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Abstract Ppolar cap patches are large sporadic enhancements of plasma density on the scale of
hundreds of kilometers, which can impact the performance of Global Navigation Satellite Systems.
Lagrangian Coherent Structures (LCSs) are ridges that show areas of maximal separation in a
time-evolving flow. Previous work based on modeled ionospheric flow showed that LCSs exist in the
ionosphere and are barriers governing patch formation. In this work, we identify the first data-driven LCSs
in the high-latitude ionosphere using Super Dual Auroral Radar Network (SuperDARN) ion convection
fields. The LCSs found using the Ionosphere-Thermosphere Algorithm for LCSs are compared during
geomagnetically quiet and active periods. The shape of the LCS is found to be dependent on the electric
potential pattern. A consistent two-cell pattern results in a W-shaped LCS, but when the two-cell pattern
breaks down, the LCS loses this characteristic shape. The changes in the electric potential, and thus the
LCS, are likely due to changes in the interplanetary magnetic field. A comparison between LCSs obtained
from empirical models and data reveal that the data-driven LCSs are poleward of and have a shorter
longitudinal span than the model-based LCSs. A comparison of the LCS location and the formation of a
polar cap patch on 17 March 2015 showed that the center of the patch developed from plasma on the main
LCS ridge, and this is confirmed with a separate polar cap patch event from 26 September 2011.

1. Introduction

Polar cap patches are large sporadic enhancements of the F layer ionosphere at high latitudes on the scale of
hundreds of kilometers (Carlson, 2012; Crowley, 1996). Polar cap patches are known to lead to scintillation,
which is a rapid fluctuation in the signal amplitude or phase of radio waves (Yeh & Liu, 1982). Scintilla-
tion happens as a result of the scattering of the electromagnetic waves due to changes in electron density
(Sotnikov et al., 2014). Scintillation can degrade the performance of the Global Navigation Satellite System
(GNSS) by causing loss of satellite lock and may lead to positioning errors (Moen et al., 2013; Pi et al., 2017).
Previous work has proposed that polar cap patches may lead to scintillation through one or more of the
following instability mechanisms: gradient drift, current convective, and Kelvin-Helmholtz instabilities, as
well as small-scale “turbulence” processes (Atul et al., 2018; Burston et al., 2016; Moen et al., 2013). Because
of this, it is important to study the formation and propagation of polar cap patches.

Zhang et al. (2013) classified polar cap patches as follows: Type L (low density), for those produced by par-
ticle precipitation; and Type H (high density), for those that originate from the segmentation of a tongue of
ionization. In this paper, we focus on Type H patches. There have been many proposed mechanisms explain-
ing the formation of polar cap patches. The typical mechanism suggests that they are formed when the
boundary between the open and closed field lines (OCB) moves equatorward to a region with high-density
plasma followed by the boundary relaxing, moving poleward, and carrying with it the high-density plasma
(Carlson et al., 2006; Lockwood & Carlson, 1992; Lockwood et al., 2000). In addition, it has been proposed
that polar cap patches form after the disruption of the ionospheric convection pattern caused by changes in
the interplanetary magnetic field (IMF) (Anderson et al., 1988; Rodger et al., 1994). Bust and Crowley (2007)
found that they form from plasma in the morning and evening cells around 62° geographic latitude.

In general, plasma motion has components parallel and perpendicular to the local magnetic field. The
motion is the sum of the electric Pedersen drift, gravitational Pedersen drift, pure gravitation drift, and par-
allel mean flow (Atul et al., 2018; Sotnikov et al., 2014). Specifically, in the high-latitude ionosphere, plasma
motion is coupled to the magnetosphere and the IMF. The magnetic field lines circulate over the poles from
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the day to night sectors with return flow around the dusk and dawn sides due to interaction with the solar
wind (Hunsucker & Hargreaves, 2003). This circulation usually forms a two-cell electric potential pattern
(Hunsucker & Hargreaves, 2003) which, when combined with Earth's magnetic field, causes the plasma to
drift in the E x B direction (Tascione, 2012).

After patch formation the patches propagate with this E x B motion. The typical scenario states that E x
B drift dominates such that patches are propagated from day to night along the pathlines of the two-cell
convection pattern (Carlson, 2012; Lockwood & Carlson, 1992; Moen et al., 2006; Zhang et al., 2015, 2011,
2013). Alternately, Zhang et al. (2016) found a scenario in which a stirred lobe cell in the dusk sector, due to
IMF changes, prevented its propagation across the polar cap.

Polar cap patches may be sensed by single-instrument in situ measurements of density such as those from the
Defense Meteorological Satellite Program (DMSP) (Greenspan et al., 1986). However, ionospheric imaging
of patch density gives a synoptic view of high-latitude plasma. As discussed in the work of Bust and Mitchell
(2008), plasma density is estimated based on direct electron density measurements and on path-integrated
total electron content (TEC) measurements from multiple instruments, combined. One such algorithm is
Multi-Instrument Data Analysis System (MIDAS) (Chartier et al., 2012; Mitchell & Spencer, 2003; Spencer
& Mitchell, 2007).

