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ABSTRACT

Storm-Time Equatorial Thermospheric Dynamics and Electrodynamics

by

Luis A. Navarro Dominguez, Doctor of Philosophy

Utah State University, 2020

Major Professor: Dr. Bela G. Fejer
Department: Physics

We present the first comprehensive study of the equatorial thermospheric dynamics
and ionospheric electrodynamics over Peru following enhanced energy depositions into the
high-latitude ionosphere during geomagnetic storms. We used extensive observations of
ionospheric plasma drifts and of night-time thermospheric neutral winds from the Jicamarca
Incoherent Scatter Radar and from the network of Fabry-Perot Interferometers deployed
in the central region of Peru respectively. In the first part, empirical seasonal dependent
quiet-time neutral wind baselines are derived and compared with current empirical models.
Then, we present, for the first time, the seasonal climatology of the equatorial nighttime dis-
turbance winds and their variations under local and extended geomagnetic activity periods.
These night-time disturbances are strongest in the east-west direction; they are westward
and strongest around midnight. The disturbance winds increase during extended geomag-
netic activity periods mostly around midnight and in the postmidnight sector. We present
a simple empirical model that provides a significantly more accurate representation of the
disturbance winds, particularly during the recovery phase of the storms, than provided by
current models. In the second part, we extended the current empirical characterization

of storm short-term (time scales between about 3 and 9 hours) storm-time wind-driven
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equatorial disturbance dynamo zonal electric fields (vertical plasma drifts) and their depen-
dence on solar flux and level of geomagnetic activity. The vertical disturbance drifts are
downward near dusk with largest magnitudes around the equinoxes, where they increase
from solar minimum to solar maximum and with the level of geomagnetic activity. Later
at night, these disturbance drifts are upward and their magnitudes increase strongly with
geomagnetic activity but not much with solar flux. The peak of downward disturbance
drifts close to dawn move to later local time with increasing flux. Finally, we show the
highly coupled dynamics and electrodynamics of the equatorial zonal ionospheric drifts and
thermospheric winds during geomagnetic quiet and disturbed times. The close agreement
of the season dependent zonal disturbance drifts and thermospheric winds is presented for
the first time. Then, we also present the first experimental evidence of highly correlated
perturbations on the zonal drifts and winds due to very short lived (time scales 1-3 hours)

prompt penetration electric fields.

(177 pages)



PUBLIC ABSTRACT

Storm-Time Equatorial Thermospheric Dynamics and Electrodynamics

Luis A. Navarro Dominguez

We present the first complete study of the dynamics of the equatorial upper atmo-
sphere (180-350 km) during periods of strong magnetic activity driven by the Sun, which
are generally referred as geomagnetic storms. These storms have the potential to consid-
erably affect satellite-based communications and navigation systems among other severe
technological challenges. We used large databases of two of the most important parameters
at these altitudes, which are the velocities of the neutral and ionized gas (plasma) referred
to as neutral winds and plasma drifts. These measurements were acquired in the Peruvian
equatorial region by the Jicamarca radar and by a network of optical instruments nearby.
In the first part, we derived average patterns of the neutral winds under weak geomagnetic
activity conditions, or quiet times, for different seasons and compared them with predictions
from current upper-atmospheric models. Then, we present, for the first time, the seasonal
patterns of the night-time perturbations in the neutral winds at equatorial latitudes, and
their variations for different solar-driven geomagnetic storms. These wind perturbations are
strongest in the east-west direction and around midnight. They are strongest and longer
lasting during and after extended periods of geomagnetic activity. We present a simple em-
pirical model that significantly improves the prediction of the perturbations in the neutral
winds compared with current models. In the second part, we derive the velocity perturba-
tions in the plasma drifts along the vertical direction following 3 to 9 hours of geomagnetic
activity. We show in detail that these vertical velocity perturbations are small and down-
ward during the day and upward and stronger at night, and vary throughout the year and
for different solar conditions. They are strongest near sunrise and sunset and during the

equinoxes. In the last part of the thesis, we show the close relationship of the neutral wind
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and plasma drift velocities along the east-west direction during both geomagnetic quiet
and disturbed conditions. Finally, we summarize our main results and make suggestions to

improve the understanding of this important topic.
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CHAPTER 1
INTRODUCTION

1.1 Earth’s Thermosphere and Ionosphere

Earth’s atmosphere is the near-space region surrounding Earth that is influenced by
Earth’s gravity. It extends up to about 100,000 km and it is horizontally stratified in regions.
Its structure has been organized depending based on different features and processes. The
most widely used, and the ones important for this dissertation, are the organizations related
to the temperature of the neutral gas and to the plasma density of the ionized gas. The
ionized gas is referred to the ionosphere which is the region where there are sufficient ions
and electrons to affect the propagation of electromagnetic waves.

Figure 1.1 shows typical vertical structures of the neutral and ionized gases with its
corresponding regions. The neutral gas is classified into four thermal regions from which
only the mesosphere and the thermosphere are affected by the ionosphere. We will focus
on the thermosphere which is the main focus of this dissertation. The thermosphere has
a strong temperature increase in its lower boundary due to the absorption of extreme
ultraviolet (EUV) radiation from the sun, and reach a steady temperature above about
300 km. The EUV absorption produces a thermal expansion of the thermospheric neutral
gas producing an atmospheric circulation that is generally referred to as thermospheric
wind system. It also produces ionization of the neutral gas generating ions, electrons and
associated currents, which form the ionosphere (Rishbeth & Garriot, 1969; Prolss, 2004).

