Characteristics and Generation Mechanism of Polar Cap Patches: Multi-instrument
Observations

by

Jiaen Ren

A dissertation submitted in partial fulfillment
of the requirements for the degree of
Doctor of Philosophy
(Climate and Space Sciences and Engineering)
in the University of Michigan
2022

Doctoral Committee:

Associate Professor Shasha Zou, Chair
Assistant Professor Yang Chen
Professor Mark B. Moldwin

Professor Aaron J. Ridley



Jiaen Ren
jiaenren @umich.edu

ORCID iD: 0000-0002-9605-1608

© Jiaen Ren 2022



DEDICATION

This work is dedicated to my mother Sulian Zou, my father Xi-

aolong Ren and my girlfriend Li Fang.

i



ACKNOWLEDGMENTS

I would like to express my deepest appreciation to Professor Shasha Zou for
her continuing support, encouragement and mentorship throughout the past
five years. I'm also grateful to the colleagues 1 worked with, Zihan Wang,
Thomas Coppeans, Dogacan Su Oztiirk, Lei Liu and Ercha Aa for their help
and discussions. Especially, I would like to thank Zihan Wang for a lot of
helpful discussions throughout our graduate studies, Thomas Coppeans for the
collaboration and help on development of the visualization software. Many
thanks to Mark Moldwin, Aaron Ridley and Yang Chen for their service on my
committee.

I also would like to thank Kevin Sterne and Michael Ruohoniemi for providing
the SuperDARN data, Anthea Coster for the help with the TEC data and Eliza-
beth Kendall for providing the Sondrestrom ISR data used in Chapter 2 of this
dissertation, Robert G. Gillies and Eric Donovan for processing and preparing
the RISR-C data used in Chapter 3, and Roger H. Varney, Ashton S. Reimer
for their help and suggestions on the PFISR data used in Chapter 4. Thanks
also to Yang Chen, Jiayue Lu and Naomi Giertych for their work and advice

on the study in Chapter 4.

1l



TABLE OF CONTENTS

Dedication . . . . . . . . . . e e
Acknowledgments . . . . . .. ...
Listof Figures . . . . . . . . . . . . e

Abstract . . . . . . .. e e
Chapter

1 Introduction . . . . . . . . .. e

1.1 Solar wind-magnetosphere-ionosphere coupling . . . . . . . ... ... .. ...
1.1.1 Solarwind . . . . .. ... ...
1.1.2 The Earth’s magnetosphere . . . . . . . ... ... ... .........
1.1.3 The Earth’sionosphere . . . . . . . ... .. ... .. ... .......
1.1.4 Coupling of the solar wind, magnetosphere and ionosphere . . . . . . . .
1.1.5 High-latitude ionospheric convection . . . . ... ... ... ......
1.1.6 Geomagnetic StOrm . . . . . . . . . . . vt e e e e
1.2 High-latitude ionosphere density structures . . . . . . . . . . . ... ... ....
1.2.1 Storm-enhanced density . . . . . . ... .. ... ... ... .. ...,
1.2.2 Polarcappatch . . . . . .. .. .. .
1.2.3 Generation mechanisms of polarcappatch . . . .. ... ... ... ..
1.2.4 Statistical study of polarcappatch . . . . . ... ... ... .......
1.3 Tonupflow . . . . . . . L e
1.4 Purpose of the dissertation . . . . . . . . .. .. .. ... ... ...

2 Direct Observation of Formation of a Polar Cap Patch Associated With Dayside
Reconnection Driven FastFlow . . . . . ... ... ... .. ... ... ........

2.1 Introduction . . . . . . . . ...
2.2 Instrumentationand Data . . . . . . ... ... ... ... L ..
2.2.1 GPS Total Electron Content . . . . . . .. ... ... ... .......
2.2.2 Super Dual Auroral Radar Network . . . . .. ... ... ........

2.2.3 Active Magnetosphere and Planetary Electrodynamics Response Exper-
IMent . . . . . . . e
224 Sondrestrom ISR . . . . . ... L Lo o
2.3 Observations . . . . . . . ..o e e e e e e
2.3.1 Solar Wind and IMF Condition for the 12—14 October 2016 Storm . . . .
2.3.2 General Ionosphere Responses to this Storm . . . . . .. ... ... ..

v



2.3.3 Polar Cap Patch Formation NearCusp . . . . . . ... ... ... .... 22

24 DISCUSSION . . . . v vt e e e e e e e e 24
2.5 Summary and Conclusions . . . . . . . . .. ... 26
3 Statistical Characteristics of Polar Cap Patch Observed by RISR-C . . . . . . .. .. 35
3.1 Introduction . . . . . . . . . L e e 35
3.2 Instrumentationand Data . . . . . . . ... .. .. ... .. 35
3.2.1 RISR-CDatabase . . . . . . . ... ... .. . ... 35
3.2.2 Patch Identification Technique . . . . . . ... ... ... ........ 36
3.3 Statistical Results . . . . . . ... 37
3.3.1 MLT Dependence of Patch Occurrence . . .. ... ... ........ 37
3.3.2 Superposed Epoch Analysis of Patch Plasma Profiles . . . . . . ... .. 38
3.3.3 Line-of-Sight Ion Velocity and Flux Profile . . . . .. ... ... .... 42
34 DiscusSion . . . . ... e e e e e e 43
3.5 Summary and Conclusion . . . . . . . . . ... .. e 49
4 Statistical Study of Ion Upflow and Downflow Observed by PFISR . . . . . . . . . .. 51
4.1 Introduction . . . . . . . . . . L e 51
4.2 Methodology . . . . . . . . . e e 52
4.2.1 Instrumentation . . . . . . . . . . . ..o 52
4.2.2 Upflow and downflow event identification . . . . . . . .. ... ... .. 52
4.2.3 Occurrence rate estimation . . . . . . . . . . . .. ... 52
43 Results . . . . . . o e 54

4.3.1 Diurnal and seasonal variations of ion upflow and downflow altitude and
occurrence frequency . . . . . . ... Lo oo e 54

4.3.2 Ionosphere density, temperature, and field-aligned flux associated with
ionupflow anddownflow . . . . . . . ... Lo 54

4.3.3 Local ion convection speed dependence of the ion upflow and downflow
occurrence frequency . . . . . . ... L Lo 56

4.3.4 Geomagnetic activity dependence of the ion upflow and downflow oc-
currence frequency . . . . .. ... Lo L 57

4.3.5 Solar wind and IMF dependence of ion upflow and downflow occurrence
TALES .« o vt e e e e e e e e e e e e e e e e e 61
4.4 DIsCuSSIONn . . . . . ..o e e 65
44.1 Upflow . . . . . . e 65
442 Downflow . . . . . . . L 69
4.5 Summary and Conclusions . . . . . . . . ... ..o o 70
S Summary and Conclusion . . . . . ... .. ... o 73
5.1 Concludingremarks . . . . . . . . . . .. e 73
5.2 Future works . . . . . .. 74
5.2.1 Spherical harmonics reconstruction of TECmaps . . . . . . .. ... .. 74
5.22 TEC mapsimputation . . . . . . . . . .. .o v .. 76
5.2.3 Application of VISTA TEC maps for ionosphere research . . . . . . .. 77
Bibliography . . . . . . . . .. e 80



LIST OF FIGURES

FIGURE

1.1
1.2

1.3

1.4

1.5

1.6
1.7

1.8

2.1

2.2

Ilustration of the Earth’s magnetosphere configuration. From Kivelson et al. (1995)
Typical ionosphere electron density vertical profiles at mid-latitude regions. From
Hargreaves (1992). . . . . . . . o e
Typical vertical profiles of ionosphere composition at mid-latitude regions. From
Johnson (1966). . . . . . . . . . . . e e e
Convection of magnetic field flux and plasma in both magnetosphere and ionosphere
under southward IMF conditions, as described by the Dungey model. From Hughes
(1995). . . o e
(a) 3D view of auroral zone magnetic field lines that connects the sunward flow in the
inner magnetosphere on the dawn and dusk sides. (b) Schematic illustration of open
field lines that connect the ionosphere polar cap with the solar wind IMF. (c) Repre-
sentation of high-latitude ionosphere electric fields and the plasma two-cell convection
pattern for southward IMF conditions. From Kelley (2009). . . . ... ... .. ...
SYM-H index during a geomagnetic storm on March 6, 2016. From Zou et al. (2021).
A polar view of TEC map showing a SED appearance during a geomagnetic storm on
November 13, 2012. From Zou et al. (2014). . . . . . . . . . . . . . ... ... ...
Example of a polar cap patch observed in the TEC map in the Norther Hemisphere
during a geomagnetic storm on September 8, 2017. From Wang et al. (2019). . . . . .

Solar wind and IMF conditions, provisional AE index and SYM-H component from
12 UT on 12 October to 21 UT on 14 October 2016, obtained from the NASA OMNI
database. The geomagnetic storm is initiated at the arrival of an interplanetary shock
and then enters the main phase as the solar wind presents a clear magnetic cloud
structure. The shaded area marks the period when the generation of the polar cap
patch was observed in TEC maps. . . . . . . . .. ... . ...
GPS TEC maps from the Madrigal database (left) and AMPERE FACs maps (right)
with high-latitude ionosphere convection pattern from SuperDARN overlaid at (a)
06:10 UT, (b) 06:14 UT, (c) 07:52 UT, (d) 08:52 UT, and (e) 18:36 UT. The outermost
dashed (solid) contour of the convection cell corresponds to 3 kV (-3 kV) equipoten-
tial line, and the interval between two contours is 6 kV. The size of the convection
pattern had expanded significantly at 06:14 UT comparing with that at 06:10 UT, as a
result of the sudden southward turning of the IMF Bz occurring at 06:12 UT. Dayside
midlatitude ionosphere around noon showed significant plasma density enhancement
from 07:52 to 08:52 UT as an ionosphere storm entered the positive phase. Magnitude
of the FACs system also increased comparing (c¢) and (d) with (a) and (b). . . . . . . .

Vi

3

5

12

27



2.3

24

2.5

2.6

2.7

2.8

(a) IMF By and Bz from the NASA OMNI database. (b) The blue dots show esti-
mate Region 1 FACs average latitude between 11 and 13 MLT for every 2 min, as an
approximation for the latitudes of polar cap boundary. The red curve is obtained by
applying median filter with a 50-point window. (c¢) GPS TEC keogram between 11
and 13 MLT from the Madrigal database, from 21 UT on 12 October to 12 UT on 14
October 2016. The vertical dashed line marks the onset of a southward IMF Bz turn-
ing at 6:12 UT. The shaded area indicates the period of a polar cap patch formation at
~13 UT, as discussed in Section 2.3.3. The arrow marks the trace of the patch in the
TEC keogram. . . . . . . . . . . e e e e e e e
The SuperDARN convection map with true velocities derived from real radar mea-
surements plotted as vectors. This figure is made by using the plotting tools on the
SuperDARN website. . . . . . . . . . . .. e
GPS TEC, AMPERE FACs maps, and SuperDARN convection patterns at 13:00 UT
(a), 13:08 UT (b), and 13:12 UT (c) on 13 October 2016. The Sondrestrom ISR,
marked by the black circle, was located near the dayside convection inflow region
around 11 MLT. From the TEC map, it can be seen that high-density plasma moving
poleward into the polar cap was segmented into patches due to the sudden convection
direction change near the inflow region. SuperDARN had real radar measurements
near the convection kink, as shown in Figure 2.4. . . . . . .. ... ... ... ....
(a) The solar wind IMF By and Bz components from the OMNI database. Sondre-
strom ISR latitude scans of plasma convection velocity (b) speed and (c) direction
(zero starts from the magnetic north and rotates clockwise for positive values), elec-
tron temperature at (d) 120 km and (e) 350 km altitude, (f) ion temperature, and (g)
electron density at 350 km altitude from 11:00 to 14:30 UT on 13 October 2016. For
the Sondrestrom ISR, MLT = UT — 3 hr. A northeastward fast flow channel as strong
as 2 km/s could be seen at around 13 UT (10 MLT), and it was moving toward higher
latitudes, while the plasma in the background showed northward motion with velocity
of 500-1,000 m/s. Electron precipitation at 120 km, ion temperature increase, elec-
tron temperature, and density decrease at 350 km were observed along with the fast
flowchannel. . . . . . . ...
Sondrestrom ISR measurements of (a—c) electron density, (d—f) electron temperature,
(g—1) ion temperature, and (j—1) ion LOS velocity (positive values indicate direction
away from the radar) from three consecutive eastward scans before, during, and after
the density decrease at ~13:10 UT, when the fast flow was observed. The pointing
directions of the radar eastward scan (always from the north to the south) is shown at
the bottom right panel. . . . . . . . . . . ... ... ...
(a and b) Altitude profiles of ion temperature and electron density measured by Son-
drestrom ISR eastward scans at 12:57 and 13:07 UT. The altitude profiles were calcu-
lated by averaging the measurements from the nine beams above 71.7 MLat in each
scan. (c) N2 density profile provided by Madrigal based on MSIS 2000 model. (d) Es-
timate plasma density decrease caused by frictional heating using formulations in St.-
Maurice and Torr (1978), compared with total density decrease in observation from
12:57 to 13:07 UT, as shownin(b). . . . . . . .. . . . ... ... ... . ......

vil

31

33


http://vt.superdarn.org/tiki-index.php?page=DaViT+Map+Potential+Plot

3.1

3.2

33

34
3.5
3.6

3.7

3.8

39

4.1

4.2

4.3

An example of patch identification procedure for RISR-C measurement on January
19, 2016. The first panel shows the electron density obtained directly from power
with no range integration and no correction for measured temperature. In the second
panel, black curve shows average electron density from 250 km to 400 km with a 3-
point median filter applied. The density peaks that fulfill the criteria mentioned in the
text are marked by red triangles. Within each peak, the vertical red line and horizontal
yellow line indicate its prominence and half-prominence width, respectively. . . . . . 37
MLT and UT distribution of Resolute Bay Incoherent Scatter Radar-Canada measure-
ment time, number of polar cap patches, and patch occurrence frequency. MLT =
magnetic local time; UT =universal time. . . . . . . . ... ... ... .. ...... 38
Electron density profiles measured in dawn (03—09 MLT), noon (09-15 MLT), dusk
(15-21 MLT), and midnight (21-03 MLT) sector, respectively. The black curves rep-
resent the median profiles of measurements taken at all the MLTs. The red curves rep-
resent median profiles calculated using data only measured at each MLT sector. The
blue curves represent median profiles measured at the density peaks of the patches
observed in each sector. The horizontal bars (not shown for the black curves) indicate
range from the first quartile (Q1) to the third quartile (Q3) of the corresponding data

at each altitude. MLT = magnetic local time. . . . . . . ... ... ... ....... 40
Electron temperature profiles in the same format as Figure 3.3. . . . . . ... ... .. 41
Ion temperature profiles in the same format as Figure 3.3. . . . . ... ... .. ... 44

Line-of-sight ion velocity profiles in the same format as Figure 3.3, using only the
vertical beam (90° elevation angle). Negative (positive) line-of-sight velocity means
downward (upward). The median profiles measured within the patches (blue curves)
are fluctuating due to the small number of patches observed in each sector. MLT =

magnetic local time. . . . . . . .. .. 45
Line-of-sight ion flux profiles in the same format as Figure 3.3, using only the vertical
beam (90° elevation angle). . . . . . . .. .. Lo 46

Line-of-sight ion velocity profiles in the same format as Figure 3.3, using only the
beam with 83° elevation angle and —157° azimuthal angle. MLT = magnetic local time. 47
Line-of-sight ion fluxes profiles in the same format as Figure 3.3, using only the beam
with 83° elevation angle and —157° azimuthal angle. MLT = magnetic local time. . . . 48

Examples of identified ion upflow and downflow events. The left and right panels
show examples of an ion upflow record and a downflow record, respectively, on 11
February 2012. The dashed vertical lines mark -100/100 m/s field-aligned ion velocity.
The dots in red mark the invalid data points that do not satisfy the data quality criteria,
while those in green indicate all the valid data points with velocity smaller/larger than
-100/100 m/s for downflow/upflow. Profiles with at least three consecutive green dots
are selected as downflow/upflowevents. . . . . . . ... ... ... ... ... 53
Monthly distribution of ion (a) upflow and (b) downflow occurrence frequencies.
Magnetic local time (MLT) distribution of ion (c) upflow and (d) downflow occur-
rence frequencies. MLT is universal time (UT) + 13 at the PFISR site. . . . . . . . .. 55
Median altitudes of ion (a) upflow and (b) downflow observed by PFISR at each MLT.
The dots mark the median altitude of upflow/downflow observed within each MLT
bin, while the vertical bars indicate the interquartile range from 25% to 75%. . . . . . 55

viii



4.4

4.5

4.6

4.7

4.8

4.9

4.10

4.11

4.12

4.13

Distribution of (a) ion and (b) electron temperature, (c) electron density, and (d) field-
aligned ion flux, averaged below 600 km, as a function of MLT with only ion upflow
profiles and with all the profiles. The upflow flux is averaged over altitudes where
the upflow occurs. The dots mark the median value for each bin and the vertical bars
indicate the interquartile range from 25% to 75%. . . . . . . . . .. .. ... ..
Distribution of (a) ion and (b) electron temperature, (c) electron density, and (d) field-
aligned ion flux, averaged below 600 km, as a function of MLT with only ion down-
flow profiles and with all the profiles. The downflow flux is averaged over altitudes
where the downflow occurs. The dots mark the median value for each bin and the
vertical bars indicate the interquartile range from 25% to 75%. . . . . . . . . . .. ..
Occurrence frequency of ion upflow and downflow as a function of ion convection
velocity for different MLT intervals: (a) all MLTs, (b) on the dayside between 9-15
MLT (4,831 upflow, 7,667 downflow), (c) on the nightside between 21-3 MLT (15,911
upflow, 12,292 downflow). (d—f) Downflow occurrence frequencies are in the same
format as that forupflow. . . . . . . . . ...
Ion upflow (first row) occurrence frequency plotted over AE index over different MLT
intervals: (a) all MLTs, (b) on the dayside between 9—-15 MLT (4,831 upflow, 7,667
downflow), (c) on the nightside between 21-3 MLT (15,911 upflow, 12,292 down-
flow). (d—f) Downflow occurrence frequencies (second row) are in the same formats
asthose forthe upflows. . . . . . . . . . . ... ..
Ion upflow (first row) occurrence frequency plotted over SymH index over different
MLT intervals: (a) all MLTs, (b) on the dayside between 9—15 MLT (4,831 upflow,
7,667 downflow), (c) on the nightside between 21-3 MLT (15,911 upflow, 12,292
downflow). (d—f) Downflow occurrence frequency (second row) formats the same as
upflow. . . . e e
Heatmaps showing (a) distributions of local magnetic puerturbations matched with
all PFISR records, (b and c) distribution of ion upflow occurrence frequency on local
magnetic perturbations for data on the (b) nightside between 21-3 MLT and (c) on
the dayside between 9—15 MLT. The magnetic perturbations are measured in local
magnetic north and east directions and are plotted after applying cubic root for better
visual clarity. . . . . L. L e e e
Ion upflow occurrence frequency plotted over solar wind parameters, extracted from
NASA OMNI data set through OMNIWeb: Velocity (first row), proton number density
(second row), dynamic pressure (third row), for different MLT intervals: (a, d, g) all
MLTs, (b, e, h) on the dayside between 9—-15 MLT (4,831 upflow, 7,667 downflow),
(c, f, 1) on the nightside between 21-3 MLT (15,911 upflow, 12,292 downflow). . . . .
Ion downflow occurrence frequencies plotted over solar wind parameters, in the same
format as ion upflow (Figure 4.10). . . . . . . . .. ... ... L.
Ion upflow occurrence frequency plotted over the IMF components, extracted from
NASA OMNI data set through OMNIWeb: Total IMF (first row), IMF Bx (second
row), IMF By (third row), IMF Bz (fourth row), for different MLT intervals: (a, d, g)
all MLTs, (b, e, h) on the dayside between 9—-15 MLT (4,831 upflow, 7,667 downflow),
(c, f, 1) on the nightside between 21-3 MLT (15,911 upflow, 12,292 downflow). . . . .
Ion downflow occurrence frequency plotted over the IMF components, with the same
format as the ion upflow (Figure 4.12). . . . . . . . .. ... ... ... .. ... .