Recently, the relationship between a polar cap patch imaged with MIDAS and a type of fluid coherent struc-
ture was investigated (Wang et al., 2018). In contrast to a material coherent structure such as the polar cap
patch, a fluid coherent structure is a feature in the flow that persists over some amount of space and time
(Venditti et al., 2013). A fluid coherent structure may be defined as observed from an Eulerian frame, in
which the flow moves past a fixed observer, or a Lagrangian frame, in which the observer moves with the
flow. As an example of the Eulerian and Lagrangian definitions of coherent structures, consider a hurricane:
an Eulerian definition such as vorticity would help define the eye of the hurricane, while a Lagrangian def-
inition, which is the subject of this work, will define the perimeter of the hurricane (du Toit & Marsden,
2010).

As in Wang et al. (2018), we search for the Lagrangian coherent structure, which is defined as a manifold
(a surface in a 3-D flow, or a ridge in a 2-D flow) that is the locus of maximal separation in a time-evolving
flow (Haller, 2015). Because LCSs are frame-invariant, they are appropriate for turbulent time-varying fluid
flows such as the ionosphere (Wang et al., 2018). In addition, LCSs may be useful to study polar cap patches
because they may allow us to predict where material in a flow may or may not be transported (Peacock &
Haller, 2013). Previous work has found LCSs in the ionosphere-thermosphere (IT) system using empirical
models for the ionosphere (Wang et al., 2018) and thermosphere (Wang et al., 2017). Wang et al. (2018) found
that the LCS in the high-latitude ionosphere is a horseshoe- (“U-") shaped structure surrounding the pole
with the closed end oriented toward the dayside. The horseshoe LCS responds to geomagnetic activity by
expanding equatorward. Their comparison of the polar cap patch with the location of the LCS found that a
patch forms from plasma that is poleward of the dayside LCS.

The prior work on ionospheric LCSs relied on the Weimer high-latitude potential empirical model (Weimer,
2005). The Weimer model is a function of the IMF conditions and must be used with caution when using
IMF input that is greater than the largest IMF used to derive the model (Weimer, 2005), which was the case
during the 17 March 2015 polar cap patch study in Wang et al. (2018). In addition, empirical models may be
unable to predict substorm variations or small-scale fluctuations (Khazanov, 2016). Therefore, data-driven
E x Bion drifts may be better suited to search for LCSs since they may be able to corroborate and provide
other insights about ionospheric flow that were missed by the model.

The Super Dual Auroral Radar Network (SuperDARN) is a collection of high-frequency radars located over
the middle-to-high polar latitudes in both hemispheres (Chisham et al., 2007). The radar's line of sight ion
drift measurements are combined with a statistical model by fitting the data to an expansion of the electric
potential in terms of spherical harmonics functions (Gjerloev et al., 2018; Ruohoniemi & Baker, 1998). The
statistical model depends on the IMF conditions (Cousins & Shepherd, 2010; Ruohoniemi & Greenwald,
1996; Shepherd & Ruohoniemi, 2000, 2005) and is used to fill the gaps wherever data are not available. The
final products are the E x B ion drift velocities and the electric potential over a global high-latitude grid
in both hemispheres. The work of Moen et al. (2013) demonstrated that the SuperDARN convection flows
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can be used to track polar cap patches backward and forward in time, making them appropriate to search
for LCSs.

In this work, we will use SuperDARN-derived E x B ion drift fields to find LCSs in the ionosphere. We
assume that the plasma fluid is a single species and use flow fields describing plasma motion. As with the
ionospheric LCS study of Wang et al. (2018), in this work we assume that the plasma drift and, thus, the
motion of polar cap patches is horizontal and governed byfi x B drift. These are reasonable assumptions in
the high latitudes due to the absence of vertical shears (Anderson et al., 1996; Kirchengast, 1996). This work
strives to answer the following questions: What are the LCSs derived from SuperDARN data during quiet
and storm periods? How do they compare with those from models? Does the necessary condition found by
Wang et al. (2018), that patches form from plasma that is poleward of the dayside LCS, still hold? The paper
isdivided as follows: in section 2, we review background on the calculation of LCSs; in section 3, we compare
LCSs during storm and quiet periods and LCSs from models and data; in section 4, we study the formation
and propagation of polar cap patches; and we conclude in section 5.

2. Background: LCS Computation

A commonly used method of finding LCSs is by computing the finite-time Lyapunov exponent (FTLE).
Lyapunov exponents are most commonly used in the analysis of dynamical systems, as they describe the time
evolution of system trajectories in phase space. For example, when a dynamical system is linearized about an
equilibrium point, under certain conditions negative Lyapunov exponents indicate that the nonlinear system
is stable for perturbations away from that equilibrium (Pikovsky & Politi, 2016). The finite-time Lyapunov
exponent is computed over a finite-time interval specifically. Dynamical systems theory concepts can be
applied to analyze coherence in velocity fields (Haller, 2015). In effect, fluid particles in a physical flow field
could exhibit motion such as that of a fixed point, or periodic orbit. In time-varying flows, the FTLE value
measures the separation tendency between particles after a given period of time, and the LCS is defined as
the N — 1 dimensional surface (i.e., a 1-D ridge in a 2-D flow) of the locally maximum FTLE values (Shadden
et al., 2005).