The vertical structure of the ionosphere is determined by the relative ratio of ionization
and recombination and by the importance of transport processes. As seen in Figure 1.1, its
vertical structure can significantly change from day to night. The ionospheric regions are
known as D, E, F regions and protonosphere with strong differences in density but also in

composition. We will focus on the F-region which is also a main focus of this dissertation.
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The F-region shows a peak density and ranges from 150 to about 500 km. The dominant
ion species is the oxygen ion. The topside ionosphere is the general term applied to the
regions above the F-region peak. Above this altitude, in the protonosphere, the plasma
density is determined by transport processes like ambipolar diffusion, neutral wind drag

and electrodynamics rather than local ionization (Kelley, 2009; Schunk & Nagy, 2009).

Neutral Cas Ionized Gas
% Pret h
Thermosphere \ skl
1000 = 0004
100 |- Mesosphere 100 +
£ | € ,
: o D Regian
< Stratosphere -
2 =
. bk < |04
— Doy
--- Night
Troposphere
L2 % ! | ! 1 'T, ! ] I
C 400 80C 1200 1600 1o® 10* 10% 108
Temperature, K Plasma Density, cm >

Figure. 1.1: Typical profiles of neutral atmospheric temperature and plasma density with

the various layers (After Kelley, 2009).

Thermospheric winds, driven by daily pressure variations due to solar heating, set the
charged particles of the F-region ionosphere into motion. This motion is the drifts of ions
and electrons along Earth’s magnetic field lines (Rishbeth, 1971a). The geometry of the
Earth’s magnetic field imposes different effects on the plasma density distribution and on
the thermospheric dynamics and electrodynamics. This geometry leads to the latitudinal

classification of high-, mid- and low-latitude that is widely used in aeronomy studies. At high
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latitude, the ionosphere is directly connected to the magnetosphere through the magnetic
field lines. This coupling provides a dominant source of energy from particle precipitation
and strong magnetic fields which drive the high-latitude convection and impart momentum
into the thermospheric winds. At mid latitudes, the height of the F-region electron density
is mainly affected by the transport of neutral winds, diffusion and recombination. At low
latitudes, the magnetic field is nearly horizontal which results in unique transport effects and
on unique phenomena associated with the upward motion of the plasma drifts. Equatorial
ionosphere and thermosphere is generally referred to the latitudinal region below about 15°.

The dynamics and electrodynamics of the thermosphere have been extensively stud-
ied in the past five decades using ground- and space-based instrumentation and theoretical
models (Kelley, 2009; Richmond, 2016; Schunk & Nagy, 2009). However, there are still
outstanding questions regarding the strong variations observed in the equatorial thermo-
spheric winds and ionospheric F-region plasma drifts during periods of strong magnetic
activity or geomagnetic storms (Fejer et al., 2017). During these periods, ionospheric elec-
tric currents variations at the high latitude ionosphere generates global wide changes in
the thermospheric winds and in the ionospheric drifts that propagates to equatorial lati-
tudes at different spatial and time scales. The equatorial thermospheric winds are affected
through a disturbance wind circulation that propagates equatorward from Joule heated re-
gions at high latitudes. The equatorial ionospheric drifts are affected through two main
sources related to the penetration of electric fields of magnetospheric origin, and to the
ionospheric disturbance dynamo electric fields which are also related to the Joule heating of
the high latitude ionosphere. On this dissertation we will focus on the effects of the distur-
bance thermospheric winds and on the ionospheric disturbance dynamo drifts at equatorial

latitudes.

1.2 Overview of this work
In this dissertation we present a comprehensive climatological study of the equatorial
thermospheric winds and of the ionospheric drifts during geomagnetically active periods

over Peru. The disturbances covered on this study are mostly related to Joule-heating-
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driven wind disturbances and to disturbance dynamo effects. Other storm-time effects on
the ionospheric drifts, the prompt penetration electric fields, are not covered by this study,
except for a specific storm case when the effects of these disturbances are observed in winds
and drifts for the first time.

We have used thermospheric winds and F-region ionospheric plasma drifts observations
from the network of Fabry-Perot Interferometers recently deployed in the central region of
Peru, and from the Jicamarca incoherent scatter radar in Peru respectively. The database
used on this study extends from 2011 for the thermospheric winds and from 1968 for the
ionospheric plasma drifts.

The focus of this dissertation will have a major emphasis on the equatorial thermo-
spheric winds. The seasonal dependence of the equatorial disturbance winds and the empir-
ical representation of these disturbances during long storms considering not only the current
but also previous values of the magnetic activity are presented for the first time. The ex-
tensive ionospheric plasma drifts database is used to present the most detailed study of the
shorter time scale (between about 3 and 9 hours) equatorial disturbance vertical plasma
drifts as another major point on this dissertation. Finally, we show for the first time the
strong coupling under disturbance dynamo and prompt penetration electric fields between
zonal plasma drifts and neutral winds.

This dissertation comprises seven chapters. In this first chapter, we present an introduc-
tion to Earth’s upper atmosphere. Chapter 2 presents the background information needed
to understand the thermospheric winds and ionospheric electric fields during geomagneti-
cally quiet and, in particular, active conditions. Chapter 3 describes the instrumentation,
processing methodology and database of the thermospheric winds, and an overview of the
ionospheric plasma drifts used on this study. Chapter 4 presents initially the quiet-time sea-
sonal dependent equatorial thermospheric winds. Later, presents the seasonal dependence
of the equatorial disturbance winds and outlines a simple empirical model that significantly
improves the prediction of thermospheric winds for long storm cases also presented. These

results are also compared with existing empirical models. Chapter 5 presents the solar flux
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and geomagnetic activity dependence of the annual variation of the equatorial disturbance
dynamo vertical plasma drifts. Chapter 6 presents initially the strong drifts and winds
coupling using climatological averages of the zonal plasma drifts and zonal neutral winds
during quiet- and storm-time conditions. Later, presents strong winds and drift coupling
during prompt penetration and disturbance dynamo electric fields for two storm cases.
Chapter 7 summarized our major conclusions and present suggestions for further studies of

the equatorial disturbance winds, equatorial disturbance dynamo drifts and their coupling.