1X

61



4.14 Heatmaps showing joint distributions of ion upflow/downflow occurrence frequency
on the IMF By and IMF Bz components. Each row represents a certain MLT sector:
(a—c) overall MLT (first row), (d—f) on the dayside between 9-15 MLT (second row),
(g—1) on the night side between 21-3 MLT (third row). The first column indicates total
count of records in each bin, while the second and third columns show distributions

of upflow and downflow occurrence frequency, respectively. . . . . . ... ... ... 67
4.15 Illustration of PFISR location, marked by the star, relative to the auroral zone, during
(a, b) quiet to moderate geomagnetic condition and (c, d) storm condition. . . . . . . . 68

5.1  (Left) Madrigal TEC map with missing data and (Right) complete TEC map approxi-

mated by the spherical harmonics expansion. . . . . . . .. ... ... ... ..... 75
5.2 (Left) Madrigal TEC map with missing data and (Right) Remaining data used for the

SH fit after the validation data are removed. . . . . . . . . .. . ... ... ... ... 76
5.3 SH fit results by using different parameters {l,,,., 1} and the corresponding MSE

calculated using the validationdata. . . . . . . ... ... ... ... .. ... 77
5.4  SH fit results by using different orders [,,,,, while fixing ¢ = 0.1 and the correspond-

ing MSE calculated using the validationdata. . . . . .. ... ... .......... 78
5.5 MSE for different parameter pairs {/,,4., pt} calculated using the validation data. . . . 79

5.6 (Left) Polar view of Madrigal TEC map (after applying a 3-by-3 median filter) with
missing data, same as Figure 1.8, (Middle) TEC map approximated by the spher-
ical harmonics expansion, and (Right) complete TEC map obtained by applying the
VISTA method. TEC structures such as polar cap patch and auroral oval enhancement
are well persevered in the imputed map. . . . . . . . .. ... .. ... ........ 79



ABSTRACT

This dissertation includes studies on the generation mechanisms and plasma characteristics of po-
lar cap patches and ion upflows in the high-latitude ionosphere, which is a region that involves
dynamic processes reflecting the coupling of the solar wind, magnetosphere and ionosphere. Ob-
servational datasets from coherent and incoherent scatter radars (ISRs), Global Positional System
(GPS) receivers and Low-Earth Orbiting (LEO) satellites were used in these studies. Polar cap
“patches” are ~100 to 1,000 km islands of high-density plasma present in the polar cap, which
can cause scintillation of communication and navigation signals. Using the global total electron
content (TEC) maps and observations from the Sondrestrom ISR, we investigated a dynamic gen-
eration process of a polar cap patch during the geomagnetic storm on 13 October 2016. Evidence
showed that the patch was segmented from the Storm-enhanced density (SED) by a transient fast
flow associated with dayside magnetic reconnection. The roles of enhanced frictional heating and
transport of ambient plasma in the segmentation process were discussed. In another work, based on
7-months of measurements taken by the Canadian component of the Resolute Bay ISR (RISR-C) in
2016, an automatic algorithm to identify the polar cap patch was developed and a database of 437
patches was constructed. We then studied the Magnetic Local Time (MLT) distribution of the patch
occurrence frequency and also conducted a superposed epoch analysis on the altitude profiles of
plasma density, temperature and field-aligned ion fluxes measured within the patches. The results
showed that the patch electron temperature is typically lower than its surrounding areas, indicat-
ing their major source is the solar radiation produced plasma on the dayside mid-latitude region.
When high-density plasma structures, such as the SED and polar cap patch, seed ion upflow in the
F region and topside ionosphere, large ion fluxes can be produced, which may have significant im-
pact on the distribution of ion outflow. We investigated the statistical characteristics of ion upflow
and downflow using a 3-year (2011-2013) dataset from the Poker Flat ISR (PFISR). The results
showed that ion upflow occurs more frequently on the nightside and when the ionospheric convec-
tion speed and the geomagnetic activity level increase. The downflow occurs most often on the
dayside subauroral region when the IMF By > 10 nT and the IMF Bz < -10 nT, which we suggest
is associated with enhanced plasma pressure gradient and poleward thermospheric wind during the
decaying phase of the dayside SED and the SED plume. Results in this dissertation deepen our
understanding of the polar cap patch and ion upflow in terms of their formation and plasma charac-

teristics, and can be applied to studies of high-latitude high-density structure related scintillations

X1



and be used to validate and improve numerical models of the high-latitude ionosphere.
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CHAPTER 1

Introduction

1.1 Solar wind-magnetosphere-ionosphere coupling

1.1.1 Solar wind

As the star of the Solar System, the Sun has been emitting radiation steadily over the past billions of
years, which made it possible for the development of life on Earth. Besides radiation, the Sun has
also been a continuous source of interplanetary plasma and magnetic field that is the so called solar
wind, which strongly controls the near-Earth space environment. The solar corona, the outermost
layer of the solar atmosphere, has a temperature (~ 10° K) so high that the hot ionized plasmas
flow radially away from the Sun and drags the solar magnetic field lines along with them into
space, which become the solar wind with interplanetary magnetic field (IMF) embedded.

Near the Earth, the solar wind is supersonic with a speed of ~200-900 km/s, plasma number
density ~1-80 cm™ and electron temperature ~ 10° K (Schunk and Nagy, 2009). The magnitude
of the IMF decreases from ~ 105 nT near the Sun to a few nT at Earth orbit.

Some structures in the solar wind with enhanced plasma pressure and IMF strength may cause
severe geomagnetic effects on the Earth. One such structure is caused by speed differences in the
solar wind. The general solar wind speed depends on the magnetic field structure and strength
in the corona. In regions named coronal streamers, where the solar magnetic field forms a loop
that makes it harder for the hot plasma to escape, slow solar wind results. In other regions called
coronal holes, where the magnetic field is radially aligned, fast solar wind is generated. The
rotational period of the Sun varies from around 25 days at the equator to around 31 days near the
pole. As the solar magnetic field dragged radially outward, its footprint on the surface of the Sun
rotates slowly, which bends the IMF into spiral shapes. The spiral angle is dependent on the solar
wind speed, and when the slow solar wind is closely followed by a stream of fast solar wind, the two
streams create a spiral compression zone at their interface, which is called a corotating interaction

region (CIR). The resulting pressure enhancement may develop into shock waves when the speed



difference of the two streams exceeds the local sound and Alfvén speed, which occasionally occur
before reaching 1 AU.

Another geoeffective solar wind structure is caused by a transient release of a large amount of
particles in the solar coronal, named coronal mass ejections (CMEs). The speed of the CMEs varies
from a few hundreds to over one thousand km/s. As fast CMEs move into the slower background
solar wind, becoming the so-called interplanetary CMEs (ICMEs), shock waves often develop
in front of them. The ejected plasma in the ICME is often associated with strong and smoothly
rotating magnetic fields called magnetic clouds. Once a CME is released from the Sun, it usually
takes 1-3 days to reach Earth’s orbit. The enhanced IMF within the magnetic cloud, if directed

southward, can cause intense geomagnetic disturbances.

1.1.2 The Earth’s magnetosphere

The Earth has an intrinsic magnetic field that can divert charged solar wind particles and protects
the atmosphere from being directly exposed to the interplanetary environment. Within a few Earth
radii, the terrestrial magnetic field can be approximated by a dipole field with field lines originating
from the magnetic north near the geographic South Pole to the magnetic south near the geographic
North Pole. Beyond this range the Earth’s magnetic field interacts with the solar wind and there-
fore deviates from the dipole approximation. As shown in Figure 1.1, on the upstream side, the
terrestrial magnetic field is compressed by the supersonic solar wind and a bow shock is formed
in front of the magnetopause. The region between the bow shock and magnetopause is named
the magnetosheath, where the shocked solar wind is deflected and flows around the magnetopause
on the flanks. The magnetopause is a tangential discontinuity boundary that separates the magne-
tosheath and the magnetosphere, which refers to the space dominated by the Earth magnetic field.
The location of the magnetopause is determined by the pressure balance between the magneto-
sphere and magnetosheath, and is typically at 10 Earth radii (Rg) away along the Earth-Sun line.
On the flanks, the solar wind velocity gradually becomes parallel to the magnetopause, which leads
to a long magnetotail in a roughly cylindrical shape. The tail is separated by the central plasma
sheet into the northern and southern lobes, where the magnetic fields have opposite directions. The
energetic charged particles in the plasma sheet move towards the Earth and become trapped in
closed magnetic field lines in the inner magnetosphere. These trapped particles also rotate around
the Earth under the gradient and curvature of the magnetic field with electrons and ions moving in

opposite directions, which creates a net current around the Earth known as the ring current.



Magnetopause

Figure 1.1: Illustration of the Earth’s magnetosphere configuration. From Kivelson et al. (1995)

1.1.3 The Earth’s ionosphere

The Earth’s 1onosphere refers to regions above ~ 60 km altitude where the neutral atmosphere
is partially ionized and significant amount of electrons and ions are produced mainly by photons
and energetic particle precipitation. The main source of Earth’s ionosphere is photons of the solar
radiation at X-ray and extreme ultraviolet (EUV) wavelengths. The ionization due to particle pre-
cipitation may be important in some regions, such as the auroral zone. When atoms or molecules
of neutral gas absorb a photon with energy exceeding their ionization potential, free electron and
ion pairs are produced. This process is called photoionization. The primary neutral constituents
for photoionization are Ny, O, and O. The ions and electrons recombine into neutral particles
and reduce the ionosphere plasma density. The production rate of photoionization is proportional
to both the solar radiation intensity and the neutral gas density. While the former increases with
altitude, the latter decays with altitude. As a result, a peak ionization production rate can be found
near 100 km altitude. The dominant mechanisms that produce, recombine and transport the ion
vary with altitude and, based on the inflection points in the vertical electron density profile, the
ionosphere can be categorized into 5 regions: D (60 - 90 km), E (90 - 140 km), F1 (140 - 200 km),
F2 (200 - 500 km) and topside (above the peak ion density), as shown in the Figure 1.2. On the
night side, without the photoionization from sunlight, the D, E and F1 regions dramatically reduce
while the F2 region has much less plasma density mainly due to recombination.

In the D region, the main ionization source is X rays ionization of N2, O, and Lyman-« ioniza-
tion of NO, which produces O and NO™ as the major ion species. The generated N, can rapidly
charge exchange with O, to produce OF (Gombosi, 1998). In the E region, the major source is
similar to the D region, while the N, can also be converted into NO™ through charge exchange
with atomic oxygen O, resulting in mainly NO* and OF . The major ion species in the F1 region
is O, which can be quickly converted into NO* and OF at lower F1 altitude ~ 140 km by the



following charge exchange reactions:

O+ Ny - NOT+ N kn, =1 x 107" cm®s™!

(1.1)
O +0, =0 +0 ko, =2 x 107! cm®s ™!

Since the densities of Ny and O, decrease as the altitude increases, in the top F1 and F2 region
the ion composition becomes dominated by the O produced by the photoionization of atomic
oxygen. The main plasma loss of the F-region ionosphere is due to charge exchange of O, as

described above, and the subsequent rapid dissociative recombination of NO* and O

Of +¢—=0+0  koy ~3x107" cm’s™ (12
NO* +e = N+0  kyo+ ~3x 1077 cm’s™! '

Since the production and loss of the F region plasma are mainly controlled by O and N, respec-
tively, the O/N, ratio is usually used as an indicator of local ionosphere density change rate. In
addition to the chemical loss, electrons in the F region have little collisional effects and can diffuse
along the nearly vertical magnetic field lines at high latitudes to higher altitudes under the pressure
gradient. However, unlike the light-weight electrons, the ions are much heavier and therefore are
bounded by the gravitational force. So the separation of elections and ions creates a polarization
electric field (also named as ambipolar electric field) that can lift lighter ions (with mass less than

half of the major ions) until a diffusive equilibrium is reached.

1.1.4 Coupling of the solar wind, magnetosphere and ionosphere

The general interaction between the solar wind, magnetosphere and ionosphere can be understood
using the Dungey model (Dungey, 1961), where the mass, momentum and energy transport is
driven by a process named magnetic reconnection. As illustrated in Figure 1.4, the model explained
the general plasma convection in both the magnetosphere and ionosphere by magnetic reconnection
in front of the magnetopause and in the magnetotail.

The magnetopause marks the boundary between the shocked solar wind and IMF and the mag-
netosphere. Most of the Earth’s magnetic field lines form a closed loop at mid and low latitudes.
At high latitudes, however, the field lines can be connected with the solar wind IMF and become
open field lines via magnetic reconnection. Reconnection happens when field lines with opposite
directions are pushed into close contact, inducing a thin current sheet. As a result, the magnetic
energy converts into heat via Joule heating and particle acceleration, and the magnetic topology is
changed so that the previously anti-parallel field lines break and then connect with each other.

To better study the reconnection between the IMF and the magnetosphere, we can project the
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Figure 1.2: Typical ionosphere electron density vertical profiles at mid-latitude regions. From
Hargreaves (1992).
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Figure 1.3: Typical vertical profiles of ionosphere composition at mid-latitude regions. From
Johnson (1966).



IMF onto the geomagnetic dipole axis and see how strong the IMF is in the anti-parallel direction of
the magnetosphere. More specifically, the IMF can be decomposed into 3 orthogonal components
Bx, By and Bz using the Geocentric Solar Magnetospheric (GSM) coordinates, in which the origin
is located at the center of the Earth and the x-axis is along the Sun-Earth line pointing towards the
Sun. The y-axis is defined as the cross product of the x-axis and the Earth magnetic dipole axis,
pointing towards the dusk side. Finally, the z-axis is the cross product of x- and y-axis.

During periods of southward IMF (Bz<0), the solar wind field lines move into the oppositely
oriented geomagnetic field lines near the front of the magnetopause, triggering magnetic recon-
nection where closed geomagnetic field lines become open field lines connected with the solar
wind IMF. In the ionosphere, these newly open field lines can be traced down into a region at
high latitudes that is called the cusp, and the entire region with open field lines is named as the
polar cap. The open field lines are dragged by the solar wind over the pole into the magnetotail,
where the field lines are stretched into an elongated configuration. There is also viscous interac-
tion (Axford and Hines, 1961) between the solar wind and the magnetosphere near the dawn and
dusk magnetopause, where closed field lines are transported anti-sunward along the flanks towards
the tail. Near the center of the magnetotail, a plasma sheet is formed with a dawn-to-dusk current
that separates the tail into two lobes (north/south) with oppositely directed magnetic field. As more
magnetic flux is transported from the dayside into the tail lobes, a pressure gradient builds up, thin-
ning the central plasma sheet, and eventually leads to reconnection that closes the open field lines
in the tail lobe. The newly closed field lines move towards the Earth and field lines in the night-
side inner magnetosphere return to the dayside through the flanks. The charged particles in the tail
plasma sheet also move sunward to the inner magnetosphere, and some are captured by the Earth’s

rotational electric field while others keep moving sunward towards the dayside magnetopause.

1.1.5 High-latitude ionospheric convection

In the high-latitude ionosphere, the large-scale plasma convection is mainly dependent on the elec-
tric fields and the resulting ExB drift. Since the solar wind plasma can be treated as highly con-
ducting and collisionless, in a reference frame moving with the solar wind there is no electric field,
while on the Earth we experience a convection electric field that is given by FEgy = —Vsw X Bsw,
where Vgyy 1s the solar wind velocity and Bgyy is the IMF vector. During southward IMF condi-
tions, Fsyy has a direction that points towards the dusk. Since charged particles can easily move
along magnetic field lines, the high conductivity prevents any significant electric potential gradient
from building up along the field lines. As a result, the field lines can be treated as electric equipo-
tentials. This means that, for the polar cap, the potential drops between different field lines in the

solar wind will remain the same when the field lines are traced down to the ionosphere. Therefore,



Figure 1.4: Convection of magnetic field flux and plasma in both magnetosphere and ionosphere
under southward IMF conditions, as described by the Dungey model. From Hughes (1995).

during periods of southward IMF, the solar wind convection electric field is mapped down to the
polar cap ionosphere as a dawn-to-dusk electric field, which drives the ionosphere plasma to move
anti-sunward via the ExB drift, as shown in Figure 1.5 (b). In regions just equatorward of the
polar cap boundary, which features frequent auroral activity and therefore is named the auroral
zone, the magnetic field lines form closed loops that connect to the sunward return flow in the
magnetosphere, as illustrated in Figure 1.5 (a). Along these closed field lines, the dawn-to-dusk
magnetospheric electric field mapped to the auroral zone is oriented towards dusk-to-dawn, oppo-
site to that in the polar cap. This leads to a sunward plasma flow in the ionosphere that returns to
the dayside on the dawn and dusk sides, creating a so-called two-cell convection pattern shown in
Figure 1.5 (c) under the southward IMF conditions. When solar wind and IMF change their condi-
tions and influence the site and rate of the reconnection process, the plasma convection pattern in
the high-latitude ionosphere will also change its size, strength and configuration (Weimer, 1996,
2001).
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Figure 1.5: (a) 3D view of auroral zone magnetic field lines that connects the sunward flow in
the inner magnetosphere on the dawn and dusk sides. (b) Schematic illustration of open field
lines that connect the ionosphere polar cap with the solar wind IMF. (c) Representation of high-
latitude ionosphere electric fields and the plasma two-cell convection pattern for southward IMF
conditions. From Kelley (2009).

1.1.6 Geomagnetic storm

During extended periods of strongly southward IMF and enhanced solar wind speed, the magnetic
reconnection rate on the dayside magnetopause significantly increases and consequently enhances
the convection electric field both in the magnetosphere and ionosphere. The enhanced convection
injects more energetic particles into the ring current, which further weakens the strength of the
horizontal component of the magnetic field on the Earth’s surface measured by the Dst and SYM-
H indices. This period of intense and prolonged geomagnetic activity is named a geomagnetic
storm. As shown in Figure 1.6, during storms, the enhanced ring current causes a rapid decrease
in the SYM-H index with a magnitude up to several hundreds nT. This stage is called the main

phase, which may last for about several hours. When the IMF becomes less southward or changes



to northward, the reconnection rate decreases to normal levels and the ring current strength starts to
decay gradually with time. This is called the recovery phase and usually lasts for a couple of days.
During geomagnetic storms, the increased reconnection rate and geomagnetic disturbances will
intensify particle precipitation and auroral activity. The enhanced coupling between the solar wind
and the magnetosphere will also increase the strength and coverage of the convection electric field
in the high-latitude ionosphere. As a result, the polar cap and auroral zone can expand significantly
to lower latitudes, which may lead to formation of high plasma density structures in the polar

ionosphere.

&

Sym-H (nT)

20160306-20160307

Figure 1.6: SYM-H index during a geomagnetic storm on March 6, 2016. From Zou et al. (2021).