In order to find the LCSs, we use the Ionosphere-Thermosphere Algorithm for Lagrangian Coherent Struc-
tures (ITALCS; Wang et al., 2018). ITALCS uses 2-D flow fields as inputs and computes the finite-time
Lyapunov exponent (FTLE) values (Wang et al., 2018). To compute the FTLE value of each fluid element, a
2-D grid of particles equally spaced by 4, in one direction and §,, in the second direction at the start time £,
is initialized. A 2-D flow field is provided from ¢, to ty =ty + 7, at At intervals, where 7 is the integration
time. In Figure 1 (Wang, 2018), we illustrate how the FTLE value is calculated for one particle: the blue star
in Figure 1a, which has four neighboring particles: black and yellow dots separated by 26, from each other;
and red and green dots separated by 25, from each other. Using the flow fields, each particle’s position is
integrated forward in time to get the particle’s final position at ;. The matrix J, which quantifies the amount
of stretching that occurs, can then be obtained using equation (1) below, where Ax(r) is the change in the x
position of the two horizontal neighboring particles and Ay(z) is the change in the y position of the vertical
neighboring particles as shown in Figures 1b and 1c.

Ax(r)  Ax(r)

125, 125,

J= 1)
A0 Ay
[26c] 126,

The FTLE value o is calculated as the normalized maximum eigenvalue of the Cauchy-Green Deformation
Tensor (J7J) as shown in equation (2) below.

o(J) = % 10g(V Amax (A7) @)

More details on the FTLE calculations and the application to spherical coordinates can be found in Wang
et al. (2018) and references therein.

3. LCS Comparisons: Quiet Versus Storm Periods and Models Versus Data

3.1. Method

In this section, we find LCSs from SuperDARN E x B drifts to (1) determine the LCS's response to geomag-
netic activity, and (2) compare the LCS found from models and data. The SuperDARN gridded data product
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Figure 1. Schematic illustrating the FTLE value calculation at a grid point. (a) The blue star indicates the position of the grid point whose FTLE is computed.
The black and yellow dots are the horizontal neighboring particles, and the red and green dots are the vertical neighboring particles. (b) The initial and final
horizontal positions of the horizontal neighboring particles. (c) The initial and final vertical positions of the vertical neighboring particles.

is provided at 10-min intervals over a 2-D geomagnetic grid with geomagnetic latitudes ranging from 90°N to
50°Nwith 6, = 1° spacing and geomagnetic longitudes ranging from 180°W to 178°E with 6, = 2° spacing.
The horizontal ion drifts are ground speeds provided in a geographic east-north coordinate system. In order
for the drift velocities to be integrable to provide positions, the ion drifts are rotated to a magnetic east-north
coordinate system using the declination angle of Earth's magnetic field, calculated from the twelfth genera-
tion of the International Geomagnetic Reference Field (IGRF-12) (Thébault et al., 2015). The ion drifts are
then converted to degrees per second as shown in Wang et al. (2018). The horizontal E x Bion drift flow
fields in units of degrees per second are then used as inputs into ITALCS. We use the SuperDARN ExBion
drifts as inputs to ITALCS to generate the FTLE maps and identify the LCS structures.

For the two investigations, we select the same geomagnetically quiet and stormy periods as Wang et al.
(2018). The quiet period is 16 March 2015 with ¢, = 12:00 UT and ¢; = 15:00 UT; the storm period is 17
March 2015 with ¢, = 12:00 UT and ¢ = 15:00 UT with a At = 10 min and z = 3 hr and the same
spatial grid as the SuperDARN data. The AE index, which is a measure of auroral electrojet geomagnetic
activity, during these periods is shown in Wang et al. (2018). The IMF conditions at 10-min intervals are
shown in Figures 2a and 2b, obtained from the OMNI database (King & Papitashvili, 2005). Figure 2c will
be discussed in section 4. The IMF is in a geocentric solar magnetospheric (GSM) reference frame, in which
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Figure 2. Interplanetary magnetic field (IMF) components for (a) 16 March
2015, (b) 17 March 2015, and (c) 26 September 2011. The solid red lines in
(a) and (b) enclose the quiet and storm periods, respectively, to be used in
the comparison study (section 3.2). The red stars in (b) and (c) indicate the
times that patch A and patch B were identified, and the red dashed lines
enclose the periods studied in the final study (section 4).

the x axis points toward the Sun, the z axis points toward the magnetic
north pole (positive = north), and the y axis completes the right-handed
basis. During the quiet period in Figure 2a, the IMF components have
magnitudes less than 10 nT, and directions of B, > 0, B, > 0 from
12:00 UT to 12:40 UT and B, > 0, B, <0 from 12:40 to 15:00 UT. Dur-
ing the storm period in Figure 2b, the IMF components have magnitudes
between 20 and 30 nT, and directions of B, < 0, B, >0 throughout the
whole period except for a brief excursion northward at 13:40 UT.

To compare storm time model LCSs to data-based LCSs, we use the
Weimer model (Weimer, 2005) for high-latitude electric potential and
IGRF-12 (Thébault et al., 2015) to model Earth's magnetic field with the
same temporal and spatial parameters as in the first study, of ¢, = 12:00
UT, t; =15:00 UT, ¢ = 3 hr, At = 10 min. We obtain E by numer-
ically taking the negative gradient of the electric potential. The E X B
drifts are then calculated in geographic east-north-up coordinates and
rotated to the same reference frame as in the first study. The data-based
and model-based LCSs are then compared for the storm period.