CHAPTER 2
EQUATORIAL THERMOSPHERIC WINDS AND IONOSPHERIC ELECTRIC FIELDS

2.1 Introduction

The equatorial thermospheric winds and ionospheric plasma drifts are the most im-
portant parameters to understand the low latitude dynamics and electrodynamics. These
parameters can show large departures from their regular quiet-time patterns during peri-
ods of strong magnetic activity, generally referred as geomagnetic storms. On this sense,
there has been extensive efforts to deploy and maintain instrumentation, and to develop
theoretical and empirical models which led to significant progress on understanding the
morphology, dynamos and coupling relationships responsible for these observations. How-
ever, even though quiet-time dynamics and electrodynamics are fairly well understood, the
disturbances during storm-time periods are still not fully accounted by current empirical or
theoretical models.

In this chapter we will introduce the essential background information needed to under-
stand the global variations in the equatorial thermosphere and ionosphere during storm-time
conditions. First, we will briefly describe the quiet-time thermospheric winds especially un-
der low and equatorial latitudes. Then, we will describe the storm-time variations of the
low-latitude and equatorial thermospheric winds. Later, we will briefly describe the quiet-
time equatorial ionospheric vertical and zonal plasma drifts. Finally, we will describe the
variations of the equatorial ionospheric plasma drifts under storm-time conditions. We will
discuss briefly prompt penetration electric fields, and then, in more detail, the equatorial
disturbance dynamo electric fields. A major emphasis will be given to the equatorial dis-
turbance winds and to the equatorial ionospheric disturbance dynamo drifts which are the

main focus of this dissertation.



2.1.1 Solar and Geomagnetic Indices

One of the most important indices to monitor the solar activity is the Covington index
or solar flux index (F10.7). It was first introduced by Covington (1947) and have been
measured since 1947 in Canada. It corresponds to the mean spectral energy flux density
of the solar disk measured at a frequency of 2.8GHz, or wavelength of 10.7 cm, in units
of 10722 Wm~2 Hz!. These flux densities are generally referred in solar flux units (sfu).
They range from 50, for solar quiet activity conditions, and up to 300, for extremely solar
activity conditions. They are statistically correlated with the EUV and X-ray radiation
intensities, and so they are regularly used as a good proxy for the daily level of ionization
(Prolss, 2004). For detailed information about this index, the reader might refer to Prolss
(2004) or Tapping (2013) and references therein.

Similarly, several indices are used to monitor magnetic field fluctuations on Earth’s
magnetic field. These disturbances are complex, global wide and have effects on different
time and spatial scales on the ionosphere and thermosphere. The most common geomagnetic
index used for low and mid latitudes upper atmospheric studies is the 3-hour Kp index,
introduced by Bartels in 1932 (Bartels et al., 1939). It is calculated from magnetic field’s
fluctuations at 13 observatories at midlatitudes in both hemispheres and ranges from 0 to
9 from geomagnetically quiet to active conditions in steps of 1/3 units.

The auroral electrojet, or AE index introduced by Davis and Sugiura (1966), is based
on magnetic activity fluctuations around the auroral zone, and so it is a good proxy for
current enhancements due to energy injections within the auroral oval. It is derived every
minute from an array of 12 observatories deployed along the auroral zone in the northern
hemisphere. The observations from the entire array are used to calculate the maximum and
minimum deviations with respect to a monthly quiet-time baseline previously determined.
These values are referred as Auroral Upper, AU index, and Auroral Lower, AL, respectively.
The AE index is later calculated as the differences between them. This index is compiled
and provided by the World Data Center C for Geomagnetism at Kyoto, Japan. For more

information about this index, the reader might refer to Mayaud (1980).
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Finally, the Symmetric-H index, or SYM-H, is a good proxy for the geomagnetic dis-
turbances of the horizontal component, or H-component, of the magnetic field at mid and
low latitudes, and to monitor the state of the geomagnetic storms. It is derived every
minute and is very well correlated to the Disturbance index, or DST index. The Dst index
is an hourly index that monitors the state of the H-component of the magnetic field at low
latitudes. It is generally used to monitor the different phases of the geomagnetic storms.
The storms are generally seen on this index as sharp decreases followed by slow recovery on
the magnitude of this index. The strength of the storm can also be classified depending on
how low this index got. Some classifications state strong storms for DST index slower than
-80 nT (Gonzalez et al., 1994). Thus, DST and SYM-H index are good indicators of the
magnetic state of the ring current and to discern between different storm phases. Similarly,
this index is compiled and provided by the World Data Center C for Geomagnetism at
Kyoto, Japan. For more information about this index, the reader might refer to Mayaud

(1980), Gonzalez et al. (1994) or Wanliss and Showalter (2006) and references therein.