1.2 High-latitude ionosphere density structures

1.2.1 Storm-enhanced density

The high-latitude ionosphere is usually characterized by low-density F region plasma as compared
with the midlatitude sunlit region due to higher solar zenith angle and thus lower extreme ultra-
violet (EUV) ionization. During geomagnetically disturbed periods, however, high-density ther-
mal plasma on the dayside can be transported poleward by enhanced and equatorward-expanded
high-latitude convection. Consequently, structures of dense F region plasma can be present in the
subauroral region and even in the polar cap.

During geomagnetic storms, a ridge of significantly increased F region plasma density of-
ten forms near noon and postnoon magnetic local times (MLTSs) at subauroral latitudes, which is
termed as the storm-enhanced density (SED) (Foster, 1993), as shown in Figure 1.7. Under the
effect of high-latitude convection, the dense plasma can extend northwestward toward the dayside
cusp near noon and form a plume-like structure. The main contribution to the density increase
within the SED is the imbalanced production and loss. That is, the plasma is lifted to higher alti-
tudes with a lower recombination rate while the solar EUV production is still ongoing in the sunlit
region. The lifting can be caused by the vertical component of E x B drifts, as a result of eastward

penetrating electric fields at the subauroral and midlatitude regions where the magnetic fields are

9



not purely vertical (David et al., 2011; Deng and Ridley, 2006; Heelis et al., 2009; Zou et al., 2013,
2014; Zou and Ridley, 2016). Another important factor that affects plasma vertical motion is ther-
mospheric wind. During storm periods, enhanced auroral activity and heating lead to equatorward
neutral winds at subauroral latitudes, which push plasma upward along the magnetic field lines
(Lu et al., 2012). The dynamic evolution of the SED is determined by the interplay between the
electric fields and thermospheric winds (Zou et al., 2014). A more recent modeling study by Liu
et al. (2016) showed that while the E x B drift is the dominant factor in generating the SED in the
topside ionosphere, the thermospheric wind plays a more important role in SED formation in the

lower altitude F region ionosphere.
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Figure 1.7: A polar view of TEC map showing a SED appearance during a geomagnetic storm on
November 13, 2012. From Zou et al. (2014).

As the SED plume reaches the dayside cusp, the high-density plasma within the plume can be
entrained into convection inflow region and then can enter the polar cap during periods of south-
ward IMF (e.g., Thomas et al., 2013). A sustained transport of such dense plasma can form a
large-scale transpolar structure from dayside to nightside known as the tongue of ionization (TOI)
(Foster et al., 2005; Knudsen, 1974; Moen et al., 2008; Sato and Rourke, 1964; Zhang et al., 2015).
Hosokawa et al. (2010) reported all-sky imager observations of a TOI during the storm on 14-16
December 2006, and showed its dynamic motion and mesoscale structures. Based on measure-
ments from the Super Dual Auroral Radar Network (SuperDARN), they suggested that while the
absence of large-scale convection pattern changes during periods of stable IMF allows a contin-
uous structure of the TOI, small-scale flow channels near the cusp, probably associated with the

dayside transient magnetic reconnection, can be responsible for the mesoscale structures within the
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TOI. By combining vertical total electron content (TEC) maps derived from the Global Positioning
System (GPS) data and SuperDARN convection pattern, Thomas et al. (2013) demonstrated the
formation of a TOI from a SED plume under the effect of equatorward extended convection electric
fields during the storm on 26-27 September 2011. They also observed enhanced HF backscatters
associated with small-scale field-aligned irregularities within the TOI but not within the SED re-
gion, indicating that the small-scale structures are caused by modulations of electric fields near the

dayside polar cap boundary.

1.2.2 Polar cap patch

Since polar cap patches were discovered by Weber et al. (1984) and then defined by Crowley (1996)
as islands of high-density ionospheric plasma surrounded by plasma of half or less density in the F-
region ionosphere (Figure 1.8), their generation mechanism and evolution process, as well as their
impact on modern technology have been widely studied. Polar cap patches are generally viewed
as the main cause for disturbances in navigation and communication signals in the polar regions
(Basu et al., 1987, 1988) so understanding the formation of these high-latitude density structures is
of significant practical importance. Studies have shown that the irregularity structure sizes within
these patches can vary from hundreds of kilometers to tens of meters (Carlson, 2012), possibly due
to gradient drift instability (e.g., Tsunoda, 1988); thus, they may disrupt transionospheric radio
waves varying from high frequency (HF) communication to satellite ultra-high frequency (UHF)
communication. The associated amplitude and phase scintillation may cause increased uncertainty

or even loss of lock of the Global Navigation Satellite Systems (GNSS) receivers.

1.2.3 Generation mechanisms of polar cap patch

During periods of unsteady IMF By and Bz, the convection pattern near the dayside cusp can
change dramatically (Heelis, 1984; Reiff and Burch, 1985; Burch et al., 1985; Ruohoniemi and
Greenwald, 1998; Greenwald et al., 1999; Milan et al., 2000). As a result, as the SED plume
is entrained into the convection flows, the large-scale plasma plume can break into smaller-scale
patches, which are known as polar cap patches.

The creation of polar cap patches requires a source of high-density plasma and a mechanism to
cut the large-scale plasma source into patches. While a good understanding of the sources has been
obtained, the cutting mechanisms still remain controversial. As for sources, dayside midlatitude
solar EUV-produced plasma and SED during storm times are generally believed to be the major
reservoir for polar cap patches (Ren et al., 2018). In addition, soft particle precipitation can also
become a potential source (Oksavik et al., 2006; Walker et al., 1999) but produce relatively weaker
patches.

11
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Figure 1.8: Example of a polar cap patch observed in the TEC map in the Norther Hemisphere
during a geomagnetic storm on September 8, 2017. From Wang et al. (2019).

Besides the source, a mechanism to separate a portion of high-density plasma from the reser-
voir, for example, the SED plume, can produce patches. Several mechanisms have been proposed:
temporal variation of the size of the ionospheric convection pattern (Anderson et al., 1988), tran-
sient dayside magnetic reconnection (Lockwood and Carlson, 1992), plasma fast flow channels
causing enhanced recombination and low-density regions (Valladares et al., 1994, 1996), and IMF
By reversals and cusp particle precipitation (Rodger et al., 1994). Imager and radar observations
have shown that some patches associated with localized flow channels can originate from poleward
moving auroral forms (Wang et al., 2016), which are usually seen as a result of transient recon-
nection, and the patch structuring processes have dependence on the IMF By condition (Zhang
et al., 2011). Soft particle precipitation near the cusp can be another source of plasma density en-
hancement, which can then be isolated into patches by high-speed plasma flow channels associated
with IMF By reversals (Rodger et al., 1994). Using numerical simulations, a more recent study
by Wang et al. (2019) showed that intensified Birkeland Current Boundary Flows (BCBF) asso-
ciated with enhanced westward drifting partial ring current can cut the SED into patches through
increased frictional heating and recombination, without requirements for IMF shifts or dayside
reconnections.

While many mechanisms have been proposed for the patch formation, it is not clear yet which

produces most of the patches observed. In recent years, the development of observational instru-
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ments provides great opportunities to put the proposed mechanisms to test.

1.2.4 Statistical study of polar cap patch

Previous statistical studies on the polar cap patches have used database from satellites (Coley and
Heelis, 1995; Noja et al., 2013), meridian scanning photometers (MSP) (McEwen and Harris,
1996; Moen et al., 2007), and all-sky imagers (Hosokawa et al., 2009) to study their drift motion
and occurrence frequency at different universal times (UT) and local times (LT). Based on ion den-
sity measurement taken by the Dynamic Explorer 2 spacecraft, Coley and Heelis (1995) developed
an automatic technique to identify polar cap patches, followed by a statistical study of 281 patches
showing a typical patch horizontal size of ~300—400 km and an occurrence frequency peak around
winter solstice and between ~12-20 UT in the northern hemisphere (NH). Sojka et al. (1994) used
Utah State University time-dependent ionospheric model to simulate the seasonal and UT variation
of patch formation by modulating the IMF By component. Their results predicted an absence of
patches between 8 UT and 12 UT and most intense patches between 20 UT and 24 UT at winter
solstice in the NH. These model predictions were later confirmed by total electron content (TEC)
observations (David et al., 2016). McEwen and Harris (1996) analyzed 523 patches observed by
the meridian-scanning photometer at Eureka, Canada during winters from 1990 to 1994. They
found that more patches are observed during local evening hours than the morning hours, and
most of the patches occurred during or ~1-2 hr after negative IMF Bz conditions. More recently,
Noja et al. (2013) analyzed GPS TEC observations from the CHAMP satellite during 2001-2004
and reported higher patch occurrence at the dayside polar cusp and dusk side at ~80°MLat. In
their results, more patches were observed between 1400 MLT to 2100 MLT near the RISR site.
Spicher et al. (2017) used Swarm satellites observation during 2013-2016 and showed that the
patch occurrence rate was enhanced during local winter and reduced during local summer for both
hemispheres. They also showed that more patches were observed in the dusk (dawn) sector for
negative (positive) IMF By condition.

Hosokawa et al. (2009) investigated the motion of 561 individual polar cap patches observed
from 2005 to 2007, using all-sky airglow imagers at Resolute Bay. They demonstrated that the
dawn-dusk component of the patch’s drift velocity is mainly controlled by polarity of the IMF
By component. In addition, they found that the patches tend to drift towards dusk even when the
IMF By equals 0, which is consistent with the fact that typically the dusk convection cell is bigger
than the dawn cell due to the conductivity effect (Atkinson and Hutchison, 1978; Ruohoniemi and
Greenwald, 1996, 2005). Moreover, Moen et al. (2007) used 8 years of data from MSP at Svalbard
and observed 333 patches in 43 days that exited the polar cap during nighttime. They found a

nearly symmetric bell-shape distribution of patch occurrence centered around 23:25 MLT, which
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is likely caused by the tendency of patch motion from dawn to dusk. In a recent study by Zou et al.
(2015), 97 patches were observed by an all-sky imager at Resolute Bay with simultaneous flow
measurements by SuperDARN during the northern winter months from 2008 to 2012. Localized
flow enhancements were found to be associated with ~67% of the patches with a typical flow
speed of 600 m/s, in favor of IMF By-dominated conditions.

1.3 Ion upflow

Over the last three decades, numerous studies have shown that ions from the Earth’s ionosphere
can be an important source of magnetospheric plasma (Chappell, 2015; Lotko, 2007; Moore and
Horwitz, 2007; Welling et al., 2015; Yau and André, 1997). Ion upflow events in the F region and
topside ionosphere can greatly influence the ion density and fluxes at higher altitudes, and thus
may control to a great extent directly the ion outflow fluxes observed at high altitudes (Nilsson
et al., 2008; Strangeway, 2005; Tu et al., 2007).

Observational characterization of the ion upflow occurrence rate can provide valuable informa-
tion about the available source population as a function of solar wind and interplanetary magnetic
field (IMF) condition, as well as the level of geomagnetic activity. Ion upflow and downflow events
occurring in the F region and topside ionosphere have been studied using data from ground-based
incoherent scatter radars (ISRs) (Buchert et al., 2004; Endo et al., 2000; Foster et al., 1998; Ji
et al., 2019; Keating et al., 1990; Liu et al., 2001; Ogawa et al., 2009; Semeter et al., 2003; Zou
et al., 2017a,b) and in situ satellite observations (Coley et al., 2006; Loranc et al., 1991; Redmon
et al., 2010; Seo et al., 1997; Wu et al., 2000). The in situ satellite observations have large spatial
coverage but limited coverage of altitude at any given time; while the ground-based ISRs, which
are at fixed geographic locations, are able to provide altitude profiles of important plasma state
parameters that can shed light on their formation mechanisms. In addition, some of the satellite
observations mentioned above are actually vertical flows, while the ground-based ISRs can mea-
sure the field-aligned flows as well as the vertical flows.

The observed ion upflow exhibits considerable spatial and temporal variation. Based on satel-
lite observations, the occurrence rate of upflow is generally larger than that of downflow in the
auroral zone, but smaller in the polar cap. The downflow in the polar cap was observed using the
DE-2 satellite and suggested to be ballistic return of outflowing ions (Loranc et al., 1991), which
was later studied using simulations (Loranc and Maurice, 1994). Statistical studies of ion upflow
were mainly conducted using the EISCAT radars at either Tromso (Endo et al., 2000; Foster et al.,
1998; Keating et al., 1990) or Longyearbyen (Ji et al., 2019; Liu et al., 2001; Ogawa et al., 2009,
2019). The peak upflow occurrence rate was found in the premidnight sector near the Harang re-
versal region by EISCAT at Tromso (~66.7 MLat), while on the dayside at EISCAT Longyearbyen
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(~75.4 MLat). This effect of the MLat difference causing different occurrence rate statistics will

be discussed in detail in Chapter 4.

1.4 Purpose of the dissertation

This dissertation include studies on the generation mechanism and statistical characteristics of
polar cap patches using observational evidences from multiple instruments.

Chapter 2 presents the formation of a polar cap patch during the geomagnetic storm on October
13, 2016, using global TEC maps, SuperDARN high-latitude convection pattern and the Sondre-
strom ISR observation. The comprehensive observational tools shed light on the controversial
patch segmentation mechanism. This study shows the entire process of a patch being segmented
from a SED base due to transient appearance of a fast flow, which was associated with dayside
reconnection location changes based on the Sondrestrom ISR and SuperDARN observations. The
roles of enhanced frictional heating and transport due to fast flows are discussed.

Statistical properties of the polar cap patches reveal key information regarding their formation
mechanisms and propagation processes. Enhancements of the electron temperature within a patch
compared with the surrounding region may indicate that the patch was generated by particle precip-
itation, while a decrease in the electron temperature may suggest that the plasma enhancement was
generated on the dayside due to solar EUV radiation and then propagated to its current location.
Observations have shown that the electron temperature within the dayside SED and SED plume is
typically lower than the surrounding regions (Foster et al., 2005; Zou et al., 2013, 2014). Weber
et al. (1984) observed approximately seven plasma patches with sizes of 800—1,000 km drifting
antisunward using an all-sky imaging photometer and an ionosonde. Combined with simultane-
ous particle measurements taken by Dynamic Explorer 2 satellite, they showed that these patches
were not generated locally but near the dayside auroral zone because of the absence of accelerated
and structured electron precipitation. However, there have not been any systematic studies on the
vertical profiles of patch plasma characteristics due to lack of instruments deep in the polar cap.

In Chapter 3, a statistical study is presented on the plasma characteristics of polar cap patches,
utilizing data collected by the Canadian Resolute Bay ISR (RISR-C) throughout the whole year
of 2016. RISR-C has the highest magnetic latitude among the current ISRs and is located deep
in the polar cap, making it an ideal instrument to use for polar cap patch study. An automatic
patch detection algorithm was developed to construct a collection of patch events, and then a
superposed epoch analysis was conducted to show the typical vertical profiles of plasma density
and temperatures measured within the patches at different MLT sectors in comparison with the
overall typical profiles of the corresponding sector. Based on the results, the most dominant source

of polar cap patches observed by RISR-C is discussed.
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When the SED and polar cap patch encounter particle precipitation, large ion upflow fluxes
can be generated (Zou et al., 2021), which can play an important role in ion outflow formation
and plasma transfer from the ionosphere to the magnetosphere. Despite the first field-aligned ion
upflow observations from the Chatanika ISR in Alaska (Bates, 1974), a comprehensive statistical
study of upflow and downflow does not exist for the American sector. Neglecting the heat flow
from the top of the ionosphere, the field-aligned component of the ionospheric ion velocity is
affected by the thermospheric wind, ExB drift, and other vertical forces, including the pressure
gradient and gravity. The magnetic field geometry affects the effectiveness of these forces, and their
relative location to the auroral oval determines the corresponding magnetospheric region where the
upflow and downflow map magnetically. Therefore, it is important to determine the geographical
differences of occurrence rate of ion upflow and downflow, and test their dependence on season,
IMF, and solar wind, as well as geomagnetic activity.

Chapter 4 contains a study using the Poker Flat ISR (PFISR) observation from 2011 to 2013
for a statistical study on the occurrence and plasma characteristics of ion upflow and downflow in
the American sector. The correlation between the upflow occurrence and the solar wind, the IMF
conditions and local magnetic disturbances were investigated. Unlike traditional ISRs, PFISR is
part of the Advanced Modular ISR (AMISR) system with electronic pulse-to-pulse steering ca-
pability, which allows nearly simultaneous measurements of the plasma parameters in multiple
look directions without physical movement of the radar antenna. Moreover, while ISRs are gen-
erally expensive to run, PFISR can operate semicontinuously in a low-duty cycle mode between
user-requested high-duty cycle experiments, providing better data coverage throughout the year.
Therefore, there are far more field-aligned profiles available from PFISR than those from other
traditional ISRs for statistical analysis.

Chapter 5 summarizes the major conclusions drawn from the works in this dissertation and
discuss a few potential projects for future work, including spherical harmonics reconstruction of

TEC maps and machine learning of forecasting TEC maps.
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CHAPTER 2

Direct Observation of Formation of a Polar Cap
Patch Associated With Dayside Reconnection Driven
Fast Flow

2.1 Introduction

Dayside solar-produced concentrated F region plasma can be transported from the midlatitude
region into the polar cap during geomagnetically disturbed periods, creating plasma density irreg-
ularities like polar cap patches, which can cause scintillation and degrade performance of satellite
communication and navigation at polar latitudes. In this chapter, we investigated the dynamic
transport and multiscale plasma density structures of the high-latitude ionosphere during the geo-
magnetic storm on 13 October 2016, based on vertical GPS TEC maps, Active Magnetosphere and
Planetary Electrodynamics Response Experiment (AMPERE) field-aligned current (FAC) maps,
SuperDARN convection patterns, and Sondrestrom ISR.

During the storm main phase, a SED was formed within an extended period of strong southward
interplanetary magnetic field IMF) Bz condition. Total electron content (TEC) maps show that a
polar cap patch was segmented from the SED plume. The Sondrestrom Incoherent Scatter Radar
(ISR) was underneath the segmentation region and captured the dynamic process. It shows that
the patch segmentation was related with a sudden northeastward flow enhancement reaching ~2
km/s near the dayside cusp inflow region. The flow surge was observed along with an abrupt E
region electron temperature increase, F region ion temperature increase, and a density decrease.
The upstream solar wind and IMF observations suggest that the flow enhancement was associated
with dayside magnetic reconnection triggered by a sudden and short period of IMF By negative
excursion. Quantitative estimation suggests that plasma density loss due to enhanced frictional
heating was insufficient for the patch segmentation because the elevated F region density peaking
at ~500 km made dissociative recombination inefficient. Instead, the patch was segmented from

the SED by low-density plasma transported by the fast flow channel from earlier local time.

17



In Section 2.2, we give a brief introduction to the instruments and data sets that were used in the
study. Section 2.3.1 outlines the soalr wind and IMF conditions of this geomagnetic storm event on
13 October 2016. Section 2.3.2 shows the ionosphere plasma density increase in midlatitude and
subauroral regions and discusses how the dense plasma was transported into the polar cap during
the storm main phase. Section 2.3.3 focuses on the formation of a polar cap patch during the event
by carefully examining conjunction observations from the GPS TEC, SuperDARN convection, and
Sondrestrom ISR. Finally, Section 2.4 summarizes the observations and conclusions. The work in
this chapter has been published in Ren et al. (2020a).