3.2. Results

Figures 3a and 3b show the FTLE values at f, = 12:00 UT, calculated
with flows from (a) SuperDARN data during the quiet period, and (b)
SuperDARN data during the storm period. The center of each plot is the
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Figure 3. Super Dual Auroral Radar Network-derived finite-time Lyapunov exponent (FTLE) values in the
geomagnetic northern hemisphere during the (a) quiet time and (b) storm time. The black dashed curve indicates local
noon. All plots are in geomagnetic coordinates. The black tick marks at 120°W mark magnetic latitudes ranging from
90°N magnetic at the center to 15°N magnetic at the perimeter in 15° intervals.

geomagnetic north pole (the point at which the tilted-dipole axis intercepts the Earth's surface) and the
coordinates are geomagnetic latitude and longitude. Local noon is marked by the black dashed curve. The
color map represents the FTLE value at each position. Since the LCS is defined as the locally maximum
FTLE values, the LCS structures are the red ridges.

From Figures 3a and 3b, we can compare the LCSs found with data during the quiet and storm periods,
respectively. The figures show that the LCS during the storm period lies further equatorward than the quiet
period (60° vs. 70°N magnetic). This can be attributed to the IMF conditions. Because the B, component
was southward during the storm period, the electric potential pattern is more equatorward, and thus, so is
the LCS. This is shown in the videos in the supporting information, in which we show the electric potential
pattern from SuperDARN during the quiet and storm periods, respectively.

In addition, Figures 3a and 3b also show that the LCS for the storm and quiet periods do not have the
horseshoe-like (U) shape found by Wang et al. (2018). In fact, the quiet-time LCS red ridge is simply a lat-
itudinal band spanning approximately 130° in longitude. This is likely related to the fact that the electric
potential pattern during this time span does not have two electric potential cells. As shown in the video in the
supporting information, during the 3-hr quiet period investigated, the electric potential is just a dominant

(A) Model: Storm Period x510'4 (B) Model and Data LCS

3 180" .
150" W 150" E

4
. Il ;
120°W :::3\‘\%\\\““ I{"’””////,,// 120 E
§)§*‘“‘L e Y
3 - | i:
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N
FTLE Value (o)[s™"]

60° W 60" E

0

Figure 4. Geomagnetic northern hemisphere (a) FTLE map from the Weimer and IGRF-12 models during the storm
period. (b) A comparison of the model LCSs (blue) and data LCSs (red), identified as the locus of points at which

the FTLE values exceed 3 x 10~* s~1. The black dashed curve indicates local noon. The black tick marks at 120°W
mark magnetic latitudes ranging from 90°N magnetic at the center to 15°N magnetic at the perimeter in 15° intervals.
FTLE = finite-time Lyapunov exponent; IGRF-12 = twelfth generation of the International Geomagnetic Reference
Field; LCS = Lagrangian Coherent Structure.
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negative cell, which is common for a positive IMF B, and negative IMF B, (Ruohoniemi & Greenwald, 1996).
It is likely that, because the two-cell electric potential pattern broke down, the LCS is not U-shaped. From
these observations, we conclude that the high-latitude ionospheric LCS is dependent on the IMF conditions.

Next, we compare the LCS found from models and from data during the storm period. Figure 4a shows the
FTLE map calculated with flows from models (Weimer 2005 and IGRF-12). Figure 4b is a map comparing
the Weimer model (blue) and SuperDARN (red) storm-time LCSs. Each LCS is identified by marking a dot
at the gridpoints lying on the LCS ridges (¢ > 3 x 10~* s71). In the third video in the supporting information,
we show the electric potential from the Weimer 2005 models during the 3-hr storm period.

On Figure 4b, the equatormost model-based LCS (blue) is a horseshoe-like structure that has slow variation
in its latitude with longitude. The most equatorward data-based horseshoe-like structure (red) has signifi-
cant latitudinal variation with longitude, appearing more as a “W” than a “U.” The cause of the W shape as
opposed to the U shape may be due to the changes in the electric potential over time, as seen in the videos
in the supporting information. During the 3-hr storm period the Weimer 2005 model showed a consistent
two-cell electric potential pattern with little to no change through time, while with SuperDARN, the two-cell
electric potential was not persistent. For example, the electric potential at 12:00 UT was a dominant nega-
tive cell, at 12:40 UT a two-cell pattern, at 13:20 UT multiple cells, and after 14:00 UT a distorted two-cell
pattern. We hypothesize that these multiple changes pull the LCS away from the pure U shape.

In addition, the Weimer model LCS has a greater longitudinal span than the SuperDARN LCS. From
Figure 4b, we can visually identify that the model-based horseshoe extends from 115°W eastward to 125°W,
spanning 350° in magnetic longitude around the globe. The data-based horseshoe only extends from 30°W
to 165°E, spanning 195° in magnetic longitude. This means that the SuperDARN-derived convection shows
that the particles have weak separation on the nightside and strong separation on the dayside, while the
model shows that there is strong separation almost around the globe.

Also, the data-based horseshoe has a latitudinal position that is always poleward of the model-based horse-
shoe. Between 30°W and 120°E, the latitudinal difference in the LCS ridge location is about 5°. The
latitudinal difference at 150°E is about 10° (59°N vs. 49°N). This may indicate that either the Weimer 2005
model overestimated or SuperDARN underestimated the expansion of the two-cell pattern for this storm, or
some combination of the two. Weimer 2005 may have overestimated the expansion of the electric potential
pattern since it is a storm for which the IMF conditions exceed normal conditions, which may limit the mod-
el's accuracy (Weimer, 2005). SuperDARN may have underestimated the expansion of the electric potential
pattern since (1) the true expansion may be outside of the radar field of view (Baker et al., 2007) and (2) the
SuperDARN electric potential fit makes use of the Heppner-Maynard boundary, which allows the velocities
to be set to zero below some low-latitude boundary (Gjerloev et al., 2018).