2.2 Thermospheric Winds

2.2.1 Quiet-time Dynamics

Thermospheric winds are intrinsically important parameters and have a large and global
impact on the structure and composition of the upper atmosphere, and are key drivers of
ionospheric electric fields. Their circulation is fueled by the thermal expansion of the neutral
gas due to solar atmospheric heating as a consequence of the absorption of the Extreme
UltraViolet (EUV) radiation (Prélss, 2004). This expansion forms a diurnal pressure bulge
and gives rise to the horizontal pressure gradients that ultimately drives the horizontal
winds system. This airflow, also denoted tidal winds because of its 24 hours periodicity,
is outward from the peak location of the bulge. This peak location follows the seasonal
location of the subsolar point in latitude and is shifted about 2 hours in longitude (e.g.,

Jacchia & Slowey, 1966).
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Several other forces are also important drivers of the thermospheric circulation and
they are expressed in the momentum equation,
Du

1 _ 1
ﬁ:—;VIO—Q(QXH) —vin(a—@)+§+;V(uVU)

where u, Q, v, g, p, vi,, are the neutral wind velocity, Earth’s rotational velocity, ion velocity,
gravity, mass density and ion-neutral collision frequency. The left-hand term corresponds
to the convective derivative of the neutral gas which include acceleration of the neutral
gas and also changes due to advection. The right-hand terms correspond to forces due to
pressure gradient, Coriolis, ion drag, gravity and viscosity respectively. This equation is
not self-consistent to solve for the neutral winds and it is used along with other equations
for this end by theoretical models such like the Thermosphere Ionosphere Electrodynamic
General Circulation Model (TTEGCM) developed by the National Center for Atmospheric
Research (NCAR) (e.g., Qian et al., 2014; Richmond et al., 1992; Roble et al., 1988).
Figure 2.1 shows the horizontal wind circulation for June, December and March at 00
UT and moderate solar activity conditions, F107=100, and geomagnetically quiet condi-
tions, Kp=2+, simulated by Rishbeth et al. (2000). They are representative of June solstice,
December solstice and Equinox respectively and the letters N, S, SP denote the geographic
locations of the North and South magnetic poles, and subsolar point respectively. It shows
how the global circulation of thermospheric winds follow the sub solar point. They show
the diurnal bulge to be the main driver for the thermospheric wind circulation producing an
overall summer-to-winter circulation for solstices and quasi symmetric from equator towards
poles at equinox. The polar winds are strongly controlled by ion drag where the ion-neutral
collision frequency is sufficiently large and acts over a sufficient length of time (Richmond,
1995a). This circulation has strong consequences on the global composition and on the F2-
layer variation (Rishbeth et al., 2000). For a deeper discussion on the momentum equation,

the reader might refer to Rishbeth and Garriot (1969), Rishbeth (1972a) and Prolss (2004).
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Figure. 2.1: Global Thermospheric Wind Circulation for June, December and March. Noon
meridional is at center of each box. Letters N, S and SP indicate positions of the North

and South magnetic poles, and the subsolar point (Adapted from Rishbeth et al., 2000).

2.2.1.1 Equatorial Thermospheric Winds

At the magnetic equator, several studies have used measurements from the Fabry-
Perot Interferometer (FPI) located at Arequipa, Peru (16°28" S, 71°30" W, magnetic latitude
~ 6.7° S) which routinely monitored the night-time thermospheric winds since 1984. Biondi
et al. (1990, 1991, 1999), Meriwether et al. (1986, 2008) and Emmert et al. (2006) determined
the local time, seasonal and solar flux dependence of the geomagnetically quiet nighttime
equatorial thermospheric winds only during June solstice and Equinox due to the large

uncertainty of the observations during December solstice caused by the high frequency
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of cloudy nights (Meriwether et al., 1986, 2008) and by the high occurrence of plasma
irregularities during this season (Fejer et al., 1999).

The equatorial night-time winds are eastward with stronger magnitudes before mid-
night in the zonal direction, and have small magnitudes in the meridional direction, except
at early night for June solstice and Equinox when they start southward. They modestly
increase for increasing solar flux conditions. Their temporal and seasonal variations are
mostly driven by pressure gradients and by the location of the diurnal bulge, and the in-
creasing solar flux variations on the zonal winds are balanced out by stronger ion drag due
to increasing ionospheric F-region plasma density. Figure 2.2 shows some results of the early
climatology studies using Arequipa FPI observations and models predictions from 1983 to
1990. It shows hourly averages, multivariate regression estimates and TIEGCM predictions
for geomagnetically quiet conditions (Kp<3) during equinox (Mar-April, Sep-Oct) and for

low (Sa=94) and high (Sa=176) solar flux activity conditions.
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Figure. 2.2: Climatological (right) zonal and (left) meridional equatorial thermospheric
winds and model results for high and low solar flux and geomagnetically quiet conditions

for Arequipa FPI during equinox (Adapted from Biondi et al., 1999).
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Recently deployed FPIs at Jicamarca (11°57" S, 76°51" W, magnetic latitude ~ 2° S),
and Nasca (14°58" S, 74°53' W, magnetic latitude ~ 5° S) since 2009 and 2011 respectively
have been also used for different studies and to update empirical models. Meriwether
et al. (2011), Makela et al. (2013), Fisher et al. (2015) and Tesema et al. (2017) have
studied quiet-time thermospheric winds over the equatorial Brazilian and African sector
respectively. They found similar zonal wind velocities but also lower than those reported
over the Peruvian sector. They suggested the differences might correspond to differences on
the ion drag due to differences on the plasma density on each location among other causes
(e.g., Martinis et al., 2001; Meriwether et al., 2016).

Biondi et al. (1988) compared zonal drifts from the Jicamarca Incoherent Scatter Radar
(ISR) and zonal winds from the Arequipa FPI. They found a better agreement between both
components for the late night hours and attributed their better correlation to the decrease
of the electron density and the consequent decreasing shorting effect of the E-region and
decoupling of the F-region to lower altitudes which allows the plasma to drift with the
thermosphere. Similar agreements were obtained by Fejer et al. (1985) when comparing
zonal drifts and wind velocities from the Dynamics Explorer-2, or DE-2. Different Satellite
missions have been deployed to study longitudinal dependence of the thermospheric winds
for different seasons (e.g., Emmert et al., 2001; Hausler & Liihr, 2011; Wu et al., 1994;
Xiong et al., 2016).

