
High Latitude and Polar Processes
Leslie Lamarche

SRI International, Menlo Park, CA, USA

2022 CEDAR Workshop Student Day
Austin, TX

June 19, 2022



High Latitude Environment

MLAT > 60



Overview

▶ Connection between the solar wind, magnetosphere, and ionosphere
▶ Major High Latitude Regions

▶ Auroral Zone
▶ Cusp
▶ Polar Cap

▶ Common Phenomena
▶ Auroral Arcs
▶ Flow Chanels
▶ Polar Cap Patches

▶ Plasma Instability Physics



Solar Terrestrial Environment



Magnetosphere-Ionosphere Current SystemsSolar Wind–Magnetosphere Coupling and Magnetospheric Currents 551

Fig. 2 A schematic of the current systems in the polar ionosphere of the northern hemisphere. (a) The pur-
ple circle indicates the open/closed field line boundary (OCB) encircling the polar cap. Black arrows indicate
streamlines of the typical twin-cell ionospheric convection pattern. The region 1 field-aligned currents (blue)
are coincident with the OCB at the poleward edge of the auroral zone, while the region 2 FACs (red) are
near the equatorward edge of the auroral zone (these correspond to the red/blue currents in Fig. 1). Region 0
FACs (magenta) flow in the cusp throat of the convection pattern (the polarity of the R0 FACs is drawn here
for IMF BY > 0). The ionospheric conductance is enhanced (grey shading) in the auroral zone and sunward
of the solar terminator. Pedersen currents (green) flow horizontally between upwards and downwards FACs
where the conductance is high, and to a lesser degree across the polar cap where the conductance is low. The
electric field in the ionosphere points in the same direction as the Pedersen currents; the convection stream-
lines are equipotentials of the associated electrostatic potential pattern. Hall currents in the high conductance
auroral zones form the eastward and westward auroral electrojets; weaker Hall currents flow sunwards across
the polar cap. Magnetic perturbations on the ground associated with these Hall currents are known as the
DP2 pattern. Substorm current wedge FACs (cyan) and the interconnecting substorm electrojet are present
during substorm intervals, producing DP1 pattern magnetic perturbations. DPY perturbations are associated
with closure of the region 0 FACs. (b) The distribution of upward (red) and downward (blue) FACs deduced
by Iijima and Potemra (1976b), and the demarcation into regions 0, 1, and 2 (red/blue is used here to corre-
spond to the colour-coding of AMPERE current density maps). (c) The ionospheric convection pattern when
dayside reconnection is ongoing and the polar cap is expanding (the polar cap flux, FPC , is increasing). The
purple circle indicates the OCB, the red, dashed portion of which is the ionospheric footprint of the dayside
reconnection X-line (or merging gap). Black arrows are convection streamlines and green arrows indicate the
motion of the OCB to lower latitudes (After Cowley and Lockwood 1992). (d) Similar to (c) but for ongoing
nightside reconnection and a contracting polar cap

Figure 2a presents a schematic of the electrodynamics of the northern hemisphere po-
lar ionosphere. As described by Cowley (2000), the Dungey cycle is communicated to the
ionosphere along the convecting magnetic field lines, producing a horizontal drift of the
ionospheric plasma. In the ionospheric polar cap—the footprint of the open magnetic field
lines constituting the magnetotail lobes—the drift is antisunwards. Ionospheric return flow
from the nightside to the dayside at auroral latitudes maps to the sunwards flow in the outer
magnetosphere. The ionospheric plasma drags behind the convection in the magnetosphere
due to friction with the neutral atmosphere, causing a bend-back of the magnetic field lines,
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Fig. 1 A schematic of the magnetic field configuration and current systems of the terrestrial magnetosphere.
(a) Open (red) and closed (blue) magnetic field lines. Open field lines comprise the magnetotail lobes (only
northern lobe shown for clarity); the footprint of the lobe field lines in the ionosphere are the northern and
southern polar caps. A field line newly-reconnected with the IMF at the dayside magnetopause is shown
at the left. (b) Northern hemisphere Chapman–Ferraro currents (green) flow from dawn (Y < 0) to dusk
(Y > 0) across the dayside magnetopause and from dusk to dawn across the magnetotail magnetopause. The
cross-tail current (magenta) flows from dawn to dusk and connects into the magnetopause current of the
magnetotail. The substorm current wedge (cyan), present during substorm expansion phase, is a diversion of
the near-Earth cross-tail current into and out of the ionosphere post- and pre-midnight, respectively. (c) The
ring current (magenta) flows westwards around the Earth. The region 1 (blue), region 2 (red), and partial ring
current form the convection circuit, associated with the Dungey cycle. Region 1 field-aligned currents flow
into (out of) the ionosphere at dawn (dusk), closing across the magnetopause in the same direction as the
Chapman–Ferraro current. The region 2 flows into (out of) the ionosphere at dusk (dawn) and closes through
the partial ring current