4. LCS Application: Formation and Propagation of a Polar Cap Patch

4.1. Method

For the final study, we use two previously identified polar cap patches to see if there is a relationship between
the LCS location and the formation and propagation of polar cap patches. The first patch was identified by
Wang et al. (2018) as occurring on 17 March 2015 at 16:40 UT using MIDAS. The second patch was identified
by Zhang et al. (2013) as occurring on 26 September 2011 at around 18:50 UT using Global Positioning
System (GPS) TEC data from an extensive array of receivers. We will refer to the polar cap patch on 17
March 2015 as patch A, and the one on 26 September 2011 as patch B. In this paper, patch A is used to
compare SuperDARN LCSs with those found by Wang et al. (2018). Patch B is used to determine whether
the observations found regarding polar cap patches are consistent for more than one polar cap patch.

To study patches A and B, we use MIDAS TEC maps for 17 March 2015 and 26 September 2011. MIDAS
obtains global TEC maps by performing a three-dimensional, time-dependent electron density inversion of
GPS slant TEC measurements (Chartier et al., 2012; Mitchell & Spencer, 2003; Spencer & Mitchell, 2007). In
Figure 5a we plot the TEC from MIDAS for 17 March 2015 at 16:40 UT. The location of the patch is indicated
by the red box. The plot is in geographic coordinates, where the center of the plot is the north pole and the
bottom of the plot is local noon. The color bar represents the vertical TEC in TEC units (TECu).

The IMF conditions during this period are shown in Figure 2b, with 16:40 UT marked by the red star. During
the 2 hr before and after patch A was identified (red dashed lines in Figure 2b), the IMFwas B, < 0,B, > 0.
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TEC on 17 March 2015 at 16:40 UT TEC on 26 September 2011 at 18:50 UT
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Figure 5. Geographic northern hemisphere (a) total electron content (TEC) map in TEC units (TECu) derived from
MIDAS on 17 March 2015 at 16:40 UT. (b) TEC map derived from MIDAS on 26 September 2011 at 18:50 UT. The
approximate center of each patch is indicated by the red dot (see insets). The north pole is at the center of each plot and
local noon at the bottom. The black tick marks on 60°E mark latitudes ranging from 90°N at the center to 30°N at the
perimeter in 15° intervals. MIDAS = Multi-Instrument Data Analysis System.

Based on the results from the previous section, we expect this will correspond to a two-cell convection cell
and a W-shaped LCS. In Figure 5b, we show the MIDAS TEC for 26 September 2011 at 18:50 UT in the same
format as Figure 5a, over the northern hemisphere. The IMF conditions during this period are shown in
Figure 2c, with 18:50 UT marked by the red star. During the 2 hours before and after patch B was identified
(red dashed lines in Figure 2c), the IMF was B, < 0, B, > 0except: B, > 0 at 16:50-17:30 UT and at 19:20
UT; and B, < 0 at 19:50-20:50 UT. Based on previous literature such IMF conditions will also correspond
to a two-cell convection cell (Ruohoniemi & Greenwald, 1996) and thus we anticipate a W-shaped LCS.

First, we show that MIDAS is actually reconstructing patches by comparing to electron density mea-
surements from the Defense Meteorological Satellite Program (DMSP). Each DMSP satellite has a
Sun-synchronous orbit at an altitude of about 840 km. A Langmuir probe is used to measure the in situ elec-
tron density (Greenspan et al., 1986). In Figure 6a, we plot the MIDAS TEC plot on 17 March 2015 16:50 UT
with the ground track of the F15 DMSP satellite from 16:50 UT to 17:00 UT at 1-min intervals. Figure 6b
shows the electron density obtained from DMSP. The x axis is the time of the measurement, increasing from
right to left to correspond with the right-to-left motion in Figure 6a along the satellite's ground track. Look-
ing at the density plot in Figure 6b from right to left, we can see that there is high electron density from 16:50
UT to 16:51 UT, followed by low electron density from 16:51 UT to 16:57, then high electron density from
16:57 UT to 16:59 UT, and finally moderate electron density from 16:59 to 17:00 UT. The electron density
from DMSP matches fairly well with the MIDAS reconstruction and thus gives strong evidence that MIDAS
is reconstructing a polar cap patch.

Similarly, Figure 6¢c shows the MIDAS TEC for 26 September 2011 at 19:00 UT with the location of F17 DMSP
satellite from 19:00 UT to 19:10 UT. The DMSP satellite traverses the map from right to left. In Figure 6d, we
show the electron density obtained from DMSP. The x axis is time of measurement, increasing from right to
left to correspond to the satellite motion right to left in the map in Figure 6c. In this case, looking from right
to left we can see low electron density from 19:00 UT to 19:03 UT, followed by high electron density from
19:03 to 19:06, and finally low electron density from 19:06 UT to 19:10 UT. Again the electron density from
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Figure 6. (a) MIDAS TEC plot on 17 March 2015 at 16:50 UT with the position of the F15 DMSP satellite over 10 min
marked by black dots at 1-min intervals. (b) Electron density from DMSP on 17 March 2015 at 16:50 UT to 17:00 UT
from right to left. (c) MIDAS TEC plot on 26 September 2011 at 19:00 UT with the position of the F17 DMSP satellite
over 10 min marked by black dots at 1-min intervals. (d) Electron density from DMSP on 26 September 2011 at 19:00 to
19:10 UT from right to left. In (a) and (c), the black tick marks at 60°E mark geographic latitudes ranging from 90°N at
the center to 30°N at the edge of plot in 15° intervals. In (b) and (d) the x axis is the time of the measurement
increasing from right to left, to correspond with the right-to-left motion along the satellite's ground track. MIDAS =
Multi-Instrument Data Analysis System; TEC = total electron content; DMSP = Defense Meteorological Satellite
Program; SuperDARN = Super Dual Auroral Radar Network.