The most widely used empirical model is the Horizontal Wind Model (HWM) which
derived the global climatological thermospheric wind circulation from different ground- and
space-based observations. It was first introduced as such by Hedin et al. (1988) and have
undergone different updates since then (Hedin et al., 1991, 1996). Drob et al. (2008) pre-
sented the version HWMO07 which included, for the first time, a separate empirical wind
component corresponding to the disturbances generated under geomagnetically active con-
ditions. It is called Disturbance Wind Model (DWM) and we will describe it later in more
detail. And so, the HWMO07 provides spatial, temporal, seasonal and geomagnetic activity

dependent thermospheric wind predictions. Drob et al. (2015) presented the last update
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of this mode, which only updated its quiet-time component. It is generally called HWM14
and includes observations from Jicamarca and Nasca FPIs. Figure 2.3 shows a compari-

son of the equatorial thermospheric winds between quiet-time averages Arequipa FPI and

predictions from HWMO07 and HWM14 evaluated at the same magnetic latitude.
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Figure. 2.3: Seasonal comparison of the (bottom) zonal and (top) meridional equatorial
thermospheric wind for geomagnetically quiet (Kp<3) and moderate low solar flux con-
ditions for the Arequipa FPI, and predictions from HWMO07 and HWM14 (Adapted from
Drob et al., 2015).

2.2.2 Disturbance Thermospheric Winds

Global scale variations are observed during periods of strong magnetic activity, called
geomagnetic storms, caused by solar-related phenomena like Coronal Mass Ejections among
others that deposit energy into the high-latitude ionosphere through different magneto-
spheric processes (e.g., Gonzalez et al., 1994). The effects of these large-scale variations
can strongly affect the global economy and our lifestyle (Oughton et al., 2017). However,
despite the engineering challenges to overcome this threat, there are great physics questions
on how this phenomena affects the near-Earth’s atmosphere.

Under strong geomagnetic activity, changes on the high latitude electrical currents and

precipitation of charged particles play an important role on driving different global distur-
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bances that affect the earth’s upper atmosphere at different time scales. The main sources
of these disturbances are the solar-wind/magnetospheric and the ionospheric disturbance
dynamos. On this dissertation we will focus on the later dynamo which is longer lived and
originates from energy depositions at high latitudes, mostly through Joule heating.

Figure 2.4 shows a simplified sketch diagram of the wind dynamo following energy
depositions at high latitudes. The energy deposited at the poles by current enhancements
or particle precipitation heats up the thermosphere causing global increments on the ther-
mospheric temperature and crucial changes on the regular thermospheric wind circulation.
Heated regions of polar thermospheric air parcels upwardly expand and create horizontal
pressure gradients which cause the air to flow outward and away from the heating source.
This motion distributes the heat globally and creates gravity waves of different spatial scales.
Some of them are short lived waves and are dissipated locally while others superpose gener-
ating a surge-like bulge that propagates equatorward as travelling atmospheric disturbances,
or TADs, creating a meridional wind circulation. They effectively transfer energy from high
to low latitude regions. Other global disturbances caused by these heated regions include
global density variations and also the onset of the disturbance dynamo electric fields that

we will describe in detail later.
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Figure. 2.4: Sketch diagram of the wind dynamo on both poles during a geomagnetic storm.
as observed from an increment of the Auroral Electrojet index, AE, on both poles. travel-
ing atmospheric disturbances transfer energy from higher to lower latitudes causing global
changes on the wind circulation and temperature among other changes due to thermosphere-

ionosphere coupling. (Adapted from Rishbeth (1975) and Prolss (1993)).
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Richmond and Matsushita (1975) first pointed out that large global wind perturbations
extend down from high to equatorial latitudes due to an increment of auroral currents during
geomagnetic storms. Richmond (1978, 1979a, 1979b) studied the relative changes in wave
energy due to production, transport and dissipation. They showed that low-frequency and
high-velocity waves are least affected by dissipative processes in traveling towards mid and
low latitudes over large distances. Moreover, wave energy reaching mid and low latitudes
are independent of the dimensions or time scales of the source but mainly on the total
heat input. Joule heating dominates the production of observable TADs at low latitudes.
Equatorward wind surges have velocities of about 750 m/s and reach lower latitudes in
about 4 to 5 hours and later propagates into the opposite hemisphere. Other recent studies
have obtained similar results (e.g., Emery et al., 1999; Fuller-Rowell, Codrescu, et al., 2013;
Fuller-Rowell, Richmond, & Maruyama, 2013).

Equatorward moving air parcels develop a westward motion in the frame of a rotating
Earth to conserve angular momentum due to the Coriolis force acting over the disturbance
winds traveling equatorward. This building effect of westward disturbance winds is im-
portant to understand the dissipation of the TAD and possible saturation. It has been
postulated by Fuller-Rowell et al. (1994) that the meridional circulation is regulated by the
conservation of angular momentum effect over the induced westward winds which in turn
builds up a poleward wind that limits the meridional circulation and also the westward
winds. Other factors like heat conductivity, viscosity and ion drag are also important role
on the dissipation and duration of the disturbance wind circulation. Joule dissipation plays
an important role on limiting the westward circulation and on the effective energy dissi-
pation at lower latitudes (e.g., Fuller-Rowell et al., 1996; Richmond, 1979a; Richmond &
Matsushita, 1975).