(Milan et al., 2017)



Dungey Cycle

(Dungey, 1961)



Auroral Zone

▶ Characterized by aurora and
energetic particle precipitation

▶ Typically between 60–70 MLAT

▶ Expands and contracts based
on magnetosphere/solar wind
behavior

▶ Auroral zone in the ionosphere
connects to plasmasheet in the
magnetosphere

▶ Auroral features are the
“footprint” of many complex
magnetospheric processes



Auroral Emission Process

1. Solar wind particles become trapped in
the magnetosphere

2. Particles are scattered/accelerated and
escape magnetic mirror

3. Energetic particles collide with
particles in the upper Atmosphere

4. Excited particles produce specific
emissions



Types of Aurora

Discrete Aurora

▶ Magnetic field-aligned electric
fields accelerate electrons far
above the ionosphere

▶ 1–10 keV electrons

▶ Structured forms, including
arcs, sheets, rayed forms

Diffuse Aurora

▶ Direct preciptiation into loss
cone through wave-particle
interactions (i.e. whistler
waves, elctron cyclotron waves)

▶ > 10–100 keV electrons

▶ Very little structure



Cusp

▶ Connected to the
reconnection region
between the Earth’s
magnetosphere and the
IMF at the
magnetopause

▶ Very small region
(couple of degrees in
MLON/MLAT) on
dayside near auroral oval

▶ Characterized by strong
precipitation and flow
channels, which give
important information
about magnetic
reconnection



Flow Channels

▶ Flow shears or Reverse Flow
Events (RFE)

▶ Cusp phenomena associated
with flux transfer events

▶ Certain convection patterns
also support fast flow channels

Journal of Geophysical Research: Space Physics 10.1002/2016JA022999

Figure 3. ICI-3 trajectory superimposed on ESR ion velocity
measurements averaged using a median filtering process over
three scans. The magenta line highlights the interval t=[345–368] s
of the flight.

Each scan (or “fan”) lasted 192 s and
was located at about 10–11 Magnetic
Local Time (MLT) in the morning sec-
tor edge of the cusp inflow region.
The first clear evidence of an RFE was
observed in the ESR scan starting at
07:24:11 UT, and the RFE was visible
in the two next scans, i.e., starting
at 07:27:23 and 07:30:35, respectively
(not shown).

Figure 3 shows the plasma flow situa-
tion close to the rocket trajectory as seen
by the ESR over a map with Svalbard in
geographic coordinates with North on
the top of the figure. Figure 3 shows the
ion drift velocities in the line-of-sight of
the radar, with negative blue (positive
red) velocities meaning toward (away)
the radar in the time interval centered
at 07:27:23–07:30:28 UT; For better
visualization, the data obtained during
the scan 07:27:23– 07:30:28 UT have
been averaged using a median filtering
process as described in Ruohoniemi and
Baker [1998], that is, using the weighted
velocity measurements made also
during the prior scan (starting at
07:24:11 UT) and during the following

scan (starting at 07:30:35). From the ESR data, we can clearly identify a RFE, recognizable as a red line
(approximately southwestward) in the blue (approximately northeastward) background flow. The back-
ground flow direction seen by the ESR is consistent with the north-east flow of the morning cell, as seen from
SuperDARN data (not shown). The rocket trajectory is shown as a solid black line with a magenta segment
representing an interval which will be addressed in more detail.

Figure 4 presents the measurements made by the ICI-3 sounding rocket with respect to time of flight/altitude,
between t = 150 s (h = 236.8 km) and t = 500 s (h=202.8 km). These results correspond to ionospheric
F region. Figures 4a and 4b show the electron density calculated from the m-NLP, and the current obtained
from the Sprobe, respectively. Both quantities exhibit similar evolutions, as expected from the analysis
presented in section 2, and fluctuate considerably.

The geographic northward (blue), eastward (red) components and the magnitude (black) of the plasma drift
velocity measured on board are shown in Figure 4c. The RFE corresponds to the time interval between about
t!250 s and t!380 s of flight. The velocity observed during the ICI-3 flight was quite irregular, with multiple
flow gradients and several direction changes. For instance, the velocity changes inside of the RFE are corre-
lated with the relative density enhancement seen in Figures 4a and 4b between about t!315 s and t!350 s
of flight. Between t=341 s and t=350 s of flight, the flow direction rotated by !150", after which the velocity
increased and exhibited a double hump with the peak magnitude of Vtot=2.27 km/s at t=361.9 s. This interval,
i.e., t = [345–368] s, is highlighted with a magenta horizontal line and will be addressed in more detail (see
also Figure 3). The maximum velocity measured by the rocket was observed on the equatorward side of the
RFE and reached a value Vtot =2.40 km/s at t=427.57 s of flight. Figure 4d shows the AC electric field fluctu-
ations EAC # !EAC. The largest fluctuations were encountered within the RFE at t ! 351 s and t ! 361 s of flight
and reached values of peak-to-peak fluctuations of about 60 mV/m. These times correspond to the maxima
of the double humps in the velocity data above mentioned and seen in Figure 4c.