DMSP matches well with the MIDAS reconstruction, which suggests that MIDAS accurately reconstructed
a polar cap patch.

Next, we assess the accuracy of the SuperDARN-gridded drift velocity data product at the location of the
polar cap patches by comparing it with ion drift velocity measurements from DMSP. The DMSP satellite
uses an ion drift meter (IDM) to measure the drift velocity perpendicular to the satellite motion and the
drift velocity vertically upward (Hardy et al., 1984). In Figure 7a, we show the TEC map from Figure 6a
zoomed in on the satellite track with ion drift vectors overplotted for 17 March 2015 at 16:50 UT to 17:00 UT
from DMSP (black), SuperDARN (red), and the Weimer 2005 and IGRF-12 models (blue). The SuperDARN
velocity at the grid point closest to each DMSP location is plotted. To see how the magnitudes compare, in
Figure 7b, we show the eastward component of the ion drift and in Figure 7c the northward component.
The black curve is from DMSP, red curve from SuperDARN, and blue curve from the Weimer 2005 and
IGRF-12 models. The x axis is the time of the measurement increasing from right to left, to correspond with
the right-to-left motion along the ground track plotted in Figure 7a.

From these plots, we can see that in the time around passage through the polar cap patch (16:55-17:00 UT),
the velocities from the three sources appear to be consistent in direction and magnitude, with the velocities
differing by values up to 250 m/s. In the area equatorward of the patch (16:50-16:54 UT), the velocities from
both SuperDARN and Weimer disagree in both magnitude and direction from DMSP. Specifically, in the
zonal direction, the DMSP data show a shift from westward to eastward convection from 16:51:50 UT to
16:52:30. This corresponds to lower latitudes of 57.9-60.1°N along the DMSP ground track. The shear from
westward convection of 1,700 m/s to eastward convection of 400 m/s is large in magnitude, over a minute
of duration. It is likely that this shear, if sustained, is a significant contributor to fluid separation, and thus
higher FTLE values. Meanwhile, SuperDARN shows a gradual shift from 800 m/s westward at 16:53:30 UT
(63.4° latitude) to about 400 m/s eastward at 16:56 UT. Weimer also shows a gradual shift, from —1,500 m/s
at16:53 UT (63° latitude) to about 250 m/s eastward at 16:56 UT. Similarly, neither SuperDARN nor Weimer
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Figure 7. (a) Zoomed in map of MIDAS TEC on 17 March 2015 at 16:50 UT and DMSP ground track, with ion drift vectors overplotted. (b) Eastward and (c)
northward drift components on 17 March 2015 at 16:50 UT to 17:00 UT. (d) Zoomed in map of MIDAS TEC on 26 September 2011 at 19:00 UT and DMSP
ground track, with ion drift vectors overplotted. (e) Eastward and (f) northward drift components on 26 September 2011 at 19:00 UT to 19:10 UT. The black
arrows/curve are DMSP measurements, red from the SuperDARN grid point closest to the point on the DMSP ground track, and blue from the Weimer 2005
and IGRF-12 models. In (b), (), (e), and (f), the x axis is the time of the measurement increasing from right to left, to correspond with the right-to-left motion
along the satellite's ground track. MIDAS = Multi-Instrument Data Analysis System; TEC = total electron content; DMSP = Defense Meteorological Satellite
Program; SuperDARN = Super Dual Auroral Radar Network; IGRF-12 = twelfth generation of the International Geomagnetic Reference Field.

show the meridional speed reduction that DMSP shows from 16:51:50 to 16:52:30 UT. If the smoothness of
the SuperDARN and Weimer convection is a sustained bias over the FTLE integration period, this means
that both SuperDARN and Weimer may underestimate the magnitude of the FTLEs. Also, in this particular
case, they may also estimate the LCSs somewhat poleward of the actual location since the zonal shear is
poleward of that measured by DMSP. It is important to note that at the lower latitudes, where there is the
biggest disagreement, DMSP zonal and meridional components could have a relatively large contribution
from the B-parallel ion motion, while SuperDARN only measures B-perpendicular drifts.