2.2 Instrumentation and Data

2.2.1 GPS Total Electron Content

In this study, GPS TEC data are used to show large-scale plasma structures and their transport
from midlatitude to high-latitude ionosphere. The GPS TEC data were obtained from the Madrigal
database, and the detailed data processing method can be found in Rideout and Coster (2006)
and Vierinen et al. (2016). The conversion from the LOS TEC values to vertical TEC is done by
assuming a slab ionosphere at 350 km altitude, and only data points with elevation angle above 30°
have been used. The TEC data shown in this paper have a temporal resolution of 5 min and spatial
resolution of 1° x 1° in latitude and longitude with a 3° x 3° median filter applied to overcome the

sparsity of data in the polar cap.

2.2.2 Super Dual Auroral Radar Network

We used SuperDARN convection maps to evaluate how the transport of ionosphere density struc-
tures is affected by the large-scale convection pattern during the storm period. As an international
network of more than 30 HF radars, SuperDARN covers areas from midlatitudes to the polar re-
gions for both hemispheres. The low-power HF radars operate continuously and measure the veloc-
ity of field-aligned plasma irregularities projected in the LOS of radar beams. The two-dimensional
E x B velocity vectors can be derived when they are measured within the common field of view by
two radars. A solution of high-latitude electrostatic potential field can be determined by combining
all the velocity measurements and model results for areas where no observational data are available
(Ruohoniemi and Baker, 1998). As a result, SuperDARN provides large-scale ionospheric convec-
tion maps on equal-area grids (100 km x 100 km) in the Altitude Adjusted Corrected Geomagnetic
(AACGM) coordinate (Shepherd, 2014) every 2 min.
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2.2.3 Active Magnetosphere and Planetary Electrodynamics Response Ex-

periment

AMPERE FACs maps are used to indicate the location of the auroral oval and polar cap boundary
and show expansions or contractions of the polar cap. Based on measurements of the magnetic
field perturbations from the Iridium Communications constellation of more than 70 satellites at
low-Earth orbits (~780 km), AMPERE provides a global view of FACs. The orbits of satellites
form 12 longitudinal planes roughly equally spaced by 2 hrs of local time, and satellites along the
same track are separated by 9 minutes. The magnetic field perturbation data are calibrated and
then used in spherical harmonic inversion (Green et al., 2006; Waters et al., 2001). The FACs are
derived by taking the curl of the fitted perturbations and are provided in the AACGM coordinates
on 1 hr MLT by 1° magnetic latitude (MLat) grids every 2 min. More detailed descriptions of the
data product can be found in Anderson et al. (2014) and references therein.

2.2.4 Sondrestrom ISR

The ISRs are powerful ground-based instruments for ionosphere observations. By measuring the
backscattered signals from electrons in the ionosphere, the ISRs have the ability to resolve the
altitudinal profiles of electron density, electron and ion temperatures, and LOS ion velocity simul-
taneously. During this event, the Sondrestrom radar observed a fast flow channel associated with
dayside reconnection when it was located near the dayside cusp, and in Section 2.3.3, we discuss
the contribution of this fast flow channel to the formation of a polar cap patch. The Sondrestrom
radar (67° N, 309° E, geographic; 74° N geomagnetic) was located near the west coast of Green-
land and was operating under composite scans mode during this event. Under this mode, the radar
was alternating between two scanning planes both roughly parallel to the magnetic meridian with
one tilted slightly westward and the other tilted slightly eastward. Each scan takes ~4 min and
consists of 14 beams directions (Figure 2.7) with measurement ranges from ~120 to ~1,300 km,
and the altitude resolution changes from ~23 km in the E region to ~65 km in the F region. By
pairing the corresponding LOS velocity measurements at the same latitude and altitude from two
successive scans (one eastward and one westward), an average F region two-dimensional horizon-
tal velocity can be resolved for a given latitude. Finally, the resolved velocities are averaged in
0.25° latitude bins covering up from ~65° to ~80° MLat. In this study, for plasma density and
temperatures, the latitude scans at a certain altitude were obtained by selecting the measurement at
the closest altitude from each beam within a scan. In addition, data points of the resolved velocities

with uncertainties larger than 250 m/s were dropped.
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2.3 Observations

2.3.1 Solar Wind and IMF Condition for the 12-14 October 2016 Storm

Figure 2.1 shows the IMF (a—d) and solar wind (e—g) conditions, interplanetary electric field (h),
AE (i), and SYM-H (j) indices from 12 UT on 12 October to 21 UT on 14 October 2016. The
IMF and solar wind parameters were obtained from the NASA OMNI database, and they were
observed by the WIND spacecraft and then time-shifted to the Earth’s bow shock nose. This ge-
omagnetic storm was a classic ICME-driven intense storm with clear shock, sheath, and magnetic
cloud signatures. The storm was initiated with a storm sudden commencement (SSC) at 22:16
UT on 12 October, induced by the sudden enhancement of the solar wind dynamic pressure when
the interplanetary shock in front of the ICME arrived. The solar wind speed jumped from ~340
to ~440 km/s (Figure 2.1e) at the shock and then decreased gradually. Typical ICME magnetic
cloud signatures, including strong magnetic field, slow magnetic field rotation, low proton number
density and pressure, can be seen throughout an extended period of ~34 hr starting from 06:12 UT
on 13 October and ending at ~06 UT on 14 October. The magnetic cloud started with a sudden
southward turning of the IMF Bz from +5 to -9 nT at 06:12 UT (dashed line in Figure 2.1), which
kept decreasing since then and reached -21 nT at 16:41 UT on 13 October. During the same period,
the IMF By started with negative values as large as -14 nT and then gradually turned to positive
and reached +23 nT at 23:02 UT on 13 October. The extended period of strong southward IMF Bz
caused an intense geomagnetic storm with the minimum SYM-H index reaching -113 nT and AE
peaking at ~2,000 nT.

2.3.2 General Ionosphere Responses to this Storm

Figure 2.2 shows GPS TEC maps (left) and AMPERE FAC maps (right) with high-latitude iono-
sphere convection contours from SuperDARN at five selected time cadences. These five times
were right before (2.2a) and after (2.2b) the IMF Bz southward turning at 06:12 UT, 1.5 and 2.5 hr
(2.2c and 2d) after the southward turning, and near the SYM-H minimum (2.2e) at 18:37 UT.

Figure 2.3 shows the time series plot of the IMF By and Bz (3a), reproduced for convenience,
and the average MLat of the dayside (11-13 MLT) polar cap boundary (3b), which is approximated
by the location of the peak Region 1 currents estimated from the AMPERE FAC measurements,
similar to the method used in Clausen et al. (2013). Additionally, in Figure 2.3c, a keogram of the
averaged GPS TEC near magnetic noon (11-13 MLT) is shown from 21 UT on 12 October to 12
UT on 14 October 2016.

From Figures 2.2a and 2.2b, it can be seen that the size of the convection pattern had expanded
significantly at 06:14 UT comparing with that at 06:10 UT, as a result of the sudden southward
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turning of the IMF Bz occurring at 06:12 UT, as indicated by the vertical dashed line in Figure 2.3.
About 1.5 hr later, as shown in Figures 2.2¢, 2.2d, and 2.3c, the dayside midlatitude ionosphere
around noon showed significant plasma density enhancement from 07:52 to 08:52 UT, indicating
a positive ionosphere storm occurred during this period. In Figures 2.2d and 2.3c, at 08:52 UT, a
sharp TEC boundary with latitudinal density gradient as large as -1.8 TECU/degree can be seen at
~65° MLat and ~12 MLT, well aligned with the outermost contour of the fitted SuperDARN con-
vection pattern and the Region 2 downward FACs. As the IMF Bz kept decreasing after 08:52 UT,
the polar cap open-closed field line boundary and the convection pattern keep expanding further
equatorward, as indicated in Figure 2.3b, and the sharp TEC boundary also moved equatorward ac-
cordingly. Starting from ~11 UT in Figure 2.3c, midlatitude plasma with TEC of ~12 TECU was
transported poleward into the polar cap near noon from the sharp TEC boundary. The transport had
been intermittent from ~11 to ~16 UT, and several polar cap patches were observed to form and
enter the polar cap during this time period. After ~16 UT, as the southward IMF Bz approached
its maximum and the polar cap boundary reached as low as ~62° MLat at noon, more continuous
and larger-scale poleward transport of subauroral high-density plasma (~20 TECU) was present
until ~20:30 UT.

During this period, while a large-scale TOI structure of high-density plasma was present on the
TEC map, as shown in Figure 2.2e at 18:36 UT, from the TEC keogram in Figure 2.3c, we can see
density variations of smaller scales were embedded within this large-scale density structure. When
the TOI was present during ~15 to ~18 UT, the sharp TEC boundary rapidly moved to lower
latitudes from ~50° to ~40° MLat. After ~21 UT, as the high-density source region remained
below ~40° MLat and the polar cap boundary started to retreat poleward, the plasma density
dropped to a level even lower than it was at same UT but 24 hr earlier before the geomagnetic
storm occured, as can be seen from Figure 2.3c, forming a deep midlatitude trough.

In Figure 2.3c we show that after the sudden southward turning of the IMF Bz, the polar cap
started to expand to lower latitudes, and about 1.5 hr later, a positive ionosphere storm occurred,
significantly increasing the subauroral plasma density. During ~11 to ~16 UT, however, the pole-
ward transport of the plasma was intermittent and, as a result, several polar cap patches instead of
a relatively uniform TOI were formed during this time period. From the SuperDARN convection
pattern in Figure 2.2d, note that the convection inflow region during this period was shifted toward
dawn side at around 10 MLT due to the negative IMF By condition, while the subauroral density
enhancement was mainly located on the noon and postnoon MLTs. A sharp TEC boundary in-
stead of a TOI was formed because the convection direction at the boundary near the high-density
source region was mostly westward instead of poleward. It was not until ~16 UT when the IMF
By started to turn into positive that the inflow region shifted to where the enhanced density was

and formed a large-scale TOI structure.
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2.3.3 Polar Cap Patch Formation Near Cusp

In this section, we show in detail the formation of a polar cap patch. Figure 2.5 shows a direct ob-
servation of formation of polar cap patch in the GPS TEC map as a result of a fast flow appearance
in the convection inflow region from 13:00 to 13:15 UT on 13 October 2016 shown in Figure 2.6.

In Figure 2.5, the ionosphere cusp location can be estimated by identifying the dayside con-
vection inflow region from the SuperDARN convection pattern and between the merging region of
the dawn and dusk Region 1 FACs from the AMPERE data. The TEC map in Figure 2.5a shows
that, at 13:00 UT when the dayside cusp was near magnetic noon, the convection inflow region
extended into the high-density plasma source region at ~65° MLat and ~12° MLT. As a result, the
poleward convection flow near magnetic noon directly transported the high-density plasma from
the source region into the polar cap. At 13:08 UT (2.5b), a convection flow kink appeared near
magnetic noon as the convection inflow region shifted toward the dawn side, and the boundary of
convection pattern slightly retreated to higher latitude, which is shown in from Figure 2.3b within
the shaded area. The FACs pattern at the same time shows that the kink was near the upward and
downward Region 1 FACs overlapping region and thus was the typical cusp location. After this
convection flow configuration changed, plasma with lower density was transported to the polar
cap, as seen at 13:12 UT in Figure 2.5¢. And as a result, the high-density plasma moving poleward
into the polar cap seen in 4a was cut off from its subauroral source region and became a polar cap
patch. The flow kink shown in the SuperDARN convection map was derived based on real radar
measurements, as shown in Figure 2.4.

As shown in Figure 2.6, this sudden flow direction change near cusp was also observed by
the Sondrestrom ISR, which provides altitudinal profiles and latitude scans of multiple physical
parameters. From Figures 2.5 and 2.6¢, on a large scale, it can be seen that when the radar corotated
into the dayside convection inflow region, the background flow direction changed gradually from
eastward (blue) to northward (green). However, following a sudden southward IMF Bz decrease
(2.6a, black curve) and further-negative excursion of the IMF By (2.6a, blue curve) from 12:35 to
12:50 UT, a channel of northeastward flow burst exceeding 2000 m/s can be seen at ~13:00 UT
(10 MLT) in Figures 2.6b and 2.6¢, and it was moving poleward. The plasma in the background
surrounding region showed dominantly northward motion with velocity of 500-1,000 m/s. Both E
region electron (2.6d) and F region ion temperatures (2.6f) showed sudden enhancement associated
with the fast flow channel. The E region electron temperatures increase indicated presence of
energetic particle precipitation, and the F region ions were heated by frictional heating within the
fast flow. Meanwhile, as shown in Figures 2.6e and 2.6g, a distinct area of low density and cold
electron temperature in the F region was also observed associated with the fast flow channel.

The observed plasma density decrease could be caused by the fast flow through two possible

ways. The first one is the increased recombination rate due to frictional heating within the fast
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flow. The other one is low-density plasma nearby transported by the flow channel into the radar
field of view. In order to determine which factor played a more dominant role in this case, careful
examinations on the measurements from individual radar scans are required.

In Figure 2.7, the Sondrestrom ISR measurements from three consecutive eastward scans show
plasma properties before, during, and after the period that the fast flow appears, respectively. Dur-
ing the first scan from ~12:57 to ~13:01 UT, the radar had seen hot and dense solar EUV-produced
plasma with density reaching ~10''> m™ (Figure 2.7a) and electron temperature over 2,500 K
(2.7d), throughout the radar field of view from 65° to 80° latitude. The height of peak electron
density (hmF2) was lifted up to ~500 km altitude, most likely due to the upward component of
the E x B drift as the plasma is moving poleward on the dayside, which can be seen from the radar
ion LOS velocity measurements (2.7j). Within 10 min after the first scan, starting from ~13:07
to ~13:11 UT, a structure of cold plasma with significantly lower density ~10'° m™ and electron
temperature below 1,000 K appeared in the middle of the radar field of view (6b and 6e). The
electron density profiles within the structure peaked at ~250 km altitude. The most upward beam
in the middle, which also pointed slightly toward the east as shown in the bottom right panel of
Figure 2.7, had seen strong LOS ion velocity over 1,000 m/s away from the radar (2.7k), indicating
the presence of eastward fast flow overhead. The drastic differences in the plasma density, temper-
ature, and hmF?2 are strong evidence indicating that the low-density structure was transported into
the radar field of view from a different plasma source than the high-density plasma seen during the
first scan, most likely from the polar cap on the dawn side according to TEC maps shown in Figure
2.5.

In addition, quantitative estimations of the density decrease caused by the frictional heating
have been conducted and the results are shown in Figure 2.8. By averaging the measurements
taken from the nine beams above 71.7° MLat in each scan, the altitudinal profiles of ion temper-
ature and electron density were calculated for 12:57 and 13:07 UT, as shown in Figures 2.8a and
2.8b, respectively. Besides, the density profiles of neutral N, provided by the Madrigal database
using the MSIS 2000 model are also shown in Figure 2.8c, which is required for the estimation.
In Figure 2.8d, we demonstrate a comparison between the total density decrease measured by
the Sondrestrom ISR from 12:57 to 13:07 UT and the estimated density decrease caused by the
frictional heating.

Although the enhanced ion flow speed leads to noticeable ion-neutral frictional heating at al-
titudes below 250 km (Figure 2.8a), for altitudes above 300 km, the frictional heating was not
sufficient to account for the density decreases observed, mainly due to the lack of neutrals above
300 km. At 12:57 UT, according to Figure 2.6b, the mean plasma flow speed at ~72° MLat was
~1.3 km/s, while at 13:07 UT the flow speed rapidly increased to ~2.3 km/s, creating enhanced
frictional heating through ion-neutral collisions, which increased the ion temperature within the

23



next 10 min mainly below ~250 km, as can be seen in Figure 2.8a. Since the neutral density was
much higher than the ion density below ~600 km, the time scale for the neutral temperature to
increase was much longer, so we can assume that at 13:07 UT, the neutral temperature remained
the same as the ion temperature at 12:57 UT. For altitudes between ~200 and ~700 km, the domi-
nant ion species is O*. Based on the equations given by St.-Maurice and Torr (1978), as a result of
the elevated ion temperature and enhanced flow speed, the charge exchange rates between O* and
N, and between O* and O, could have increased by up to ~250% and ~80%, respectively. De-
scription of the calculations in detail can be found in Ren et al. (2020a). Because the dissociative
recombination of the resulting NO* and O," was significantly faster than radiative recombination
of O*, we can estimate the density decrease by computing how much O* had been lost by charge
exchange within 10 min. As shown in Figure 2.8d, the frictional heating could only account for
the density decrease below ~300 km altitude, while above ~300 km, where the largest density
decrease is observed, the contribution from the enhanced frictional heating was several order of
magnitudes lower than the observed values. This is mainly because the neutral density, shown
in Figure 2.8c, decreases exponentially with altitude. In additional, considering that the neutrals
could also be heated to some extent and lead to N, and O, density increase as a result of thermo-
sphere expansion, we also did a similar estimation with neutral density doubled, but the results
were not affected much. This estimation suggests that enhanced frictional heating was not the
dominant effect that accounts for the appearance of the low-density structure seen above ~300 km
and also the low TEC structure seen in the TEC map. According to the analysis above, it can be
concluded that the low-density structure observed was transported by the northeastward fast flow
channel from a nearby region on the dawnside and the impact of frictional heating was limited to
altitudes below ~300 km.

2.4 Discussion

This result shows an interesting contrast with the scenario demonstrated by Wang et al. (2019), in
which the frictional heating-induced density decrease can account for the segmentation of a SED
plume. In both cases, low-TEC regions were observed in the TEC map during the segmentation
process; however, a key difference that the two-dimensional TEC maps cannot show is that the
plasma vertical density profiles in these two events peaked at very different altitudes. As shown
in the Figure 2.5d of Wang et al. (2019), the density profile peaked at ~300 km at ~4 x 10'!
m™ when the boundary fast flow between the Regions 1 and 2 FACs was present, while in our
case, the observed SED plume had been significantly lifted and the maximum density was found
reaching ~1.9 x 10" m™ at ~500 km at ~12:57 UT. Since the neutral density drops with altitude

exponentially, there are over 2-3 orders of magnitude less neutrals at 500 km for the ions (mostly
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O+) to react with than those at 300 km, making the frictional heating a lot less effective in raising
the recombination rate and decreasing the plasma density. To show the importance of hmF2 in
affecting the density loss due to frictional heating, we hypothetically lowered the density peak
from ~500 to ~300 km while keeping other parameters unchanged, and our estimation showed
that the frictional heating could cause a ~1.3 x 10!! m™ density decrease within 10 min, ~2-3
orders of magnitude larger than it did at ~500 km. In conclusion, the fact that the SED plume
had been lifted to a much higher altitude (with hmF2 ~500 km) was the main factor that made
frictional heating less effective for patch segmentation in this case. Using numerical model, Zou
and Ridley (2016) found that SED plasma originating from different local time sectors could have
different characteristics, such as NmF2 and hmF2, implying different segmentation mechanisms
may exist for SED plasma originating from different local times.