Figure 2.5 shows the global disturbance winds obtained from Upper Atmosphere Re-
search Satellite (UARS) Wind Imaging Interferometer (WINDII) measurements for a geo-
magnetic activity level of Kp=4. It shows the equatorward and westward motions of the

thermospheric disturbances developing at low latitudes.
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Figure. 2.5: Horizontal disturbance winds for an average Kp=4 from WINDII observations

(Adapted from Emmert et al., 2004).

2.2.2.1 Equatorial Disturbance Winds

At equatorial latitudes, most of the storm-time climatological thermospheric distur-
bance wind studies have used longitudinal averaged observations by the Wind Imaging
Interferometer (WINDII) from the Upper Atmosphere Research Satellite (UARS) (e.g.,
Emmert et al., 2001, 2002, 2004; Fejer et al., 2000). They found that geomagnetic effects
over the equatorial thermospheric winds are stronger in the zonal component. Figure 2.6
shows the low latitude and equatorial average disturbance winds from WINDII observa-
tions for three increasing geomagnetic activity levels. The equatorial zonal disturbance
winds are stronger and westward at night and small and eastward in the morning. They
increase with increasing geomagnetic activity and are strongest around 03 LT. They also

found disturbance winds increase equatorward for increasing solar flux.
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Figure. 2.6: Average disturbance winds as function of magnetic local time (MLT) for three
increasing geomagnetic activity levels and for different magnetic latitudes (After Emmert

et al., 2004).
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Emmert et al. (2008) used UARS WINDII, Dynamic Explorer (DE-2) Wind and Tem-
perature Spectrometer (WATS) and seven FPIs to derive and present the Disturbance Wind
Model (DWMO07). The DWMO7 provides spatial, temporal and geomagnetic activity de-
pendent empirical predictions of disturbance winds. It uses the Kp index at the time of the
observation to parametrize the geomagnetic activity level.

Figure 2.7 shows a comparison of the zonal disturbances from DWMO7 predictions
and averages for Arequipa (magnetic latitude ~ 4° S) at specific magnetic local times as a
function of Kp presented by Emmert et al. (2008). The Arequipa FPI nighttime average
disturbances are westward with strongest magnitude around midnight of about 25 m/s for
Kp=8, DE-2 and WINDII averages showed stronger disturbances around 03 LT reaching
about 50 m/s for Kp=9. It also highlights the strong linear Kp dependence of the zonal

disturbances.
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Figure. 2.7: Average zonal disturbance winds from Arequipa FPI data, UARS/WINDII
data, and DE 2/WATS data as a function of Kp. Error bars denote the standard errors of

the mean. (Adapted from Emmert et al., 2008)

More recently, Xiong et al. (2015, 2016) used longitudinal averaged equatorial zonal
disturbance winds from the Challenging Minisatellite Payload (CHAMP) and Republic of
China Satellite-1 (ROCSAT-1) and found overall similar results as previous studies except
that they found largest disturbances around midnight for all seasons, except for June solstice
where largest are around 03 LT. They also suggested that prompt penetration electric

fields, due to sudden changes in the magnetospheric convection (e.g., Fejer, 2011), produce
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additional zonal disturbance winds that are westward in the afternoon sector and eastward
in the post-midnight sector. These studies observed that disturbances occur about 3-4
hours after the high-latitude energy injections and last about 24 hours or longer, which is
consistent with model results presented by Richmond and Matsushita (1975) and Blanc and
Richmond (1980).

Few studies have examined the response of low latitude thermospheric winds to large
geomagnetic storms. Emery et al. (1999) studied the thermospheric response to the Novem-
ber 1993 storm using TTEGCM along with the Assimilative Mapping of Ilonospheric Elec-
trodynamics (AMIE) procedure. They found TAD velocities of about 700 m/s reaching
equatorial latitudes in about 4 hours, and that largest equatorial westward disturbances
occurred around 22 LT for all longitudes. Fejer and Emmert (2003) studied the recovery
phase of the October 1998 storm using observations from WINDII. They found large latitu-
dinal variability on the daytime disturbance winds and that disturbance winds reverse from
westward to eastward around 30°. Earle et al. (2013) studied three storms in autumn 2011
using Second-generation, Optimized, Fabry-Perot Doppler Imager (SOFDI) observations
(Gerrard & Meriwether, 2011). They found that the disturbances at equatorial latitudes
were observed about 5-7 hrs after the initial perturbations in the interplanetary magnetic
field and that they persisted for 20-30 hours.

Meriwether (2013) studied the August 1998 and the October 2000 storms using Are-
quipa FPI observations. Figure 2.8 shows results for the August storm. He used the
geomagnetic indices of Kp and Dst to monitor the magnetic activity levels of the storms,
and found a reduction on the eastward winds that lasted for about two nights and poleward

winds 24 hours after the onset of the storm.
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Figure. 2.8: Equatorial thermospheric response for the 25-29 August 1998 storm using Are-
quipa FPI observations. From top to bottom: Meridional winds, zonal winds, temperatures,
and geomagnetic indices Dst (left) and Kp (right). Solid lines and dashed blue lined shows

TIEGCM predictions and quiet-time averages. (After Meriwether, 2013)
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C. M. Huang et al. (2005), C. M. Huang and Chen (2008) and C. M. Huang (2013) used
the National Center for Atmospheric Research Thermosphere Ionosphere Electrodynamics
General Circulation Model NCAR/TIEGCM to study the time variations of thermospheric
winds in the post storm recovery period. They found that the disturbance winds are stronger
around midnight and that they are more persistent in the zonal than in the meridional
direction. These disturbances lasted for about 10 days in the zonal direction and for about

8 in the meridional direction for nighttime at equatorial latitudes.