In the case of patch B, in Figure 7d we show the TEC map and ion drift vectors for 26 September 2011 at
19:00 UT to 19:10 UT, and in Figures 7e and 7f the magnitude of the east and north component of the ion
drifts. They are in the same format as Figures 7a-7c, respectively. From Figure 7d, we see that Weimer shows
ion drifts with a different direction than both DMSP and SuperDARN. SuperDARN and DMSP show ion
drifts that are fairly consistent in direction, especially within the patch. However, the magnitudes of both
SuperDARN and Weimer ion drifts are smaller than the DMSP drifts, particularly on the dawnside (left) of
the ground track. In Figures 7e and 7f, the DMSP data show strong zonal and meridional shear from about
19:09-19:10 UT that is not modeled by Weimer or SuperDARN. Again this may indicate an underestimation
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Figure 8. MIDAS total electron content (TEC) maps of the northern hemisphere on 17 March 2015 at (a) t, = 16:40
UT, (b) ty = 16:00 UT, (c) £, = 15:20 UT, and (d) ¢, = 14:40 UT. Local noon is at the bottom of each map. The black tick
marks at 60°E mark latitudes ranging from 90°N at the center to 30°N at the edge of plot in 15° intervals. The red
circle marks the current position, and the gray circles mark the subsequent positions. The black points mark the
location of the LCS, which are the grid points at which the FTLE values obtained from SuperDARN drifts exceed

3 x 107* 57! at that ;. MIDAS = Multi-Instrument Data Analysis System; LCS = Lagrangian Coherent Structure;
FTLE = finite-time Lyapunov exponent; SuperDARN = Super Dual Auroral Radar Network.

of the magnitude of the FTLE when we use SuperDARN to find LCSs. In other words, if an LCS appears
with SuperDARN it may be a weaker LCS than the actual storm time drift field actually contains. Since the
magnitudes of the DMSP drifts are greater than the SuperDARN drifts there may be greater separation in
the true flow. We keep these caveats in mind as we proceed with the LCS analysis of patches.

First, we search for a relationship between the LCS location and the formation of polar cap patches. To do
this, forward-time FTLE maps are generated from SuperDARN Ex B drift velocities with a t, varying from the
time each polar cap patch was identified to 2 hr before. For each ¢, we select 7 = 3 hr integrating forward in
time with At = 10 min and the same spatial grid as the SuperDARN data. We then set a tracer point located
at the approximate center of each polar cap patch to trace their positions backward in time to determine
the origin of each of the polar cap patches. For patch A, a tracer is set at (72°N, 75°W), marked as the red
dot in Figure 5a. Similarly for patch B, a tracer is set at (72°N, 110°W) marked as the red dot in Figure 5b.
We then compare the tracer points' locations to the LCSs ridges to determine if there is any relationship
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Figure 9. MIDAS total electron content (TEC) maps of the northern hemisphere on 26 September 2011 at (a) t, =
18:50 UT, (b) £, = 18:10 UT, (c) £y = 17:30 UT, and (d) ¢, = 16:50 UT. Local noon is at the bottom of each map. The
black tick marks at 60°E mark latitudes ranging from 90°N at the center to 30°N at the edge of plot in 15° intervals.
The red circle marks the current position, and the gray circles mark the subsequent positions. The black points mark
the location of the LCS, which are the grid points at which the FTLE values obtained from SuperDARN drifts exceed
3 x 107* s7! at that t;. MIDAS = Multi-Instrument Data Analysis System; LCS = Lagrangian Coherent Structure;
FTLE = finite-time Lyapunov exponent; SuperDARN = Super Dual Auroral Radar Network.

between them, (i.e., to determine whether patches form from plasma that is poleward of the dayside LCS, as
Wang et al., 2018 found).

Next, we search for a relationship between the LCS location and the propagation of polar cap patches. To do
this, FTLE maps are generated from SuperDARN E x B drift velocities with a t, varying from the time each
polar cap patch was identified to 2 hr after with = = 3 hr, At = 10 min, and the same spatial grid as the
SuperDARN data. The tracer points are traced forward in time for 2 hr to indicate the approximate site to
which each patch might propagate according to SuperDARN-based convection.

4.2. Results

First, we analyze the formation of patch A. Figure 8 shows the TEC estimates from MIDAS on 17 March
2015 starting at £, = 16:40 UT in Figure 8a going back in time at 40-min intervals until ¢, = 14:40 UT in
Figure 8d. The black points mark the location of the LCS for each t,, which we define as the points at which
the FTLE values obtained from SuperDARN convection have ¢ > 3 x 107 s7L. The red dot is the current
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Figure 10. MIDAS total electron content (TEC) maps of the northern hemisphere on 17 March 2015 at (a) ¢, = 16:40
UT, (b) ty = 17:20 UT, (c) £, = 18:00 UT, and (d) ¢, = 18:40 UT. Local noon is at the bottom of each map. The black tick
marks at 60°E mark geographic latitudes ranging from 90°N at the center to 30°N at the edge of plot in 15° intervals.
The red circle marks the current position, and the gray circles mark the previous positions. The black dots indicate the
location of the LCS, which are the grid points at which the FTLE values obtained from SuperDARN drifts exceed

3 x 107* 57! at that ;. MIDAS = Multi-Instrument Data Analysis System; LCS = Lagrangian Coherent Structures;
FTLE = finite-time Lyapunov exponent; SuperDARN = Super Dual Auroral Radar Network.

location of the tracer point, and the gray dots are the positions between the current time and 16:40 UT. The
positions of the tracer points at 14:40 UT in Figure 8d are (63.9°N, 19.3°W). This is consistent with Bust
and Crowley (2007), which found that polar cap patches originate from plasma found in the morning and
evening cells around 62°N. Also, we can see that the main LCS ridge has a W shape as anticipated from
the results in section 3. However, the tracer point is on the main LCS ridge, which slightly disagrees with
Wang et al. (2018) who hypothesized, examining this event using the Weimer model, that the patch would
form from plasma that is poleward of the dayside LCS. In the case of the SuperDARN data-driven flows, the
center of the patch appears to have formed from plasma that is on the dayside LCS ridge. However, as we
noted from comparison of SuperDARN to DMSP, SuperDARN convection did not appear to show the strong
shear that DMSP did, which we suspect is due to a subauroral polarization stream (SAPS). That strong shear
is equatorward of the SuperDARN shear, so the true LCS may also be equatorward of the SuperDARN LCS.