Detailed examinations of sequence of the observations suggest the fast flow surge, and the
associated plasma characteristics were ionospheric signatures of magnetic reconnection. At first,
following the sudden IMF By negative excursion from ~12:40 to ~12:50 UT (Figure 2.6a), an ini-
tial E region electron temperature increase can be seen at ~12:52 UT near 72° MLat (Figure 2.6d),
which was due to precipitating particles streaming from the reconnection site. At this latitude, the
northeastward flow surge exceeding 2 km/s appeared at ~13:00 UT. Then at ~13:04 UT, significant
ion temperature increase at ~350 km altitude was observed, due to frictional heating within the
fast flow or particle precipitation from the reconnection site. This series of observations matched
very well with the expected signatures of magnetic reconnection reported by Carlson (2004). Carl-
son et al. (2006) showed the first observation of these signatures from the EISCAT Svalbard radar
(ESR) and concluded that it validated the Lockwood and Carlson (1992) mechanism, in which
reconnection driven convection flow surge transiently injects corotating subauroral high-density
plasma into the polar cap. In their study, under a positive IMF By condition, a northwestward flow
surge carrying subauroral plasma into the polar cap was seen at ~10 MLT, similar to the local time
of our case. The northeastward fast flow we observed was consistent with the negative IMF By
condition. On the contrary, in our case it was the low-density rather than high-density plasma that
is carried by the flow surge, being injected toward noon into the middle of a stream of high-density
plasma that was previously transported into the polar cap a few minutes before (see Figure 2.5).
Therefore, the transient flow surge in this case only acted as a segmentation mechanism (with little
frictional heating effect). Essentially, the physical process here was most likely the same as that
described in the Lockwood and Carlson (1992) mechanism but happened in a different ionosphere
precondition (mostly plasma density distribution).

To generalize, a similar scenario of polar cap patch formation as the one discussed in this study
requires the following: (1) A structure of high-density plasma lifted in altitude is present in the

polar cap near the cusp, which could be either a small-scale stream of plasma that just entered the
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polar cap from the SED, or a preexisted large-scale TOI; (2) a reservoir of low-density plasma in
adjacent regions, such as non-SED high-latitude plasma or the main polar cap trough; and (3) a
fast flow channel (most likely driven by dayside reconnection) from the low-density reservoir to
the high-density structure. While for those lifted density structures (hmF2 ~500 km), both the low-
density reservoir and flow channel are required; for those density structures without being lifted

(hmF2 ~300 km), the fast flow channel alone can create segmentation via frictional heating.

2.5 Summary and Conclusions

In this chapter, we investigated the dynamic structuring of high-density plasma from a dayside
subauroral SED to the polar cap during a geomagnetic storm on 13 October 2016, based on ob-
servations from the GPS TEC maps, AMPERE FACs maps, SuperDARN convection patterns,
and Sondrestrom ISR. During the storm main phase, a sudden southward turning of the IMF Bz
triggered an expansion of the polar cap and a positive ionosphere storm, which created a strong
convection pattern and significantly increased the subauroral plasma density as the SED at post-
noon MLTs. However, the dayside convection inflow region was shifted toward the dawnside at
around 10 MLT due to the negative IMF By condition, unfavorable for continuous transport of the
SED plasma into the polar cap and formation of TOI. Instead, a dayside magnetic reconnection-
driven fast flow channel, triggered by a sudden and short period of IMF By negative excursion,
transported low-density cold plasma from earlier local time into the convection inflow region and
segmented a group of SED plasma into a polar cap patch. Quantitative estimations of the effect of
enhanced frictional heating due to the fast flow have been conducted. However, while increased
ion temperature was present within the fast flow, it was not sufficient to deplete the SED plasma
down to observed values above 300 km, mainly because the F region peak in the SED structure
had been lifted to altitudes ~500 km, where the neutrals were lacking, and thus, the loss due to
the enhanced dissociative recombination was not efficient to deplete the SED plasma. This work
presents a comprehensive suite of observations that show the detailed formation process of a polar
cap patch and provide supporting evidence for the reconnection-driven segmentation mechanisms
proposed in previous studies (Lockwood and Carlson, 1992; Anderson et al., 1988). Distinctions

from the traditional reconnection segmentation mechanism is also suggested and discussed.
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Figure 2.1: Solar wind and IMF conditions, provisional AE index and SYM-H component from
12 UT on 12 October to 21 UT on 14 October 2016, obtained from the NASA OMNI database.
The geomagnetic storm is initiated at the arrival of an interplanetary shock and then enters the
main phase as the solar wind presents a clear magnetic cloud structure. The shaded area marks the
period when the generation of the polar cap patch was observed in TEC maps.
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Figure 2.2: GPS TEC maps from the Madrigal database (left) and AMPERE FACs maps (right)
with high-latitude ionosphere convection pattern from SuperDARN overlaid at (a) 06:10 UT, (b)
06:14 UT, (c) 07:52 UT, (d) 08:52 UT, and (e) 18:36 UT. The outermost dashed (solid) contour
of the convection cell corresponds to 3 kV (-3 kV) equipotential line, and the interval between
two contours is 6 kV. The size of the convection pattern had expanded significantly at 06:14 UT
comparing with that at 06:10 UT, as a result of the sudden southward turning of the IMF Bz
occurring at 06:12 UT. Dayside midlatitude ionosphere around noon showed significant plasma
density enhancement from 07:52 to 08:52 UT as an ionosphere storm entered the positive phase.
Magnitude of the FACs system also increased comparing (c) and (d) with (a) and (b).
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Figure 2.3: (a) IMF By and Bz from the NASA OMNI database. (b) The blue dots show estimate
Region 1 FACs average latitude between 11 and 13 MLT for every 2 min, as an approximation
for the latitudes of polar cap boundary. The red curve is obtained by applying median filter with
a 50-point window. (c) GPS TEC keogram between 11 and 13 MLT from the Madrigal database,
from 21 UT on 12 October to 12 UT on 14 October 2016. The vertical dashed line marks the onset
of a southward IMF Bz turning at 6:12 UT. The shaded area indicates the period of a polar cap
patch formation at ~13 UT, as discussed in Section 2.3.3. The arrow marks the trace of the patch

in the TEC keogram.
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Figure 2.4: The SuperDARN convection map with true velocities derived from real radar mea-
surements plotted as vectors. This figure is made by using the plotting tools on the SuperDARN

website.
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Figure 2.5: GPS TEC, AMPERE FACs maps, and SuperDARN convection patterns at 13:00 UT
(a), 13:08 UT (b), and 13:12 UT (c) on 13 October 2016. The Sondrestrom ISR, marked by the
black circle, was located near the dayside convection inflow region around 11 MLT. From the TEC
map, it can be seen that high-density plasma moving poleward into the polar cap was segmented
into patches due to the sudden convection direction change near the inflow region. SuperDARN
had real radar measurements near the convection kink, as shown in Figure 2.4.
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Figure 2.6: (a) The solar wind IMF By and Bz components from the OMNI database. Sondrestrom
ISR latitude scans of plasma convection velocity (b) speed and (c) direction (zero starts from the
magnetic north and rotates clockwise for positive values), electron temperature at (d) 120 km and
(e) 350 km altitude, (f) ion temperature, and (g) electron density at 350 km altitude from 11:00
to 14:30 UT on 13 October 2016. For the Sondrestrom ISR, MLT = UT — 3 hr. A northeastward
fast flow channel as strong as 2 km/s could be seen at around 13 UT (10 MLT), and it was mov-
ing toward higher latitudes, while the plasma in the background showed northward motion with
velocity of 500-1,000 m/s. Electron precipitation at 120 km, ion temperature increase, electron
temperature, and density decrease at 350 km were observed along with the fast flow channel.
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total density decrease in observation from 12:57 to 13:07 UT, as shown in (b).

34



CHAPTER 3

Statistical Characteristics of Polar Cap Patch
Observed by RISR-C

3.1 Introduction

Polar cap “patches” are ~100 to 1,000 km islands of high-density plasma at polar latitudes, which
can cause scintillation to communication and navigation signals. While a good understanding of
patch size and occurrence distribution in terms of season and time (UT or MLT) has been developed
by previous statistical studies, more detailed statistical plasma characteristics within the patches,
such as their vertical profiles of density and plasma temperature, were not well known until this
study. Fortunately, the newly deployed Resolute Bay Incoherent Radar provides such a capability.
Perry and Maurice (2018) used a patch detection algorithm on the northern face of the Resolute
Bay Incoherent Scatter Radar (RISR-N) data measured during 5 days each in March and December
in 2010, and reported distributions of F-region plasma density and temperatures of the patches, but
the statistical profiles within the patches were not studied.

In this chapter, based on 7-month measurements taken by the Canadian component of the RISR
radars (RISR-C) (Gillies et al., 2016) in 2016, we developed an automatic algorithm to identify the
polar cap patches and constructed a database of 437 patches. We then studied the MLT distribution
of patch occurrence frequency and also conducted a superposed epoch analysis on altitude profiles
of plasma density, temperature and ion fluxes measured within the patches. The work presented in
this chapter has been published in Ren et al. (2018).

3.2 Instrumentation and Data

3.2.1 RISR-C Database

Resolute Bay is currently the highest geomagnetic latitude (82.43°) ISR station (74.73° N, 94.91°
W geographic) in the world, making it an ideal place for polar cap patch observation. The RISR-C
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database used in this study contains measurements from January to March and from September to
December in 2016, with a total observational time of ~1,100 hr. During the 7 months, the radar
operated for several selected days in each month. All the RISR-C data from 2016 were collected
during coordinated experiments with RISR-N, but only RISR-C data were used in this chapter
because we aim to study the patch profile along the field-aligned direction, which is within the
RISR-C field of view and outside the RISR-N field of view. In each run, the radar provides mea-
surements of electron density, electron and ion temperature, and ion LOS velocity from ~100 to
~700 km in altitude, with a spatial resolution of ~24 km (long pulse mode) and a time resolution
of 1 min. Raw electron density directly obtained from power without range integration or cor-
rection for measured electron and ion temperature ratios is also available with a spatial resolution
of ~3 km. In addition, since RISR uses a phased array of thousands of antenna element units to
enable almost simultaneous multiple-beam measurements, its beam configuration can be changed
on demand for each operation. As a result, there are in total four different beam configurations
throughout the 7-month data set that were used in this study. In order to interpret the LOS velocity
and other parameters in a straightforward and meaningful way, for each beam configuration we
choose to use data obtained from the beam pointing most closely to the field-aligned direction,
which is nearly vertical (169.09° azimuth, 86.41° elevation) at Resolute Bay. The beams that have
been used in this study are 83.0° elevation and -157.0° azimuth, 85.0° elevation, and -157.0° az-
imuth and 90.0° elevation. Projections of ISR K vectors of these three beams on the field-aligned

direction are around 0.997, 0.998, and 0.999, respectively.

3.2.2 Patch Identification Technique

Using the time series data of electron density observed by RISR-C, we developed an automatic
algorithm to identify the patches and constructed a database of 437 patches. In the identification
algorithm, a set of criteria listed below has been applied to effectively distinguish the features of a

patch from other density enhancements shown in the data.

1. A patch should appear as a density peak in the F-region with a minimum prominence of
log1p(2) in log scale, according to the classical definition that a patch has at least double

density of its surrounding plasma (Crowley, 1996).

2. A patch should last at least 3 min but no more than 2 hr in the radar observation, given a
typical patch size range of ~100-1,000 km (Coley and Heelis, 1995) and a patch convec-
tion velocity range of ~150-500 m/s that Hosokawa et al. (2009) reported at Resolute Bay.
A density enhancement with shorter duration is regarded as noise, and those with longer

duration can be most likely regarded as part of the tongue of ionization.
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To fulfill the term “F-region” in the first criterion, average raw electron density from 250 to
400 km is calculated at each time record, shown in log scale as black curve in the second panel
of Figure 3.1. Based on the second criterion, a 3-point median filter has already been applied
to remove high-frequency fluctuations. Then a peak-finding algorithm is applied to only identify
those peaks with minimum prominence of log;o(2) within a temporal width of 2 hr. The base level
used to measure the prominence of a peak is determined in this way: Find the minimum values
in a 1-hr window before and after the peak position, respectively, then choose the higher one of
the two minimum values to be the base level. The half prominence width indicates the duration
between two edges of a patch moving over the radar site. We have applied this patch identification
procedure to the entire data set, followed by a visual inspection. As a result, 437 patches have been

identified, allowing us to analyze their statistical characteristics.

[o]
[=]

D
[=3

200}

Altitude (Km)
IS
(=)

—_ -t -
—_ k-
ON PO

o
RTTTTTE

£ 10.

Ne (m®)

Log
=
D

10.

0 22 00 02 04 06 08 10 12 14 16 18 20 22
Universal Time (20160119)

po H-

Figure 3.1: An example of patch identification procedure for RISR-C measurement on January
19, 2016. The first panel shows the electron density obtained directly from power with no range
integration and no correction for measured temperature. In the second panel, black curve shows
average electron density from 250 km to 400 km with a 3-point median filter applied. The density
peaks that fulfill the criteria mentioned in the text are marked by red triangles. Within each peak,
the vertical red line and horizontal yellow line indicate its prominence and half-prominence width,

respectively.

3.3 Statistical Results

3.3.1 MLT Dependence of Patch Occurrence

In Figure 3.2, the first panel presents the total measurement time of RISR-C at each magnetic local
time (MLT) and corresponding universal time (UT). The second and third panels show the number
of patches observed and patch occurrence frequency (in terms of number of patches observed per
hour) at each MLT. In general, patches are observed more often in the afternoon sector between
1400-1900 MLT. About 35% of the patches are observed during this 5-hour period, and nearly
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60% of them are observed between 12-24 MLT. The minimum patch occurrence frequency locates
at 5 — 6 MLT with a value of one per 7.1 hours, while the maximum occurrence frequency one per
1.4 hour is found at 14 — 15 MLT, nearly 3.2 times of the frequency at 5 — 6 MLT.
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Figure 3.2: MLT and UT distribution of Resolute Bay Incoherent Scatter Radar-Canada measure-
ment time, number of polar cap patches, and patch occurrence frequency. MLT = magnetic local
time; UT = universal time.

3.3.2 Superposed Epoch Analysis of Patch Plasma Profiles

Figures 3.3-3.9 show the results of the superposed epoch analysis of the patch plasma profiles
measured by RISR-C long pulse mode. At each altitude, the main curve represents the median
value of all the corresponding measurements taken at that altitude level, while the horizontal line
denotes the range from the first quartile (Q1) to the third quartile (Q3). Beams used in this study
are described in section 2.1.

First, the median profiles of electron density (Ne, Figure 3.3), electron temperature (Te, Figure
3.4), ion temperature (Ti, Figure 3.5), ion line-of-sight velocity (LOS Vi, Figure 3.6, 8) and flux
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(Ne times LOS Vi, Figure 3.7, 3.9) from all the available measurements are calculated and plotted
as the black curves in each figure. Then we separate the data into 4 sectors: dawn (03-09 MLT),
noon (09-15 MLT), dusk (15-21 MLT) and midnight (21-03 MLT). For each sector, the median
profiles of those 5 parameters are calculated and plotted as the red curves in each figure. At last,
the median profiles measured at the density peaks of the patches observed in each sector are plotted
as blue curves in each figure. To control the data quality while maintain adequate amount of data
for statistical analysis, we filtered the density and temperature data by limiting the relative error
(ratio between uncertainty and measured value) to be less than 2. The measurement uncertainties
are provided in RISR-C dataset. For LOS velocity, since the relative errors are generally larger, the
limit is increased to 4 to keep sufficient data, while another limit that the absolute error should be
less than 400 m/s is also added to control the quality of the data used in the study.

3.3.2.1 Electron Density Profile

As shown in Figure 3.3, compared with the overall median density, the sector median shows higher
density than the all-MLT median in the noon and dusk sectors, and lower density in the dawn and
midnight sectors, at almost all altitude levels. In all of the four sectors, the patch median plasma
densities above 200 km are higher than the sector median plasma densities, as expected. The F-
region density peak decreases from the dayside (~2.0x10'! m™ for the noon sector, ~3.6x10'! m™
for patches) to the night side (~1.0x10"" m~ for the midnight sector, ~2.1x10'" m~ for patches),
in agreement with the results by Perry and Maurice (2018). The ratio of F-region density peak
between the patches and the sector median is ~1.8 in the noon sector and ~2.1 in the dawn, dusk
and midnight sectors. The topside ionosphere density differences between the patch and the sector
median decrease from the dayside to the night side. Therefore, patch detection using LEO satellite
in situ density above 450 km may not be very sensitive on the night side. Also, it is noted that
patch density is lower than the sector median density below ~ 200 km at all sectors except on the
nightside. This phenomenon has been seen in the SED event reported in Figure 3.8 in Zou et al.

(2013) due to lifting of the storm-time F-region plasma to higher altitudes.

3.3.2.2 Electron Temperature Profile

As shown in Figure 3.4, comparing the overall median electron temperature with the sector medi-
ans, higher temperature reaching ~2000 K can be seen in the noon sector above ~350 km, while
a lower temperature around 1000 — 1250 K is present in the midnight sector. In the dawn and dusk
sectors, the sector median electron temperature profiles are closer to the overall profile. Larger
variations in the electron temperature above 200 km exist on the dayside than that on the night

side. Below 200 km, the midnight sector median electron temperature shows larger variations than
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Figure 3.3: Electron density profiles measured in dawn (03—09 MLT), noon (09-15 MLT), dusk
(15-21 MLT), and midnight (21-03 MLT) sector, respectively. The black curves represent the
median profiles of measurements taken at all the MLTs. The red curves represent median profiles
calculated using data only measured at each MLT sector. The blue curves represent median profiles
measured at the density peaks of the patches observed in each sector. The horizontal bars (not
shown for the black curves) indicate range from the first quartile (Q1) to the third quartile (Q3) of
the corresponding data at each altitude. MLT = magnetic local time.

dayside, and the horizontal bars (from Q1 to Q3) of electron temperature mainly extend to its right,
which is probably due to the heating effect of particle precipitations such as polar cap arcs on the
night side.

In the noon sector, electron temperature within the patches show a clear suppression as large

as ~380 K between 250 — 450 km, compared with the sector median temperature. In the midnight
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sector, electron temperature within the patches does not show large difference with the sector

median. The results by Perry and Maurice (2018) also showed patch electron temperature ~ 1800

— 2000 K in sunlit region and ~1000 K in dark region. In the dawn and dusk sectors, the electron

temperature within the patches is slightly lower than the sector median values, but the differences

are small compared with that in the noon sector.
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Figure 3.4: Electron temperature profiles in the same format as Figure 3.3.

3.3.2.3 Ion Temperature Profile

In general, the ion temperatures increase slowly to around 1000 K as altitude increases, which
are ~200 K higher than Perry and Maurice (2018) reported based on data taken in 2010 near

41



deep solar minimum. Thus the difference is likely due to the solar cycle effect. There is little
difference shown among the three ion temperature profiles in each sector. In the noon sector,
the ion temperature within the patches increases to ~1230 K at ~390 km, higher than the sector
median by ~150 K. This heating is likely due to stronger interaction between electrons and ions
through the Coulomb collision within the patch. The Coulomb collision rate is proportional to
plasma density and inversely proportional to electron temperature (Schunk and Nagy, 2009). So
the colder patch electron temperature and the higher density within the patch facilitate stronger
coupling between electrons and ions. Combined with electron temperature measurements, the
sector median Te/Ti ratio in the noon sector can reach as large as ~1.9 between ~290 — 430 km,

while within the patches the Te/Ti ratios are only ~1.3 — 1.6 at the same altitudes.

3.3.3 Line-of-Sight Ion Velocity and Flux Profile

As mentioned in section 2.1, the data used to calculate the statistical profiles in this study are
measured by 3 different beams (with 90°, 83° and 85° elevation angle, respectively) throughout
the 7-month period, depending on the operation mode of the radar on each run. Specifically, the
vertical beam (90° elevation) has in total ~590 hours observation time and 133 patches observed.
Meanwhile, the beam with 83° elevation angle has operated for ~500 hours in total with 281
patches identified. The last beam with 85° elevation angle only has ~20 running hours and ob-
served 23 patches. Although the second beam has less total operation hours than the vertical one,
it has observed more patches, mainly because January 2016 has seen 122 patches (more than any
other months in the data) and during the most of that month only the beam with 83° elevation angle
was operated.