The distribution of the electron particle precipitation flux at 0–30" pitch angle, i.e., along the magnetic field
lines, is shown in Figure 4e. Electron precipitation was ongoing during most of the flights presented here,

SPICHER ET AL. RFE SMALL-SCALE PLASMA IRREGULARITIES 10,470

(Spicher et al., 2016)



Polar Cap

▶ Region of open
magnetic field lines
where the magetic
field is connected
directly to the IMF
and can be traced
back to the sun

▶ Generally > 75
MLAT, but
expands/contracts
following auroral
oval

▶ Frozen-in plasma
follows convection
pattern driven by
the Dungy cycle

Figure 3. DMSP F17 observed in situ ion parameters projected onto the 2-D maps of median-filtered TEC and the SSUSI
LBHS aurora imagers on a geomagnetic latitude (MLAT)/MLT grid [Thomas et al., 2013; Zhang et al., 2013b, 2015]. The
projected orbit of F17 is shown by the colored thick lines, where the color scale shows the O+ number density. The mauve
drift vectors (perpendicular to the orbit) show the measured horizontal ion flows. The black dotted line across the map is
the day-night terminator at 100 km altitude. The red stars with white edges in Figure 3a highlighted the selected locations
of P1 [77°MLAT, 15MLT] and P2 [82° MLAT, 13MLT] for Figure 3.

Geophysical Research Letters 10.1002/2017GL073439

ZHANG ET AL. HOT PATCH DIFFERENT FROM CLASSICAL PATCH 8164

(Zhang et al., 2017)



Polar Cap Auroral Arcs

▶ Discrete auroral forms in
the polar cap (Zhu
et al., 1997)

▶ Sun-aligned arcs,
transpolar arcs, polar
cap arcs, horse-collar
aurora, theta aurora

▶ Energetic particles
deposit energy in the
atmosphere, resulting in
both emissions and
enhanced plasma
density at low altitudes

▶ Often associated with
northwards IMF and/or
fast flows



Polar Cap Patches

▶ Plasma density enhancements
100s-1000s km across (Weber
et al., 1984)

▶ Move across the polar cap with
the background plasma
convection



Plasma Instability Physics

▶ Gradients in plasma density, velocity, temperature, or pressure can
be unstable and lead to smaller scale structures (Tsunoda, 1988)

▶ Cascade of plasma structures from large to small scales is important
to understand cross-scale coupling

▶ Some instability mechanisms in the linear regime can be studied
analytically by deriving growth rates from plasma dispersion
relations, but most quickly become highly nonlinear and require
sophisticated numerical models (Gondarenko and Guzar, 2004;
Zettergren and Semeter, 2012)

representing the irregularities while they propagate to the
region of low density during the nonlinear evolution of the
primary GDI. With these similarities in the observed and
simulated density lineouts, we would expect the spectral
characteristics of the density in the midnight-noon direction
to be in very good agreement with the observations.
[18] Note that the observational data obtained from the

DE 2 satellite are interpreted as one-dimensional cuts

through the ionosphere. Thus there is no precise way of
determining the two-dimensional geometry of the patch.
However, in the work of Basu et al. [1990], the detailed
description of the density and electric field spectra in two
directions parallel and perpendicular to the antisunward
convection was provided. Although their high-resolution
data were not sampled simultaneously in two orthogonal
directions, the provided statistical information on density
and electric field spectral indices can demonstrate the
spectral behavior in these two directions. It was concluded
by the authors [Basu et al., 1990] that it is important to
consider the magnitudes of the density and electric field
perturbations as well as their spectral shape in order to

Figure 4. Density contour R = 3 at (a) t = 0.44 hours,
(b) t = 0.8 hours, and (c) t = 1.5 hours.

Figure 3. Density contour R = 2 at (a) t = 0.44 hours,
(b) t = 0.9 hours, and (c) t = 1.8 hours.

Figure 2. Density isosurfaces for the variable drive case at (a) t = 0 and (c) t = 3.3 hours and for the
constant drive case at (b) t = 0 and (d) t = 1.2 hours. In our simulations the right side of the patch is
associated with the trailing edge of the patch.

A09301 GONDARENKO AND GUZDAR: STRUCTURING IN HIGH-LATITUDE PATCHES
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