2.3 Ionospheric Plasma Drifts

2.3.1 Quiet-time Electrodynamics

Neutral wind circulation has important effects on the ionospheric plasma density and
dynamics. The neutral winds move the plasma along the magnetic field lines. Thus, an
equatorward meridional circulation pushes the plasma both equatorward and upward and
have a big effect on the height of ionized layers like the fountain effect (Coley et al., 1990).
They also generate polarization electric fields and other related phenomena like the day-
night asymmetry of the zonal drifts due to the strong daytime E-region conductivities
(Rishbeth, 1971b); and ion drag effects that allows the zonal winds to reach faster velocities
at early nighttime due to an upward plasma motion before sunset (Anderson & Roble,

1974).

2.3.1.1 Equatorial Plasma Drifts

Most studies of the equatorial ionospheric electrodynamics used observations of the
Jicamarca Incoherent Scatter Radar (12° S, 76.9° W; magnetic dip 2° N). Fejer, Farley, et
al. (1979); Fejer et al. (1985, 1991, 2005) showed the seasonal and solar cycle dependence
of the quiet-time F-region vertical and zonal plasma drifts.

Quiet-time equatorial vertical plasma drifts are upward (downward) during the day
(night) with an enhancement prior to the evening reversal called pre-reversal enhancement.

Figure 2.9 shows the seasonal and solar flux dependence of the equatorial vertical plasma
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drifts over Peru. The strongest seasonal and solar flux effects occur around the pre-reversal
enhancement period. This has important implications for the development of plasma irreg-
ularities (Fejer & Kelley, 1980; Fejer et al., 1999). Various mechanisms were proposed to
explain the evening preversal enhancement (e.g., Farley et al., 1986; Kelley, 2009). Scherliess
and Fejer (1999) presented the most widely used empirical model of the quiet-time equa-
torial vertical plasma drifts derived from ground and space-based observations. It provides
longitudinal, temporal, seasonal and solar flux dependent equatorial vertical drift predic-
tions. Other empirical models have also been developed for the daytime E-region vertical

drifts (e.g., Alken, 2009).
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Figure. 2.9: Seasonal and solar flux comparison of the quiet-time vertical plasma drifts
using Scherliess-Fejer model and averages from Jicamarca observations for equinox, June
solstice and December solstice; and for low, medium and high. Errorbars show the standard

deviations. (After Scherliess & Fejer, 1999)
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Quiet-time equatorial zonal plasma drifts are eastward (westward) during the night
(day). Figure 2.10 shows the dependence of the equatorial quiet-time zonal plasma drifts
over Peru in season and solar flux. These drifts also have largest seasonal and solar cycle
effects near dusk and early midnight. The large day-night asymmetry on the magnitudes
of the zonal drifts is attributed to the strong daytime conductivities in the E-region and
to the action of the prereversal enhancement on the nighttime zonal F-region drifts and
winds (Kelley, 2009; Richmond, 1995b; Richmond et al., 1992). The ionospheric uplifting
around sunset allows stronger zonal winds due to the reduced evening ion drag (Anderson &
Roble, 1974), and consequently stronger eastward wind generates electric fields that yield
to stronger zonal ion drifts (Rishbeth, 1971b). Fejer et al. (2005) derived the empirical
model of the quiet-time equatorial zonal plasma drifts from Jicamarca radar observations.

It provides temporal, seasonal and solar flux dependent equatorial zonal drift predictions.
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Figure. 2.10: Seasonal and solar flux comparison of the quiet-time zonal plasma drifts

using Fejer model and averages from Jicamarca observations for equinox, June solstice and

December solstice (After Fejer et al., 2005).

Figure 2.11 shows in more detail the annual variation of the equatorial zonal plasma

drifts for solar minimum and maximum. The peak magnitudes are largest around the

equinoxes with slightly stronger drifts in the vernal equinox.

The daytime zonal drifts

exhibit an apparent annual variation on the noon zonal drifts, which are westward and

strongest for autumnal equinox during low solar flux conditions. This variation seems to

become biannual for higher solar flux.
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Figure. 2.11: Annual variation of the quiet-time zonal drifts over Jicamarca for (top) solar

minimum and (bottom) solar maximum.
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Other studies include longitudinal dependence of the quiet-time plasma drifts using
observations from different satellite missions (Jensen, 2007; Fejer et al., 2008a; Stoneback
et al., 2011; Fejer et al., 2013; Coley et al., 2014), altitudinal dependence of the plasma drifts
using Jicamarca observations (Fejer et al., 1985; Pingree & Fejer, 1987; Fejer et al., 2014;
Hui & Fejer, 2015; Shidler et al., 2019; Shidler & Rodrigues, 2019), day-to-day variability
(Fejer & Scherliess, 2001), on the development of plasma irregularities Fejer et al. (1999),
and comparisons with theoretical models (Liu et al., 2018; Richmond & Maute, 2014; Fang
et al., 2014; Rodrigues et al., 2012; Richmond et al., 1992; Fesen et al., 2002) among many

others.