To test whether this observation is consistent for more than one polar cap patch, the same examination of
the formation of patch B is conducted. Figure 9 shows the TEC estimates from MIDAS on 26 September 2011
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Figure 11. MIDAS total electron content (TEC) maps of the northern hemisphere on 26 September 2011 at (a) ¢, =
18:50 UT, (b) t, = 19:30 UT, (c) £, = 20:10 UT, and (d) ¢, = 20:50 UT. Local noon is at the bottom of each map. The
black tick marks at 60°E mark geographic latitudes ranging from 90°N at the center to 30°N at the edge of plot in 15°
intervals. The red circle marks the current position, and the gray circles mark the previous positions. The black points
mark the location of the LCS, which are the grid points at which the FTLE values obtained from SuperDARN drifts
exceed 3 x 107* s71 at that t,. MIDAS = Multi-Instrument Data Analysis System; LCS = Lagrangian Coherent
Structure; FTLE = finite-time Lyapunov exponent; SuperDARN = Super Dual Auroral Radar Network.

starting at f, = 18:50 UT going back in time at 40-min intervals until ¢, = 16:50 UT. The plot is in the same
format as Figure 8. The position of the tracer point at 16:50 UT in Figure 9d is (54.2°N, 77.7°W), which is
on the main LCS ridge. This indicates that, according to SuperDARN-derived convection, the center of the
polar cap patch originates from plasma that is on the main LCS ridge. In addition, the main LCS ridge is also
W shaped, which was expected since the IMF conditions correspond to two-cell electric potential pattern.
If we go farther back in time, the tracer continues to be on the LCS ridge (not shown).

Next, we show the propagation of patch A in Figure 10. It is in the same format as Figure 8, but with the
tracer points traced forward in time from ¢, = 16:40 UT to ¢, = 18:40 UT at 40-min intervals. The position
of the tracer at 18:40 UT in Figure 10d is (76.2°N, 31.3°E), which is on the dusk side at the open end of the
main LCS ridge. This is consistent with the typical patch propagation scenario, which states that patches
propagate from the dayside to the nightside.
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Similarly, Figure 11 shows the propagation of patch B. It is in the same format as Figure 10, but with the
tracer propagated forward in time from 18:50 UT to 20:50 UT at 40-min intervals. The position of the tracer
at 20:50 UT in Figure 11d is (81.1°N, 40.3°E), which is also on the dusk side at the open end of the main
LCS ridge. The propagation of this patch also follows the typical scenario, as it is propagating from the day-
side to the nightside. By looking at the tracer locations and the MIDAS TEC estimates in Figure 11, we can
see that there is a mismatch between the location of the tracer point and the actual patch. For example, in
Figure 11d, we can see that the MIDAS TEC patch is located at approximately (62°N, 30°W), which corre-
sponds to a difference of 20° in latitude and 70.3° in longitude. The mismatch may be attributed to the lack
of SuperDARN radar measurement around the patch, especially westward of it. In other words the tracer
position is based on a SuperDARN convection field extrapolated beyond the measurement locations (not
shown, but obtainable from the SuperDARN website: vt.superdarn.org).

5. Conclusion

LCSs were found using E x Bion drift velocities from SuperDARN. In this work, we proposed that the shape
of the LCS is directly related to the electric potential patterns, which depend on the IMF conditions. The
consistent appearance of a two-cell electric potential pattern results in an approximately U-shaped LCS,
as appeared in the work of Wang et al. (2018), but if the electric potential pattern is distorted throughout
the period investigated, it may correspond to more of a W-shaped LCS as we showed for the geomag-
netic storm event studied in section 3. The complete disappearance of a two-cell pattern caused the LCS
to lose its characteristic shape. In the future, the change in shape of the LCS may be tested using global
ionospheric convections from the technique developed by Gjerloev et al. (2018), which assumes that the
magnetosphere-ionosphere (M-I) system has inertia that prevents the global electric pattern from changing
abruptly.

The comparison between LCSs found from SuperDARN and from the Weimer and IGRF-12 models revealed
that the data's LCSs were poleward and with shorter horseshoe-like structures that were more W shaped
than U shaped. The study of two polar cap patches confirmed that the center of the patches originate from
high-density plasma that is on the main LCS ridge. However, SuperDARN may estimate the LCS ridge in
convection to be slightly weaker and further poleward than the true LCS in the flow, based on comparisons
to DMSP drifts.

In this work, we assumed that plasma motion is horizontal and governed by the ExBion drift. This assump-
tion, and thus our result, is only valid for the high latitudes. A more comprehensive LCS study would need
to include the other contributions to the drift discussed in Atul et al. (2018) and Sotnikov et al. (2014). Also,
it is important to note that since we were looking at geomagnetic storms, there may have been a reduction
in SuperDARN data capture caused by the absorption of radar signals in the ionospheric D layer (Baker
et al., 2007). Finally, patch formation and propagation under different IMF B, and B, conditions merits
further study.
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