) Ex at 250 km. (d) Ey at 250 km. (e) Parallel electron number flux at the Cluster spacecraft
altitudes. (f) Antiparallel electron number flux at the Cluster spacecraft altitudes.

are clearly visible in the imager data. In this study, 19 of the passes show dawnward moving patches, while
8 show duskward moving patches. Twenty-two passes contain antisunward moving patches, while two are
sunward. Lastly, 14 of the 27 leading edges are also the dawnward edge, while the remainder are duskward,
leading edges.

The along-track luminosity in Figure 8a shows a luminosity peak similar to that in the dawnward edge epoch
study (Figure 7a). Data after 30 min are still mostly in the polar cap but are not shown because the data
become somewhat noisy and the number of samples is limited. Therefore, the trailing edge is not clear in
this plot, and the patch width is simply taken to be the same as that seen in the dawnward edge epoch study.
In the FAC epoch study given in Figure 8b, the median FAC at the leading edge is negative and then upward
after ∼25 min epoch time. This population is consistent with the FAC structure seen in Cases 1 and 2, where
the leading/dawnward edge shows a downward FAC and the trailing/duskward edge shows an upward FAC.

Throughout the patches, the epoch Ex in Figure 8c is negative and fluctuates between −10 and 20 min epoch
time, similar to the dawnward side epoch Ex (Figure 7c). This trend properly indicates that slightly more than
half of the patches drift dawnward, while the rest of the patches drift duskward. Meanwhile, Figure 8d shows
a distinct 20 mV/m enhancement of Ey near the leading edge compared to the background electric field. Ey
decreases closer to the trailing edge but maintains a larger percentile spread than the duskward edge in the
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Figure 9. Superposed epoch studies performed with respect to the duskward edge of each patch, where the red line is
the 25 percentile, the black line is the median, and the blue line is the 75 percentile. The shaded purple region indicates
the approximate patch width. (a) Along-track luminosity, where the dawnward edge is normalized to 5 R. (b) Ey at
250 km.

dawnward edge epoch study. This suggests that Ey enhancements are more localized with the leading edge
than the trailing edge, while the dawnward edge superposed epoch study suggests that Ey enhancements
are localized with either the duskward edge or the dawnward edge.

The electron number flux in Figures 8e and 8f for the leading edge epoch study is similar to those from
the dawnside epoch study (Figures 7e and 7f). More specifically, the leading edge shows an increase in the
electron number flux both parallel and antiparallel to the magnetic field that decreases gently throughout
the patch. This indicates that the collocation of the electron number flux with the patch is not more strongly
dependent on the leading edge than the dawnward edge, or vice versa.

Figure 9 presents a final brief epoch study in which epoch time zero is taken to be the duskward edge,
implying any time after zero is dawnward. This study contains 31 satellite passes in which the duskside edge
is clearly identifiable. Of the 25 passes containing moving patches, 16 patches are moving dawnward, and 9
patches are moving duskward, while 18 patches are moving antisunward, and 4 patches are moving sunward
(three patches are moving purely duskward). These results are noisier than the previous studies; therefore,
only the along-track luminosity and Ey are presented. The along-track luminosity in Figure 9a suggests that
the patch crossing time could be between 20 and 30 min. Meanwhile, Ey shows multiple peaks, indicating
that both the dawnward and duskward epoch studies show the presence of multiple Ey structures. Overall,
the results of the duskward edge epoch study are consistent with both the dawnward edge and leading edge
epoch studies.

The epoch studies presented in this paper show the typical structures to which airglow patches in the iono-
sphere map to in the magnetosphere. These are consistent with Cases 1 and 2. These results demonstrate
that localized enhancements in Ex and Ey, indicating the presence of flow channels, and localized Region 1
sense FACS are commonly associated with moving airglow patches. An enhanced electron flux is also tied
to the lobe structures.

3.3. Airglow Patches and FAC Drivers
The polar cap studies mentioned in section 1 infer that past observations of enhanced electric field, electron
flux, and FAC structures collocated with airglow patches are driven by the magnetosphere. The present
study provides evidence that such structures exist in the magnetosphere and indicates the presence of a
magnetospheric driver. This driver is most likely magnetopause reconnection, which opens magnetic field
lines and transports plasma faster than the surrounding flux tubes. The resulting enhanced lobe electric
fields and Region 1 sense FAC structures are consistent with the fast flow channels typically associated
with patches in the ionosphere and imply the presence of a Pedersen current within the patch. In turn,
these enhanced FACs are also consistent with the enhanced particle fluxes associated with patches, both
within the ionosphere and their lobe structures, which make the characteristics of airglow patch flux tubes
distinct from the surrounding flux tubes. This implies that the enhanced precipitation of airglow patches is
a remnant population of cusp/cleft precipitation.
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Figure 10. Diagram of one possible current and flow system associated
with airglow patches, particularly younger patches.

Based on the presented Cluster observations, Figure 10 illustrates one
possible dynamo region flow and current system associated with patches.
The flow shear at the edge of the patch results in either the convergence or
divergence of the electric field mainly in the dusk-dawn direction, where
a converging electric field drives an upward FAC, and a diverging elec-
tric field drives a downward FAC. Note that this is similar to Sun-aligned
arcs, as discussed in Shiokawa et al. (1996) and references therein. The
present study shows that a similar flow and current system can exist on
open field lines without large precipitation under the southward IMF.