In order to study the vertical motion of the patches, at first, only data from the vertical beam
are used to calculate the LOS velocity and flux profiles, shown in Figures 3.6 and 3.7. The ion flux
is calculated by multiplying ion LOS velocity with electron density, assuming charge neutrality.
Since only 133 patches were observed by the vertical beam, the median profiles of the patches have
more uncertainty. In addition, the vertical beam of RISR-C (and RISR-N) are less sensitive than
the other looking directions since they are near the grating-lobe steering limit of the phased array.
For the patch profile in each MLT sector, the median values at some altitudes are not plotted if the
number of available data points at that altitude level is less than 10 after applying the data quality
filter.

As illustrated in Figures 3.6 and 3.7, the overall median vertical ion velocity is downward
(negative) with a speed of ~60 m/s at ~300 km, causing downward fluxes ~1.1x10'* m2s!. The
sector median profiles of vertical ion velocity are similar to the overall velocity profile. For the

noon sector, the sector median flux profile presents a downward flux ~1.3x10'* m2s™! at ~300 km
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because of high F2 layer density peak on the dayside. Within the patches, downward ion fluxes
are found between 200 — 500 km in all sectors. In the noon sector, downward ion velocity and flux
within the patches can reach as large as ~66 m/s and ~3.1x10"* m™?s! at ~340 km, respectively,
while within the patches in the midnight sector, downward ion velocities can reach ~100 m/s with
a downward flux of ~3.3x10"® m2s! at ~360 km.

In addition, the beam with 83° elevation and -157° azimuthal angle observed 281 patches in
total and therefore gives better statistical profiles of LOS ion velocity and fluxes, which are shown
in Figure 3.8 and 3.9. The overall LOS ion velocity is ~40 m/s downward at ~300 km. The overall
ion flux is ~5x10'> m2s! downward and at ~300 km, where the density peaks. The noon sector
has larger downward ion velocity ~50 m/s at ~300 km and downward ion flux ~1x10'* m?s! at
~300 km, while oppositely the midnight sector has upward ion velocity ~40 m/s between 200 km
— 400 km and upward ion flux ~4x10'> m2s! at ~300 km. Within the patches observed in the
noon sector, downward ion velocity and flux as large as ~80 m/s and ~3x10"> m2s’!, respectively,
are found between 250 km — 400 km. For patches seen in the midnight sector, upward ion velocity
and flux as large as ~60 m/s and ~1.2x10'* m2s™!, respectively, are found between 250 km — 400

km.

3.4 Discussion

In Figure 3.2, we showed the occurrence frequency of the patches observed by RISR-C as a func-
tion of MLT and UT. Previous studies have reported a UT dependence of the polar cap patches
occurrence in winter that more patches tend to appear during 1200 —2400 UT (Coley and Heelis,
1995) or during 2000-0300 UT (Sojka et al., 1994; David et al., 2016). This is suggested to be a
result of the mismatch between the geographic and geomagnetic poles (Sojka et al., 1979; Foster,
1993; Carlson, 2012) that the polar cap or cusp will extend to lower geographic latitude on the day-
side during 1200 — 2400 UT in the Northern hemisphere winter; thus, more solar EUV-produced
high-density plasma will be introduced into the polar cap by the ionospheric convection during this
period, which is favorable to the formation of polar cap patches. In our results, more patches were
observed between 2200-0200 UT, consistent with the findings of Sojka et al. (1994) and David
et al. (2016).

As for the MLT dependence, McEwen and Harris (1996) observed more patches during local
evening hours than the morning hours, using meridian-scanning photometer at Eureka (89° MLat),
close to Resolute Bay (82° MLat). Noja et al. (2013) also reported higher patch occurrence on
the dusk side and lower occurrence on the dawn side around 6 MLT at ~80° MLat, based on the
CHAMP TEC observation from 2001 to 2004. In our results, more patches were observed between
1400-1900 MLT, consistent with the McEwen and Harris (1996) and Noja et al. (2013) studies.
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Figure 3.5: Ion temperature profiles in the same format as Figure 3.3.

The asymmetry of the dusk-dawn convection cells is suggested to affect patch MLT occur-
rence. In the polar cap, anti-sunward plasma flow is typically dominant during southward IMF Bz
condition, while positive (negative) IMF By condition results in a dusk-to-dawn (dawn-to-dusk)
flow direction near the dayside cusp and then a dawn-to-dusk (dusk-to-dawn) flow direction at
higher latitudes. In the statistical study of patch convection velocity at Resolute Bay by Hosokawa
et al. (2009), they demonstrated that the dawn-dusk direction of the patches drift velocity has a
clear asymmetry: the convection velocity generally has a dawn-to-dusk direction even when the
IMF By is 0. This dawn-to-dusk convection tendency can be explained by effect of day-night con-
ductivity gradient (Atkinson and Hutchison, 1978), and it is also supported by empirical models
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Figure 3.6: Line-of-sight ion velocity profiles in the same format as Figure 3.3, using only the
vertical beam (90° elevation angle). Negative (positive) line-of-sight velocity means downward
(upward). The median profiles measured within the patches (blue curves) are fluctuating due to the
small number of patches observed in each sector. MLT = magnetic local time.

(Ruohoniemi and Greenwald, 1996, 2005) and numerical simulation results (Tanaka, 2001). This
statistical dawn-to-dusk convection tendency means, after the patches are generated near the day-
side cusp region, more patches will move into the dusk side of the polar cap rather than the dawn
side, even when IMF By is close to 0. Therefore, the dawn-dusk asymmetry in the patch occur-
rence frequency shown in Figure 3.2 may be due to the dawn-dusk asymmetry of high-latitude
ionospheric convection pattern.

On the night side, Moen et al. (2007) found a bell-shape patch occurrence distribution centered
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Figure 3.7: Line-of-sight ion flux profiles in the same format as Figure 3.3, using only the vertical
beam (90° elevation angle).

at ~23:25 MLT, a slight shift to the pre-midnight sector, at Svalbard (76° MLat) using a MSP.
The authors also attributed this shift to the asymmetry of the convection pattern. It should be noted
that several possible reasons could cause the difference between their patch occurrence distribution
over MLTs and that in the present study. In their study, emission enhancements that reached the
poleward boundary of the auroral oval within the MSP field of view were counted as patches. In
addition, the patch occurrence distribution has a strong dependence on latitude. According to Noja
et al. (2013), the peak of the patch occurrence is in the dusk side at RISR latitude (~82° MLat),
while for Svalbard (76° MLat) the peak is in the pre-midnight sector.

Therefore, we suggest that the peak of patch occurrence rate on the dusk side can be due to
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Figure 3.8: Line-of-sight ion velocity profiles in the same format as Figure 3.3, using only the
beam with 83° elevation angle and —157° azimuthal angle. MLT = magnetic local time.

both the mismatch of the geographic and the geomagnetic poles and the asymmetry of dawn-dusk
ionospheric convection. However, since the instrument we used is fixed on the Earth surface, the
importance of these factors cannot be resolved based on the present data set.

Zou et al. (2014) found downward ion fluxes as large as ~10'* m2s! within the SED plume
using the PFISR observation (65.4° MLat). They suggested that the downward flux could be
explained by enhanced ambipolar diffusion due to an increase in pressure gradient and/or large
poleward thermospheric wind during storm times, which can push the plasma downward along the
field lines. In the dayside lower latitude region, the magnetic field has a smaller inclination angle,

so the ExB drift velocity and the horizontal equatorward wind has a larger upward projection on
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Figure 3.9: Line-of-sight 1on fluxes profiles in the same format as Figure 3.3, using only the beam
with 83° elevation angle and —157° azimuthal angle. MLT = magnetic local time.

vertical direction, which plays an important role in lifting and holding the plasma at high altitudes.
This is also suggested to be important for the formation of high density within SED (Heelis et al.,
2009; Zou et al., 2013, 2014). In our case, the elevation angle of magnetic field lines near Resolute
Bay is ~86.41°. The almost vertical field lines make the ExB drift velocity and the horizontal
thermospheric wind become ineffective in holding the high-density plasma within the patch. Given
a typical patch ExB drift velocity being ~200 — 400 m/s (Hosokawa et al., 2009) and a typical
anti-sunward thermospheric wind velocity being ~200 m/s at Resolute (Wu et al., 2017), the anti-
sunward ExB drift contributes to ~12 — 25 m/s vertically upward velocity on the dayside and
downward velocity on the night side, while the anti-sunward thermospheric wind causes ~12 m/s
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vertically downward velocity on the dayside and upward on the night side. Because the vertical
projections from the anti-sunward ExB drift and thermospheric wind have opposite signs on the
day and night sides, their combined effect is likely not important in affecting the vertical motion
of the patches. Given ~60 — 100 m/s downward velocity measured within the patches using the
vertical beam, we suggest that the high-density plasma within the patches move downward are
mainly due to a combination of pressure gradient force and gravitational force.

As for the beam with 83° elevation and -157° azimuthal angle pointing equatorward, since it
has lower elevation angle than the magnetic field lines, the anti-sunward ExB drift will have larger
downward component when projected along this beam on the dayside and upward component on
the night side, same direction as the contribution from the anti-sunward thermospheric wind. Given
the same typical ExB drift velocity and thermospheric wind velocity mentioned above, the ExB
drift contributes ~15 — 30 m/s downward velocity on the day side and upward on the night side
along this beam direction, while the thermospheric wind produces ~12 m/s velocity downward on
the dayside and upward on the night side. In total, they can lead to ~42 m/s ion velocity downward
at dayside and upward at night side, which is comparable to the results shown in Figure 3.8.

In short, using only the measurements from the vertical beam, we found downward ion fluxes
on a scale of 10!> ms™! within the patches in all four sectors, likely caused by the pressure gradient
force and gravity. Typical ExB drift and thermospheric wind at Resolute Bay are not large enough
to lift or hold the lifted high density within patches at high altitudes, because of the high elevation
angle (86.41°) of the magnetic field lines. A tilted beam with 83° elevation angle has observed
more patches and therefore provided better statistical results, which shows downward ion fluxes
along the beam in dawn, noon and dusk sectors and upward ion fluxes along the beam in the
midnight sector. However, the upward motion of the patches along this beam could be partially

caused by the beam’s inclination and projection of the ExB drift and thermospheric wind.

3.5 Summary and Conclusion

In this chapter, we analyzed the ionospheric plasma state parameters measured by RISR-C in 2016
to identify the polar cap patches, and study their statistical characteristics, including occurrence
frequency in terms of magnetic local time, and the median vertical profiles of their plasma prop-
erties. This work is the first systematic study on the vertical plasma profiles of polar cap patches.

The conclusions are summarized as following:

* The patches are observed more often in the afternoon sector between 1400-1900 MLT.

* The density enhancement in the patches can extend from ~200 km up to above 500 km on

dayside and up to ~450 km on night side. The ratio of F-region density peak between the
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patches median and the sector median is ~1.8 on the dayside and ~2.1 on the night side.
Below ~200 km, the patches median density is lower than the sector median density except

in the midnight sector.

* Electron temperature within the patches is lower than the sector median in the noon, dusk
and dawn sectors, and the difference is as large as ~380 K in the noon sector, which suggests
that the main plasma source of the patches is solar EUV-produced plasma in the dayside sub-
auroral region rather than soft particle precipitation. Smaller electron temperature decrease
within the patches is found in the dawn and dusk sectors comparing with that in the noon

sector.

* In the noon sector, ion temperature within the patches is higher than the sector median by
~175 K. We suggest that this is due to stronger coupling between the electrons and ions
within patches due to higher Coulomb collision frequency. No significant differences be-
tween the ion temperature within the patch and sector median are found in the other sectors.
The median Te/Ti ratio in the noon sector can reach as large as ~1.9 between ~290 — 430
km, while within the patches the Te/Ti ratio is ~1.3 — 1.6 at the those altitudes.

1

« Downward ion fluxes on a scale of ~10'* m2s! are observed within the patches in all the

sectors, which are likely due to the combination of pressure gradient and gravitational forces.

It should be noted that the above results are based on the first year of RISR-C data. The patch
identification algorithm and statistical analysis presented in this paper will be applied to a more
comprehensive data set in the future as RISR-C continues to collect more data. In particular,
more field-aligned beam observations have been scheduled, which will improve the field-aligned

velocity and flux statistics in the future.
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CHAPTER 4

Statistical Study of Ion Upflow and Downflow
Observed by PFISR

4.1 Introduction

Ion upflow in the F region and topside ionosphere can greatly influence the ion density and fluxes
at higher altitudes and thus may have significant impact on ion outflow. In this chapter, we inves-
tigated the statistical characteristics of ion upflow and downflow using a 3-year (2011-2013) data
set from the Poker Flat Incoherent Scatter Radar (PFISR).

The results show that ion upflow is twice as likely to occur on the nightside than on the dayside
in PFISR observations, while downflow events occur more often in the afternoon sector. Upflow
and downflow on the dayside tend to occur at altitudes ~500 km, which is ~100 km higher than
those on the nightside. Both upflow and downflow occur more frequently as ion convection speed
increases. Upflow observed from 16 to 6 magnetic local time (MLT) through midnight is associated
with temperature and density enhancements. Occurrence rates of upflow on the nightside and
downflow on the dayside increase with geomagnetic activity level. On the nightside, the occurrence
rate of ion upflow increases with enhanced solar wind and interplanetary magnetic field (IMF)
drivers as well as southwestward local magnetic perturbations. The lack of correlation of upflow
on the dayside with the solar wind and IMF parameters is because PFISR is usually equatorward
of the dayside auroral zone. Occurrence rates of downflow do not show a strong dependence on the
solar wind and IMF conditions. However, they occur much more frequently on the dayside when
the IMF By > 10 nT and the IMF Bz < -10 nT, which may be associated with the decaying of the
dayside storm-enhanced density (SED) and the SED plume.

In the next section, the methodology used to identify the ion upflow and downflow events is
described. In section 3, statistical results regarding the density, temperature, fluxes, and occurrence
rates of ion upflow and downflow as a function of season, magnetic local time (MLT), ionosphere

convection, local magnetic perturbation, geomagnetic activity level, and solar wind and IMF are
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presented. Summary of the findings of this study is given in section 4. The work in this chapter
has been published in Ren et al. (2020b).

4.2 Methodology

4.2.1 Instrumentation

The PFISR is part of the NSF-supported AMISR facility that is used to conduct studies of the
upper atmosphere and to observe space weather events. The PFISR data used in this study are
downloaded from the SRI AMISR database and the CEDAR Madrigal database. Considering the
solar cycle trend and gradual decay of the radar transmit power over time, PFISR has some of its
highest quality data from 2011 to 2013 during the peak of solar cycle 24. Therefore, we selected
these 3 years (2011-2013) of PFISR data to conduct the statistical study.

4.2.2 Upflow and downflow event identification

The field-aligned ion velocity profiles from the long-pulse PFISR data are used to identify the
ion upflow and downflow events. In the high-altitude ionosphere, the ISR data might have large
measurement uncertainties. Therefore, we select our upflow and downflow events based on the
following criteria. First, we have data quality control criteria that the ratio between the velocity
measurement uncertainty and the magnitude of the measurement itself must be smaller than one
unless the uncertainty is less than 100 m/s. Second, following the method used in Ogawa et al.
(2009), we select reliable ion upflow/downflow events when there are at least three consecutive
ion field-aligned speed larger/smaller than 100/-100 m/s in the velocity altitude profile. Figure 4.1
shows examples of the identified ion upflow events (left) and downflow events (right). Dots with
green crosses indicate data points satisfying the defined upflow/downflow events selection criteria,
while dots with red crosses mean low-quality data points that fail to meet the first criterion. As a
result, a total of 36,061 upflow events (or vertical profiles) and 39,632 downflow events (or vertical
profiles) have been identified in these 3 years of data. A more restrictive data selection method has
also been used and the results are similar and included in the supporting information of Ren et al.
(2020b).

4.2.3 Occurrence rate estimation

The identified upflow and downflow data sets are binned according to MLT, month, geomagnetic

activity level indicated by the SymH index, and the auroral electrojet index (AE), as well as solar

52



11-Feb-2012 04:29:51UT 11-Feb-2012 04:04:15UT

700 I T I T T 700 T | T | T T
(AN
600 [t 1 600 - I -
tof
500 1 500 |
€ € |
< < |
3 400 1 1 8 400 - |
= 2
= | = |
300 - : . 300 | :
I |
200 - lo | . 200 - |
lgs! |
FY |
100 1 1 | 1 | 1 1 100 1 1 | 1 | 1 1
-1500 -1000 -500 O 500 1000 1500 -1500 -1000 -500 O 500 1000 1500
Field-aligned ion velocity (m/s) Field-aligned ion velocity (m/s)

Figure 4.1: Examples of identified ion upflow and downflow events. The left and right panels show
examples of an ion upflow record and a downflow record, respectively, on 11 February 2012. The
dashed vertical lines mark -100/100 m/s field-aligned ion velocity. The dots in red mark the invalid
data points that do not satisfy the data quality criteria, while those in green indicate all the valid
data points with velocity smaller/larger than -100/100 m/s for downflow/upflow. Profiles with at
least three consecutive green dots are selected as downflow/upflow events.

wind and IMF conditions. For each bin the relative occurrence rate of ion upflow and downflow is

defined by
n(X)
N(X)

where the variable X could be MLT, month, AE, SymH, solar wind, or IMF parameters, the numer-

f(X) =

(4.1)

ator n is the number of upflow and downflow events in the bin, and the denominator NN is the total
number of PFISR observations available in that bin. To illustrate more robust statistics, we only
show bins with N larger than 20. In order to estimate the uncertainty of the occurrence frequency,

we use the following formula to calculate the standard deviation o within each bin:

_ [ Ixd=7)
o= N1 (4.2)
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where f is the frequency. Depending on the integration time, the PFISR data have 1- to 5-min time
resolution. The range resolution is 36 and 24 km for 480 and 330 ps pulse length, respectively,
which is comparable to the data used in Ogawa et al. (2009). To associate geomagnetic indices
such as the SymH, AE, as well as solar wind and IMF data with each PFISR measurement record,
we calculated the average values of these data within a 5-min window before the center of the

measurement time and matched them with each measurement record.

4.3 Results

4.3.1 Diurnal and seasonal variations of ion upflow and downflow altitude

and occurrence frequency

The left panels in Figure 4.2 show the distribution of ion upflow occurrence frequency over months
(top panels) and MLT (bottom panels). MLT is roughly UT + 13 hr at PFISR located near Fair-
banks, Alaska. In the seasonal plots (top panels), the upflow and downflow occurrence frequencies
reach the maximum (~12%) near-summer solstice, that is, May—July, and the minimum (~6%)
after winter solstice, that is, January—February. (Figures 4.2a and 4.2b).

In Figures 4.2c and 4.2d, ion upflow occurs more often on the nightside centered just after
midnight, that is, 23-3 MLT. The upflow occurrence frequency reaches the maximum (~12%)
around midnight, which is more than double the minimum occurrence rate (~5%) in the noon
sector (Figure 4.2c). In contrast, the downflow occurs more often in the dusk sector. The downflow
occurrence frequency reaches the maximum (~11.3%) in the dusk sector, while the minimum
(~7%) occurs just before dawn (Figure 4.2d).

The distributions of altitudes of the upflow and downflow as a function of MLT are shown in
Figure 4.3. On the nightside, both upflow and downflow tend to occur around 400 km, while on
the dayside the altitude increases to slightly above/below 500 km for upflow/downflow.

4.3.2 Ionosphere density, temperature, and field-aligned flux associated with

ion upflow and downflow

Figures 4.4 and 4.5 show distributions of ion and electron temperature as well as density and flux,
averaged below 600-km altitude, as a function of MLT with only ion upflow/downflow profiles
and also with all the profiles for comparison. On the dayside, due to solar radiation, the overall
median electron temperature is ~2200 K, 700 K higher than that on the nightside (Figure 4.4b),
and the overall median electron density is ~10'* m, about 2.5 times the density near midnight

(Figure 4.4c). The median fluxes for ion upflow are ~3 x 10'* m™ s! and are slightly larger during
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Figure 4.2: Monthly distribution of ion (a) upflow and (b) downflow occurrence frequencies. Mag-
netic local time (MLT) distribution of ion (c¢) upflow and (d) downflow occurrence frequencies.
MLT is universal time (UT) + 13 at the PFISR site.
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Figure 4.3: Median altitudes of ion (a) upflow and (b) downflow observed by PFISR at each MLT.
The dots mark the median altitude of upflow/downflow observed within each MLT bin, while the
vertical bars indicate the interquartile range from 25% to 75%.

daytime due to the higher density (Figure 4.4d). There are clear electron (~200 K) and ion (~50
K) temperature enhancements for upflow observed from 16 to 6 MLT throughout the nightside,
which suggests that ion upflow seen at those MLTs is more likely associated with auroral particle
precipitation.

For ion downflow, as shown in Figure 4.5, there is no clear difference in temperature or density

comparing with the overall values at each MLT, except that near ~6 MLT the downflow is associ-
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ated with an ~50 K increase in the median ion temperature. The median fluxes of downflow vary
between 2 and 4 x 10" m™ s™!, depending on the MLT.
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Figure 4.4: Distribution of (a) ion and (b) electron temperature, (c) electron density, and (d) field-
aligned ion flux, averaged below 600 km, as a function of MLT with only ion upflow profiles and
with all the profiles. The upflow flux is averaged over altitudes where the upflow occurs. The dots
mark the median value for each bin and the vertical bars indicate the interquartile range from 25%
to 75%.

4.3.3 Localion convection speed dependence of the ion upflow and downflow

occurrence frequency

Ion convection speed (averaged from 65.25° to 66.00° MLat) derived from PFISR multiple-beam
line-of-sight ion velocity measurements were matched with each PFISR altitude profile, and its
correlation with upflow/downflow occurrence frequency is shown in Figure 4.6. Overall, the oc-
currence frequency of both upflow and downflow increases almost monotonically as convection
velocity increases, and the upflow occurrence is more sensitive to the convection flow speed as in-
dicated by the slope of the trend. For upflow on the dayside, the occurrence frequency stays below
10% until convection speed exceeds 2.5 km/s, where the frequency jumps to ~20%, whereas on
the nightside, the frequency grows rapidly as convection velocity exceeds as low as 750 m/s and
reaches 20% at ~1.5 km/s.

This strong correlation between the upflow occurrence and convection flow speed is consistent

with the theory that the frictional heating caused by enhanced convection can lead to ion upflow
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Figure 4.5: Distribution of (a) ion and (b) electron temperature, (c) electron density, and (d) field-
aligned ion flux, averaged below 600 km, as a function of MLT with only ion downflow profiles
and with all the profiles. The downflow flux is averaged over altitudes where the downflow occurs.

The dots mark the median value for each bin and the vertical bars indicate the interquartile range
from 25% to 75%.

(Ma et al., 2018; Strangeway, 2005; Zhang et al., 2016). The higher increasing rate on the night-
side is likely due to the fact that convection flows and particle precipitation tend to occur at the
same time around midnight during enhanced geomagnetic disturbances, and the enhanced convec-
tion flows can extend to latitudes lower than the auroral precipitation boundary but the separation

between the two boundaries are narrower on the nightside (Zou et al., 2009b,a).

4.3.4 Geomagnetic activity dependence of the ion upflow and downflow oc-

currence frequency
4.3.4.1 AE dependence

Figure 4.7 shows how the occurrence frequencies of ion upflow (top panels) and downflow (bot-
tom panels) are influenced by the auroral electrojet strength represented by the AE index. From
left to right, the two panels in the same column show occurrence frequencies averaged over all
MLTs, only on the dayside (9—-15 MLT) and only on the nightside (21-3 MLT), respectively. The
occurrence rate of ion upflow averaged over all MLT (Figure 4.7a) increases steadily with AE from
~6% to ~25%. Although when AE is larger than 1,600 nT, the upflow occurrence frequency starts

to decrease as AE increases. This is likely due to the limited available number of events with AE
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Figure 4.6: Occurrence frequency of ion upflow and downflow as a function of ion convection
velocity for different MLT intervals: (a) all MLTs, (b) on the dayside between 9—15 MLT (4,831
upflow, 7,667 downflow), (c) on the nightside between 21-3 MLT (15,911 upflow, 12,292 down-
flow). (d—f) Downflow occurrence frequencies are in the same format as that for upflow.

higher than 1,600 nT, as indicated by the increasing size of the error bar. On the dayside (Figure
4.7b), there is no obvious relationship between AE and the upflow occurrence rate for AE less
than ~1,000 nT, where the rate is ~5%. When AE is greater than 1,000 nT, the upflow occurrence
rate on the dayside increases to ~13%. On the nightside (Figure 4.7¢), there is a clear increasing
trend for the upflow occurrence rate, that is, from less than 10% for quiet time to ~25% when
AE increases from 0 to ~700 nT. After AE exceeds ~700 nT, the upflow occurrence rate does not
change significantly, while at the same time, the uncertainties reflected by the size of the error bar
also increase after that due to the lack of observations.

The downflow occurrence frequency does not show any clear dependence with AE when av-
eraged over all MLTs (Figure 4.7d), but it is positively correlated with AE on the dayside (Figure
4.7e) with the maximum occurrence rate of ~17% and weakly negatively correlated on the night-
side (Figure 4.7f) with the peak occurrence rate of ~9% when AE is less than 300 nT. The negative
correlation on the nightside becomes less obvious when AE increases to 1,000 nT due to the re-

duced availability of large AE events.
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Figure 4.7: lon upflow (first row) occurrence frequency plotted over AE index over different MLT
intervals: (a) all MLTs, (b) on the dayside between 9—15 MLT (4,831 upflow, 7,667 downflow),
(c) on the nightside between 21-3 MLT (15,911 upflow, 12,292 downflow). (d—f) Downflow oc-
currence frequencies (second row) are in the same formats as those for the upflows.

4.3.4.2 SymH Dependence

The dependence of ion upflow (top panels) and downflow (bottom panels) occurrence frequencies
on the ring current strength represented by the SymH index is shown in Figure 4.8. From left to
right, the three panels show occurrence rates averaged over all MLTs, in the dayside sector (09-15
MLT) and in the nightside sector (21-03 MLT), respectively. A clear increasing trend of the ion
upflow occurrence rate with increasing ring current strength, that is, decreasing SymH, can be seen
in Figure 4.8a. The upflow occurrence frequency increases from the minimum ~7% when SymH
is ~15 nT to the maximum ~21% when SymH reaches ~-100 nT. Interestingly, the upflow oc-
currence rate also increases when the SymH becomes strongly positive, that is, under conditions
with strong compression of the magnetosphere. Similar to the dependence on the AE index, the
dayside ion upflow occurrence frequencies show no obvious trend with SymH (Figure 4.8b) except
for a significant increase when SymH reaches -120 nT. Under those strong driving conditions, the
dayside auroral oval likely extends to much lower latitudes and engulfs PFISR. Thus, PFISR is
able to probe the dayside auroral oval under these circumstances. A strong correlation between the
nightside ion upflow occurrence rate and SymH can be seen in Figure 4.8c. The nightside occur-
rence of ion upflow increases with decreasing SymH down to ~-120 nT reaching the maximum of
about 29.5%. Again, the error bars are slightly larger for the large negative SymH events because
of fewer PFISR measurements during such disturbed periods.

The ion downflow occurrence rate over all MLTs (Figure 4.8d) shows a weak increasing trend
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with decreasing SymH, due to exact opposite trends on the dayside (Figure 4.8e) and nightside
(Figure 4.8f). On the dayside, there is a strong positive correlation between the downflow occur-
rence rate and the ring current strength, with the peak rate reaching ~31% at SymH ~-135 nT.
In contrast, the nightside occurrence rate of downflow (Figure 4.8f) shows no clear trend for quiet

times (SymH ~ 0), but decreases slightly for large negative SymH.
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Figure 4.8: Ton upflow (first row) occurrence frequency plotted over SymH index over different
MLT intervals: (a) all MLTs, (b) on the dayside between 9-15 MLT (4,831 upflow, 7,667 down-
flow), (c) on the nightside between 21-3 MLT (15,911 upflow, 12,292 downflow). (d—f) Downflow
occurrence frequency (second row) formats the same as upflow.

4.3.4.3 Local magnetic perturbation dependence

Comparing with global geomagnetic indices, local magnetic perturbation is likely a more sensitive
indicator for local ion upflow activities. To study this, we used SuperMAG magnetic perturbation
data with 1-min resolution and baseline subtracted (Gjerloev, 2012) at Poker Flat (PKR) and Col-
lege (CMO) Station, which were matched with all the PFISR records at the closest minute. Figure
4.9 shows the correlation between ion upflow occurrence frequency and local magnetic perturba-
tions. The overall magnetic perturbations near PFISR (Figure 4.9a) are dominated by those in
the southwestward and northeastward directions. On the nightside (Figure 4.9b), the occurrence
frequency of ion upflow increases from below 10% with nearly no magnetic perturbation to above
25%, when there is strong southwestward magnetic perturbation reaching magnitude over 400 nT.
The southwestward magnetic perturbation is due to a tilted westward electrojet typically seen just

poleward of the Harang reversal (Zou et al., 2009b). This clear correlation between the night-
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side ion upflow occurrence and the southwestward magnetic perturbation suggests that enhanced
ion upflow occurrence is due to enhanced auroral precipitation associated with the substorms (Zou
etal., 2009b,a). Meanwhile, such correlation is not found on the dayside. For downflow occurrence

(not shown here), no clear correlation is found on either dayside or nightside.
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Figure 4.9: Heatmaps showing (a) distributions of local magnetic puerturbations matched with
all PFISR records, (b and c) distribution of ion upflow occurrence frequency on local magnetic
perturbations for data on the (b) nightside between 21-3 MLT and (c) on the dayside between
9-15 MLT. The magnetic perturbations are measured in local magnetic north and east directions
and are plotted after applying cubic root for better visual clarity.

4.3.5 Solar wind and IMF dependence of ion upflow and downflow occur-

rence rates

For solar wind and IMF parameters, extracted from NASA OMNI data set through OMNIWeb, we
match them to the upflow/downflow data with the smallest time difference, then take the average of
solar wind and IMF within 5 min ahead of the upflow or downflow events. Considering propagation
of the IMF effects might take over 1 hr from bow shock nose to the nightside auroral zone (Browett
et al., 2017; Rong et al., 2015; Zhang et al., 2015), alternative average durations up to 1 hr have

been tested and no statistically significant differences in the results are found.

4.3.5.1 Solar wind

Figure 4.10 shows how solar wind parameters (solar wind velocity (first row), proton number
density (second row), and dynamic pressure (third row)) influence the occurrence frequencies of
ion upflow. From left to right, the three panels in the same column show distributions over all
MLTs, in the dayside sector and in the nightside sector, respectively. The three panels in the first
column show that the ion upflow occurrence rates slightly increase when the solar wind velocity,
number density, and dynamic pressure increase in general. The solar wind velocity shows the

strongest positive dependency with the upflow. In particular, the occurrence rate increases much
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faster for fast solar wind (>600 km/s) than that for slow solar wind speed. On the dayside (Figures
4.10b and 4.10e), no clear dependences appear between the solar wind velocity and proton number
density and the ion upflow occurrence frequency. On the nightside (Figures 4.10c, 4.10f, and
4.101), stronger dependences of the upflow occurrence rate on all three parameters can be observed,
with the maximum occurrence frequency reaching ~25% during high solar wind velocity ~800
km/s or dynamic pressure ~20 nPa.

Similarly formatted as Figure 4.10, Figure 4.11 shows the dependence of the ion downflow
occurrence frequencies on the solar wind velocity (top row), proton number density (middle row),
and dynamic pressure (bottom row). The downflow occurrence frequency slightly increases as the
velocity increases over all MLTs (Figure 4.11a) and in the dayside sector (Figure 4.11b). No clear
dependence is observed between solar wind proton number density or dynamic pressure and the
downflow occurrence, except that when the proton number density exceeds ~40 cm™, there is an

increasing trend in the downflow occurrence frequency, with a peak of ~18% at ~55 cm™.

4.3.5.2 IMF

Figure 4.12 shows the dependence of ion upflow occurrence frequencies of the total IMF (first
row), IMF Bx (second row), IMF By (third row), and IMF Bz (fourth row) in the Geocentric
Solar Magnetospheric (GSM) coordinates. From left to right, the three columns of panels show
distributions over all MLTs in the dayside sector and in the nightside sector, respectively. The
overall upflow occurrence frequency in the dayside sector (Figures 4.12b, 4.12e, 4.12h, and 4.12k)
is relatively low, that is, ~10%, and insensitive to the IMF parameters. However, there are clear
increasing trends between the ion upflow occurrence frequency and the total IMF over all MLTs
(Figure 4.12a) and in the nightside sector (Figure 4.12c). In Figures 4.7d, 4.7g, and 4.7j, a rough
bimodal distribution with the center around zero can be observed for all three IMF components.
The occurrence rate increases with the magnitude of the IMF components, and the maximum
occurrence rate exceeds 17% for Bx near -12 nT and >30% for By and Bz below -20 nT. This
bimodal distribution is even clearer in the nightside sector (Figures 4.12f, 4.121, and 4.12I).

In the bottom row, the increasing trend of the upflow occurrence rate with negative Bz is much
more rapid than that with positive Bz. It is very well known that strong energy coupling between
the solar wind and the magnetosphere occurs when the IMF is southward (IMF Bz < 0). Therefore,
as expected, the occurrence frequency of ion upflow increases with stronger geomagnetic activities
and auroral zone expansions as the IMF Bz decreases. This increasing trend becomes less clear
when the IMF Bz is strongly southward, that is, smaller than -12 nT, which again is likely due to
the limited availability of strong southward IMF Bz events as evidenced by the larger error bars.

Figure 4.13 shows the dependence of the ion downflow occurrence frequencies of the total
IMF (top row), IMF Bx (second row), IMF By (third row), and IMF Bz (bottom row). From left
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Figure 4.10: Ton upflow occurrence frequency plotted over solar wind parameters, extracted from
NASA OMNI data set through OMNIWeb: Velocity (first row), proton number density (second
row), dynamic pressure (third row), for different MLT intervals: (a, d, g) all MLTs, (b, e, h) on
the dayside between 9—15 MLT (4,831 upflow, 7,667 downflow), (c, f, i) on the nightside between
21-3 MLT (15,911 upflow, 12,292 downflow).

to right, the three columns of panels show distributions over all MLTs in the dayside sector and
in the nightside sector, respectively. The overall correlation between the downflow occurrence
frequency and the total IMF is positive, in particular on the dayside (Figure 4.13b), while on
the nightside there is no clear correlation (Figure 4.13c). No obvious dependency between the
downflow occurrence frequency and Bx can be seen (Figures 4.13d—4.13f), except for extremely
large [Bx| > 12 nT although the error bars become larger as well. In terms of By, on the dayside,
the downflow clearly prefers to occur when By is strongly positive, and the maximum downflow
occurrence frequency reaches ~18% when By is ~18 nT (Figure 4.13h). Similarly, in Figure
4.13k, the downflow occurrence frequency also prefers strongly negative Bz, that is, < -10 nT, on
the dayside.

Since both the IMF By and Bz components have shown notable correlations with upflow and

downflow occurrence frequency, joint distributions are shown in Figure 4.14 to further study the
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Figure 4.11: Ton downflow occurrence frequencies plotted over solar wind parameters, in the same
format as ion upflow (Figure 4.10).

effects from the IMF clock angle and magnitude. Comparison between Figures 4.14e and 4.14h
clearly indicates that, at Poker Flat, the upflow occurrence frequency is significantly higher on the
nightside than it is on the dayside, at least when the IMF Bz is larger than -16 nT. Later discussion
will suggest this is most likely due to its relative location with the auroral zone under quiet and
moderate geomagnetic conditions. The overall occurrence of upflow, as shown in Figure 4.14b,
increases as the IMF Bz decreases, and the highest occurrence frequencies are reached during
strongly negative IMF Bz conditions when the IMF By also has magnitude larger than 8 nT. When
the IMF Bz is near zero, the upflow occurrence shows a bimodal distribution on the IMF By where
the occurrence frequency increases as the IMF By increases its magnitude.

As for downflow, the highest occurrence frequencies are seen on the dayside when the IMF Bz
is strongly negative ~-14 nT and IMF By is strongly positive ~16 nT. Also, by comparing Figures
4.14f and 4.144, it can be noticed that on the dayside negative IMF Bz conditions tend to favor the
occurrence of downflow, while on the nightside downflow seems to occur more frequent during

positive IMF Bz conditions.
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Figure 4.12: Ion upflow occurrence frequency plotted over the IMF components, extracted from
NASA OMNI data set through OMNIWeb: Total IMF (first row), IMF Bx (second row), IMF By
(third row), IMF Bz (fourth row), for different MLT intervals: (a, d, g) all MLTs, (b, e, h) on the
dayside between 9-15 MLT (4,831 upflow, 7,667 downflow), (c, f, i) on the nightside between
21-3 MLT (15,911 upflow, 12,292 downflow).

4.4 Discussion

4.4.1 Upflow

It is generally known that ion upflow can be generated by either frictional heating mechanism (Type
1 upflow) or enhanced ambipolar electric field due to electron heating (Type 2 upflow) (Wahlund
et al., 1992). These heating mechanisms prevail near or within the auroral oval; therefore, the ion
upflow occurrence rate observed by PFISR strongly depends on its relative location to the auroral

oval, the strength of auroral precipitation, and the convection flow speed.
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Figure 4.13: Ton downflow occurrence frequency plotted over the IMF components, with the same
format as the ion upflow (Figure 4.12).

As shown in section 4.3, there is a strong day-night asymmetry of the upflow occurrence fre-
quency with clear preference for nightside. This agrees well with previous statistical studies done
by Keating et al. (1990) and Foster et al. (1998) using data from EISCAT at Tromsg (~66.7° MLat,
similar to PFISR at ~65.5 °© MLat) from 1984 to 1996, in which they found a peak of upflow oc-
currence frequency near 23 MLT varying from 12% to 30% as the solar cycle shifts from minimum
to maximum. In this study, the period selected is the first part of the solar maximum during solar
cycle 24, which was comparable to the period 1987-1989. However, in this study, the peak of
upflow occurrence rate, that is, ~12% near 0 MLT, is lower than their results during 1987-1989
with a peak of upflow occurrence ~20% near 23 MLT. This is due to the fact that solar cycle 24 is

much weaker than solar cycle 22.
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Figure 4.14: Heatmaps showing joint distributions of ion upflow/downflow occurrence frequency
on the IMF By and IMF Bz components. Each row represents a certain MLT sector: (a—c) overall
MLT (first row), (d—f) on the dayside between 9—15 MLT (second row), (g—i) on the night side
between 21-3 MLT (third row). The first column indicates total count of records in each bin, while
the second and third columns show distributions of upflow and downflow occurrence frequency,
respectively.