While we consider that the measured electric field structures are driven
by the magnetosphere, it is worthwhile examining if those could also be
driven within the ionosphere by either a neutral wind dynamo, or a GDI
dynamo. From Schunk and Nagy (2009), the Pedersen current within the
ionosphere is written as

JP = ΣP
(
Ei + U × B

)
, (6)

where U is the neutral wind, Ei is the electric field in the ionosphere, and ΣP is the Pedersen conductance.
Assuming a typical background antisunward wind of U ≈ 150 m/s due to the thermospheric pressure bulge
imparted by dayside solar heating (e.g., Killeen et al., 1982), U × B is less than 20 mV/m dawnward. This
indicates that, due to the neutral wind, the Pedersen current is dawnward. Cross-track Challenging Min-
isatellite Payload (CHAMP) observations of Case 1 (nearly dawn-dusk orbit not shown) suggest a 50 m/s
duskward U (sunward-antisunward measurements are not available), and thus an ∼3 mV/m antisunward
U×B. However, this contribution is significantly less than the dawnward U×B contribution to the Pedersen
current.

However, within a plasma density enhancement, ΣP is elevated. This means that, within the patch, the
Pedersen current results in an accumulation of electrons on the duskward side of the patch and an accumu-
lation of ions on the dawnward side. This leads to (1) an upward FAC on the dawnside of the patch, (2) a
downward FAC on the duskside of the patch, and (3) a duskward polarization electric field. Although this
duskward polarization electric field is consistent with the Cluster observations reported here, the FAC sys-
tem established by the neutral wind dynamo is of a Region 2 sense instead of the observed Region 1 sense.
This reversed FAC current system then results in an antisunward Bx within the patch through Ampere's law,
meaning that equation (3) results in an upward Poynting flux from a −Bx component and a +Ey polarization
electric field. This reversed Poynting flux also contradicts the observations presented in this paper.

As mentioned previously, the GDI is also believed to create the current and electric field structures asso-
ciated with polar cap patches. Through the GDI, multiple fluctuating regions of ion and electron buildups
result along the trailing edge of a given patch, as well as varying dawnward and duskward electric fields and
Region 1 sense and Region 2 sense FAC pairs. Although this mechanism therefore results in both duskward
electric fields and Region 1 sense FACs, the dawnward electric fields are coincident with Region 1 sense
FACs, and duskward electric fields are coincident with Region 2 sense FACs, which is inconsistent with
Cluster observations. Additionally, these FAC current systems result in magnetic field perturbations that are
sunward during Region 1 sense FACs and antisunward during Region 2 sense FACs. This variation in mag-
netic field contradicts the observations made by the Cluster satellites. In addition, considered concurrently
with the electric field variations, the magnetic field variation results in a consistently upward Poynting vec-
tor, which also contradicts our results. Therefore, the magnetospheric signatures of patches are driven by
the magnetosphere through such mechanisms discussed in Nishimura and Lyons (2016) and are not the
result of either a neutral wind dynamo or a GDI dynamo.

4. Conclusions
This study uses Cluster spacecraft observations to characterize lobe structures associated with airglow
patches on open field lines. Using the Resolute Bay imager to identify airglow patches, three case studies are
presented. Cases 1 and 2 show enhanced duskward Ey signatures, Region 1 sense FAC pairs, a downward
Poynting flux, and field-aligned electron flux signatures that are coincident with airglow patches. These
enhancements are localized and correspond most strongly to the leading/dawnward edge. Two successive
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satellite passes measure similar structures with a time lag, indicating that these are spatially localized struc-
tures. These features are consistent with a FAC pair being created in the magnetosphere and closing in the
ionosphere through a Pedersen current. Additionally, changes in Ex correspond to changes in the dawn-dusk
motion, as well as changing IMF conditions. Meanwhile, Case 3 features a patch that drifts much slower
and is dissipating in luminosity and disappearing, which means that the patch is relatively old. Since Case 3
shows no significant enhancements in Ex, Ey, FACs, electron flux, or ion flux, these results indicate that the
magnetospheric structures on the patch field lines are physically connected to the patch motion and that
MI coupling structures observed in the lobe are the strongest when the patch propagates faster or when the
patch is younger, as is consistent with Ma et al. (2018).

In total, 38 patch crossings by Cluster satellites were identified between 2005 and 2009. These measure-
ments are used to compile a dawnside epoch study, a leading edge epoch study, and a duskward epoch study.
The epoch studies performed are consistent with Cases 1 and 2 and show a strong correlation between
airglow patches and enhancements in Ex, Ey, and electron flux. Additionally, Region 1 sense FACs are con-
sistently found, indicating that observations of enhanced flows, FACs, and precipitation made by Zou et al.
(2016, 2017) at ionospheric altitudes extend up into the magnetosphere. The patch width resolved from these
epoch studies is also similar to that of previous patch studies.

Soft electron precipitation over the patches also supports the idea that the patch field lines have different
properties than the surrounding field lines. While it is unclear what the exact cause of the two different types
of observed precipitations are (diffuse vs. structured), structured precipitation suggests electron acceleration
along magnetic field lines by an electrostatic potential drop or by waves, similar to polar cap arcs. However,
the flux observed in this study is smaller than that for polar cap arcs, and the imagers do not show any
evidence of emission directly driven by this precipitation.

The results presented in this paper are consistent with magnetopause reconnection, which opens magnetic
field lines and transports plasma across the polar cap faster than the surrounding flux tubes and background
plasma. Given that the Cluster observations indicate that patches are associated with Region 1 sense FAC
structures and a downward Poynting flux, this work contradicts the notion that the source of the lobe features
associated with patches are generated in the ionosphere. The results of this study are therefore important
for our understanding of mesoscale magnetospheric forcing on open magnetic field lines and ion-neutral
coupling within patches (such as that discussed in Zou et al., 2018).
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