This day-night asymmetry can be understood by the relative location of PFISR to auroral oval.
As illustrated in Figures 4.15a and 4.15b, under quiet and moderate geomagnetic conditions, this
latitude is usually several degrees equatorward of the auroral oval on the dayside but within the
nightside auroral oval. During strong driving conditions (Figures 4.15c and 4.15d), such as geo-
magnetic storms, the auroral oval expands equatorward both on the dayside and nightside, and it
could extend to the PFISR latitude or even beyond. The ion upflow occurrence rate starts to show
a positive correlation with the geomagnetic activity levels under these circumstances, for example,
when the AE index exceeds 1,000 nT (Figure 4.7b) or the SymH index reaches -120 nT (Figure
4.8b).
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Figure 4.15: Illustration of PFISR location, marked by the star, relative to the auroral zone, during
(a, b) quiet to moderate geomagnetic condition and (c, d) storm condition.

The absence of correlation between dayside upflow occurrence and the solar wind and IMF
parameters indicates the limited effects from these individual parameters on regions at latitudes as
low as PFISR. While in the nightside auroal zone, where parameters like the solar wind velocity,
dynamic pressure, and the IMF Bz have direct influence on the precipitation intensity and convec-
tion velocity, such correlations are much stronger. This result suggests that the nightside auroral
oval is a key region for supplying ions into the magnetosphere.

Compared to the study using data from the EISCAT Svalbard radar (ESR) located at 75.2°
MLat (Liu et al., 2001; Ogawa et al., 2009), a clear difference in the diurnal distribution of ion

upflow occurrence rate is found. Data from ESR revealed that ion upflow occurs most frequently
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on the dayside (09-15 MLT), while PFISR observed much higher frequency for ion upflow on the
nightside (21-03 MLT). Due to the difference in geomagnetic latitude, ESR is closer/at auroral
zone on the dayside while PFISR is closer/at auroral zone on the nightside. Combining results
from both studies, we can conclude that ion upflow occurs preferentially at the dayside cusp and
nightside auroral zone.

The altitude distribution shown in Figure 4.3 suggests that on the nightside ion upflow tends to
occur at ~400 km, nearly 100 km lower than that on the dayside. This is consistent with the result
reported by Ogawa et al. (2009), which showed that upflow observed during nighttime tends to oc-
cur more often at lower altitudes ~200 km than those during daytime. The main factor contributing
to this altitude difference is likely the ionosphere scale height decreasing from the dayside to the
nightside due to diurnal variation of solar radiation and therefore plasma temperature, as shown
in Figures 4.5a and 4.5b. Another potential reason is that in the nightside auroral oval energetic
particle precipitation can penetrate to the E region or even below, while near the dayside cusp re-
gion soft particle precipitation are often observed to cause electron heating over a wide range of
altitudes above 300 km, accelerating the ions upward through ambipolar electric field (Burchill
et al., 2010).

As shown in Figures 4.4a—4.4c, the enhanced plasma density, ion, and electron temperature as-
sociated with the ion upflow between 15-6 MLT indicate contributions from both frictional heat-
ings and particle precipitation. However, on the dayside between 7 and 14 MLT, no significant
difference are seen in the density or temperature distribution of the ion upflow observed. Ogawa
et al. (2009) suggested that 15-50% of the upflow they found at some MLTs without any ion or
electron temperature increase were probably because the time scale of precipitation or Joule heat-
ing, in comparison with the time scale of the ion upflow, might be too short for them to be observed
simultaneously with the upflow by the ISR. Simulation results by Cohen et al. (2015) suggest that
the high plasma number density on the dayside would result in less significant temperature change
when given a certain amount of precipitation energy input, but the resulting flux can still increase,

as shown in Figure 4.4d, since more ions are being accelerated.

4.4.2 Downflow

Ion downflow has been observed within the tongue-of-ionization and polar cap patches (Ren et al.,
2018) or within the SED plume (Zou et al., 2014), which are typical density structures in the
high-latitude ionosphere during geomagnetic disturbed periods (Crowley, 1996; Deng and Ridley,
2006; Foster, 1993; Foster et al., 2005; Heelis et al., 2009; Hosokawa et al., 2010; Moen et al.,
2008; Ren et al., 2020a; Sato and Rourke, 1964; Thomas et al., 2013; Wang et al., 2019; Weber
et al., 1984; Zhang et al., 2015; Zou and Ridley, 2016). In addition, Shen et al. (2018) showed that

69



downflow associated with ion heating and broadband extremely low frequency (BBELF) waves
can occur at altitudes as low as 350—450 km and often in the postmidnight to dawn sector. This
could be a potential mechanism producing the downflow observed near 2—-6 MLT and ~450 km
altitude in our study, which are associated with clear ion temperature increase as shown in Figure
4.5a. Future study is required to identify potential conjugate events with simultaneous satellite and
PFISR conjunctions.

The preference of the ion downflow during strong positive By and southward Bz at the auroral
latitudes has never been reported before. It has been well known that IMF By sign change could
introduce asymmetries in the ionospheric convection and thermospheric wind pattern (Walsh et al.,
2014). In Zou et al. (2013, 2014) and Zou and Ridley (2016), large ion downflow has been ob-
served both by PFISR and in the numerical simulation to be associated with the storm-enhanced
density (SED) base and SED plume. In these studies, they found that the downflow was due to
a combination of enhanced poleward thermospheric wind and enhanced pressure gradient force
within the plume. We have compared the clustered downflow events (more than 50 events within 6
hr) in our data set with the events presented in Zou et al., (2014) and indeed found that they tend to
occur on the dayside within SEDs, such as the 13—14 October 2011, 13—14 November 2012, and
23-24 April 2012 storms shown in Figure 6 in Zou et al. (2014). The association with the SED can
also explain the clear positive correlation between downflow occurrence and geomagnetic activity
levels (Figures 4.7e and 4.7¢) only on the dayside, because the SED is only present during storm
time on the dayside subauroral region and its size and strength could be positively correlated with
the storm intensity. Figure 4.2 clearly shows that the downward flows tend to occur more often in
the afternoon sector. This is also likely due to the fact that the SED and SED plume are strongest

in the afternoon sector.

4.5 Summary and Conclusions

Using PFISR, located near Fairbanks, Alaska, the dependences of ion upflow and downflow in
the ionosphere in terms of the geomagnetic activity and solar wind and IMF conditions have been
investigated. This is the first statistical study on ion upflow and downflow for the American sector.

Here is the summary for the findings:

1. Ion upflows over PFISR are twice as likely to occur on the nightside than on the dayside and

occur slightly more often near summer solstice.

2. On the nightside, both upflows and downflows tend to occur around 400 km, while on the

dayside the altitude increases to slightly above/below 500 km for upflows/downflows.
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10.

11.

. Electron temperature and density enhancements for upflows are observed throughout the

night side, suggesting the association with auroral particle precipitations. Median ion tem-
peratures increase as large as 100 K are seen from 16 MLT to 6 MLT as well, suggesting

contributions from enhanced convection flow speed and frictional heating.

The occurrence frequency of both upflow and downflow increases almost monotonically as

convection velocity increases. The frequency grows more rapidly on the nightside.

The occurrence frequency of ion upflow averaged over all MLTs increases with enhanced
geomagnetic activity levels represented by the AE and SymH indices. The strongest increas-
ing trend is observed on the nightside with ~30% peak occurrence rate when AE reaches
~1,200 nT and SymH reaches ~-90 nT.

On the nightside, the occurrence frequency of ion upflow increases from below 10% with
nearly no magnetic perturbation to above 25%, when there is strong southwestward magnetic
perturbation reaching magnitude over 400 nT. This southwestward magnetic perturbation is
due to a tilted westward electrojet typically seen just poleward of the Harang reversal and
thus suggests the nightside upflow tends to occur during periods with clear Harang signa-

tures, such as substorms.

. Overall, the occurrence rate of ion upflow increases with enhanced solar wind velocity, num-

ber density and dynamic pressure, especially on the nightside. In particular, a stronger de-
pendency is identified for fast solar wind (>600 km/s).

. The occurrence frequency of ion upflow increases as the total IMF and the magnitude of the

three IMF components increase. The strongest correlation is observed for southward IMF

Bz on the nightside.

. No clear correlation of upflow on the dayside with any of the solar wind and IMF parameters

has been observed. This is because PFISR is typically located equatorward of the dayside
auroral zone. Enhanced upflow occurrence on the dayside is observed only during strong

geomagnetic activity levels, that is, when SymH reaches -120 nT or AE exceeds 1,000 nT.

Ion downflow clearly prefers to occur in the afternoon sector and occur slightly more often

near summer solstice.

Ion downflow tends to occur more frequently on the dayside during strong geomagnetic
activities, indicated by larger AE and more negative SymH, suggesting its association with

SED in the dayside subauroral regions.
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12. In general, no strong correlation observed between the ion downflow and solar wind param-

13.

eters, except that when proton number density exceeds over 50 m™ the downflow occurrence
frequency increases up to ~18%. The downflow occurrence frequency also slightly increases

on the dayside when the solar wind velocity increases.

The overall occurrence rate of downflow is not clearly correlated with IMF Bx. However, on
the dayside, it clearly occurs much more often when IMF By is strongly positive, that is, >10
nT, and when IMF Bz is strongly negative, that is, < -10 nT. Some of these downflow events

are associated with SED base and SED plume, as have been shown in Zou et al. (2014).
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CHAPTER 5

Summary and Conclusion

5.1 Concluding remarks

In this dissertation, the formation process and plasma characteristics of polar cap patches are in-
vestigated in Chapter 2 and 3. The ion upflow occurrence frequency and its correlation with the
solar wind, IMF and geomagnetical activity conditions are studied in Chapter 4.

In Chapter 2, we reported comprehensive observations of a polar cap patch being segmented
from the SED by a transient fast flow near the cusp. The enhanced flow speed and transient
direction change were likely associated with a sudden magnitude increase of the negative IMF By
component. The Sondrestrom ISR observation and quantitative estimations show that the patch
segmentation was mainly due to plasma transport rather than enhanced recombination induced by
frictional heating. The patch formation process can be generalized as follows: first, presence of
the SED near the cusp or a preexisted TOI is required; second, there is low-density plasma in
adjacent areas; at last, a transient fast flow channel transporting the low-density areas towards the
high-density region is needed. If the density peak is lifted in the F2 region to ~500 km, frictional
heating is likely not effective for rapid patch segmentation. During geomagnetic storms, the first
two conditions can be often seen near the dayside cusp region, and sudden changes in the IMF
By may lead to sudden location change of fast flow channels and the subsequent transport of low-
density plasma to high-density plasma region and thus the formation of polar cap patches.

In Chapter 3, through a statistical study, we show that most of the polar cap patches share sim-
ilar electron temperature characteristics as the SED plasma produced by dayside photoionization
at lower latitudes, which suggests that majority of the patch plasmas originate from the dayside
subauroral region instead of the auroral zone due to particle precipitation. In addition, the patches
in the deep polar cap are observed most frequently in the afternoon sector between 1400-1900
MLT, and downward ion fluxes ~ 10'3 m2s! are often observed within the patches, due to pres-
sure gradient and gravitational forces in an almost purely vertical magnetic field environment. As

RISR-C collects more data in the following years, the patch identification algorithm presented in
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this chapter can be readily applied to a larger data set and a solar cycle dependence of the patch
occurrence can be conducted in the future.

In Chapter 4, the correlations of ion upflow and downflow occurrence frequency in the iono-
sphere with the geomagnetic activity and solar wind and IMF conditions have been investigated
using PFISR observations during 2011-2013. The results show that ion upflow at PFISR location
are more likely to occur on the nightside and near summer solstice. In general, ion upflows occur
at a higher altitude on the dayside than that on the nightside, and the occurrence rate increases with
enhanced solar wind and IMF driving, geomagnetic activities and convection speed. On the night-
side, ion upflow occurs significantly more frequently when strong southwestward ground magnetic
perturbation is present, which is mainly caused by the northwestward auroral electrojet during en-
hanced geomagnetic activities. lon downflow clearly occurs more often on the dayside when IMF
By >10 nT and IMF Bz < -10 nT. Some of these downflow events are associated with the SED
base and the SED plume, as have been shown in Zou et al. (2014).

5.2 Future works

5.2.1 Spherical harmonics reconstruction of TEC maps

The Madrigal Database (Rideout and Coster, 2006; Vierinen et al., 2016) provides global maps
of vertical TEC measurements calculated from dual-frequency GNSS data collected by world-
wide distributed receivers (over 5000 of them). The GNSS system used here include both the
Global Positioning System (GPS) and the Global Navigation Satellite System (GLONASS). The
Madrigal TEC maps are provided with a spatial resolution of 1° latitude by 1° longitude and a
temporal resolution of 5 minutes. Mainly due to the absence of GNSS receivers over the oceans,
the TEC measurement is missing at around 75% of the globe. In practice, a 3° by 3° median filter
is usually applied to reduce the percentage of missing values down to about 50%, as shown in the
left panel of Figure 5.1. In this work, we adopt the median filtered data as the observations and
used spherical harmonic (SH) functions to estimate the global TEC distribution.

The SH fitting can create a general estimation on the large-scale TEC distribution. Known
as the angular portion of the solutions to the Laplace’s equation in spherical coordinates, the SH
functions define a complete orthogonal basis and therefore can approximate a sufficiently smooth
surface function defined in the spherical coordinates. Treating the TEC map at a given time as
a function on spherical coordinates, f(6, ¢), we can approximate the TEC distribution using SH

expansion

lmaz l

f0,0) = Y a'V"(0,0),

=0 m=—1
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Figure 5.1: (Left) Madrigal TEC map with missing data and (Right) complete TEC map approxi-
mated by the spherical harmonics expansion.

where 6 and ¢ are the elevation and azimuth angles. Y,”(6, ¢) denotes a SH with degree m and
order [ (Jm| < 1), and a}" is the corresponding coefficient. For convenience, we give each harmonic
function with degree m and order [ a unique index j = > + [ + m + 1 and each observation an

index ¢, then we have a system of linear equations in terms of the coefficients

Yi(01,61) ... Yi(01,01) | |a f(61, 1)

~
~

Yi(On,én) .. Yi(On,én)| |ar f(On, éN)

that can be written as YA = F', where k = (I,naz + 1)? and N is the total number of observations
in the TEC map. The best coefficients A can be obtained by solving the least-square optimization

problem with Tikhonov regularization
min|F =Y All; + v[TAJ;

where T is a diagonal matrix with I'; ; = 1;({; + 1) and [; denotes the order of the j* harmonic
function. The purpose of having Tikhonov regularization is to avoid overfitting artifacts by pe-
nalizing high-frequency harmonics. Lastly, negative TEC values are removed based on a method
using inequality constraints (Zhang et al., 2013).

To determine an optimal set of parameters {l,,.., i1}, data at certain longitudes and latitudes
were reserved for validation, while the remaining data were used for the SH fit, as shown in Figure
5.2. Then, as shown in Figure 5.3, mean square error (MSE) between the fitted values and measured
values of the validation data was calculated for each {/,,,., ;t} combination in a grid search. In
Figure 5.4, as the maximum order [,,,, reaches 15, significant artifacts start to occur, e.g. low-
TEC patches (blue) appear within the high-TEC region (red) near the equator. Comparing {/,,,,, =
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15, = 0} with {l,0. = 15,0 = 0.1}, it’s noted that the low-TEC artifacts are eliminated by
adding regularization. By fixing p at 0.1 while increasing l,,,,, from 1 to 15, as shown in Figure
5.4, the SH fitting result can better approximate detailed TEC structures as /,,,,, increases from 1
to 5. However, artifacts start to appear when [,,,,, continues to increase. In Figure 5.4, it can be
noted that a high-TEC patch suddenly appear near 45° S latitude when [,,,, changes from 8 to 9.
Figure 5.5 shows the MSE calculated with the validation data at different {/,,,,, u} parameters.
When [, < 5, the MSE drops rapidly with /,,,,,. due to the better approximation achieved by the
higher complexity of the SH expansion. For [,,,,,, > 5, the presence of artifact gradually becomes
more dominant and the fitting results starts to get worse for [,,,,,, > 12. Based on the results shown
in Figure 5.4 and Figure 5.5, {l,,s. = 8, 1+ = 0.1} is considered the optimal pair of parameter that

produces the best approximation to the observations without creating significant artifact.

Raw TEC MF LT NaN Mask for validation
2016-10-13/00:02:30 Validation set size: 4349 Percentage: 15.6%

90 s &=

Figure 5.2: (Left) Madrigal TEC map with missing data and (Right) Remaining data used for the
SH fit after the validation data are removed.

5.2.2 TEC maps imputation

Using the SH fit of Madrigal TEC maps described in Section 5.2.1 as auxiliary data, we can adopt
a matrix completion method named Video Imputation with Softlmpute, Temporal smoothing and
Auxiliary data (VISTA) that is proposed by Sun et al. (2020) to obtain complete TEC maps with
all the data gaps filled with imputed TEC values. The VISTA algorithm takes a time sequence of
TEC maps as input and leverages the information in the auxiliary data and neighboring maps in
the sequence to impute the missing TEC values. For regions where data is available, the algorithm

would use values as close to the measurements as possible.
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Figure 5.3: SH fit results by using different parameters {l,,q., 1} and the corresponding MSE
calculated using the validation data.

The advantage of the obtained VISTA TEC maps is that mesoscale structures observed in the
original TEC maps are well preserved while the missing data points are filled in with reasonable
values. In Figure 5.6, a comparison of an original Madrigal TEC map, its SH fit and VISTA TEC
map is shown. The left panel of Figure 5.6, the same as Figure 1.8, shows the appearance of a
polar cap patch in the Northern Hemisphere during a geomagnetic storm on September 8, 2017.
The west half of the patch is mostly buried by a large block of data gap. In the middle panel of
Figure 5.6, we can see that the SH fit gives a smooth estimation of the TEC distribution with little
mesoscale structures. In the right panel of Figure 5.6, it can be seen that the VISTA algorithm is
able to keep most of the observed TEC structures unchanged while it manages to fill the data gaps

with reasonably good values.

5.2.3 Application of VISTA TEC maps for ionosphere research

The TEC map is a key data set for studies on various important ionosphere subjects, such as
equatorial ionization anomaly, plasma bubbles, travelling ionospheric disturbances, mid- and high-

latitude trough, SED, polar cap patches and even auroral precipitations. By leveraging the complete
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Figure 5.4: SH fit results by using different orders /,,,,,, while fixing p = 0.1 and the corresponding
MSE calculated using the validation data.

VISTA TEC maps, we can develop algorithms for automatic identification of these ionosphere
subjects without issues caused by the large data gaps, and then construct events database for sta-
tistical studies. By treating TEC maps as images, a variety of computer vision algorithms, like
object detection, movement tracking and image segmentation, could be potentially applicable to
such problems. With multiple years of complete TEC maps, high-performance machine learning

models can be developed to forecast global ionosphere density distribution.
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Figure 5.6: (Left) Polar view of Madrigal TEC map (after applying a 3-by-3 median filter) with
missing data, same as Figure 1.8, (Middle) TEC map approximated by the spherical harmonics ex-

pansion, and (Right) complete TEC map obtained by applying the VISTA method. TEC structures
such as polar cap patch and auroral oval enhancement are well persevered in the imputed map.
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