2.3.2 Storm-time Equatorial Ionospheric Electric Fields

Enhanced geomagnetic activity can drive large perturbation on the global ionospheric
electric field with a broad range of temporal and spatial scales (e.g., Fejer, 1981; Fejer et
al., 2017, 2002). The main sources of these disturbances are the solar-wind /magnetospheric
and the ionospheric disturbance dynamos (Fejer et al., 2017; Kikuchi & Hashimoto, 2016).
The electric fields of magnetospheric origin can penetrate into the low latitude ionosphere
following sudden changes in the high latitude current system (Fejer & Scherliess, 1997).
They are shorter time scale (less than a few hours) disturbances, occur nearly simultaneously
from auroral to equatorial latitudes and are called prompt penetration electric fields. The
ionospheric disturbance dynamo is a wind-driven electric field with short- and long-lasting
effects over the equatorial ionosphere. Its disturbances can arrive at equatorial latitudes in
about 1-3 hours and can last up to 48 hours (Scherliess, 1997; Scherliess & Fejer, 1997).

Figure 2.12 shows an example of these disturbances over the equatorial ionosphere
during the large storm 8-10 August 1972. The vertical plasma drifts are largely disturbed
during two main periods around midnight and in the postmidnight sector on the 9 and
10 of August. The first perturbations occur almost simultaneously following a sharp and
large increase on the AE index, and so they are considered to be due to prompt penetration
electric fields. The second perturbation is not followed by any considerable change in the

magnetic activity at the time of the observations nor even about 12 hours before, and so



they are considered to be most likely due to disturbance dynamo electric fields.
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Figure. 2.12: Equatorial vertical plasma drifts for the August 1972 storm. Jicamarca Inco-

herent Scatter Radar observations and quiet-time vertical plasma drifts (After Fejer et al.

(1983) and Scherliess and Fejer (1997)).

2.3.2.1 Prompt Penetration Electric Fields

Electric fields of magnetospheric origin can penetrate into the low latitude ionosphere

following sudden changes in the high-latitude convection electric field which can be seen

as sudden increases/decreases on the AE index (Fejer & Scherliess, 1995). These large

changes occur as a result of an imbalance in the high latitude field aligned currents system

due to the solar wind-magnetosphere dynamo (Sazykin, 2000). The resultant disturbances,
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generally called prompt penetration electric fields, are eastward (westward) at day(night)
and southward(northward) from midnight to noon (noon to midnight). After decreases in
the polar cap potential drop, i.e. sudden AE decrease, these polarities are reversed (Kelley
et al., 1979, 2003; Fejer & Scherliess, 1995, 1997; Fejer, Gonzales, et al., 1979; Fejer et
al., 2007). They are also short lived and the largest event was observed around dusk for
the Nov 2003 storm (Fejer et al., 2007). Empirical models have also been developed using
AE index (Fejer & Scherliess, 1997) and also solar wind parameters (Manoj et al., 2008).
FFor different dependencies of these disturbances like solar flux, seasonal and rotation of
the polar cap potential the reader might refer to Sazykin (2000).

These disturbances and the disturbance dynamo electric fields can affect the low lati-
tude ionosphere at the same time and their effects can have similar or opposite polarities.
However, it is possible to remove the effects from these drifts using the AE index to track and
filter out observations following sudden increases or decreases which will represent sudden

changes of the high latitude convection electric field (Fejer & Scherliess, 1995, 1997).

2.3.2.2 Disturbance Dynamo Electric fields

Storm-time equatorial wind surges and changes on the meridional circulation produce
strong changes in the global conductivity and ionospheric electric field. Blanc and Richmond
(1980) presented the first theoretical description of the ionospheric disturbance dynamo and
showed that storm-time heating at high latitudes can lead to significant disturbances in
the thermospheric wind fields and on the global conductivity distribution which generate
disturbance ionospheric electric fields and currents.

Figure 2.13 shows a simplified schematic of the ionospheric disturbance dynamo pre-
sented by Mazaudier and Venkateswaran (1990). As the equatorward thermospheric wind
circulation (Vg) takes places, westward motion is developed on the winds (Viy) to con-
serve angular momentum. These winds drive westward drifts that generate equatorward
ionospheric Pedersen currents (Jp) which are stronger near 150 km where the Pedersen
conductivity is high. These currents build up and accumulate positive electric charges at

the geomagnetic equator. These charges generate a poleward electric field (FEx) which
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drives eastward Hall currents (Jp) and westward plasma drifts which are maximum at
midlatitudes. These currents cannot go through the dusk and dawn terminators due to
the large conductivity gradients. Thus, they accumulate electric charges giving rise to the
dusk-to-dawn electric field and are deflected to high and low latitudes creating the polar
and equatorial vortex. It is important to mention that the equatorial vortex is opposite
to the quiet-time current system and so the ionospheric disturbance dynamo has a counter

effect at equatorial latitudes.

Auroral Heating %,

E,Ww

++++++++

Equator

Figure. 2.13: Sketch diagram of the Ionospheric Disturbance dynamo Model. It shows that
equatorward wind circulation at high latitudes ultimately generates an electric field opposite
to the quiet-time electric field at equatorial latitudes. Detailed description of this figure on

the text above (After Mazaudier & Venkateswaran, 1990).

At equatorial latitudes, Fejer et al. (1983) used initially Jicamarca Incoherent Scatter

vertical drifts observations and showed that the equatorial vertical disturbance dynamo
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drifts were opposite to the normal quiet patterns in agreement with the Blanc-Richmond
model but also noted that, for most storms, there is an inherent difficulty to separate
competing effects from the equatorial disturbance dynamo and prompt penetration electric
fields (e.g., Fejer & Scherliess, 1997; Wolf, 1995). Fejer and Scherliess (1995) used a binning
technique to successfully separate these competing effects using the auroral electrojet index,
AE index, as a proxy for this goal. The derived disturbance dynamo disturbances were used
to determine the time delays between geomagnetic activity enhancements, as indicated by
AE indices, and the equatorial electrodynamic responses.

Scherliess and Fejer (1997) developed the first empirical model of equatorial distur-
bance dynamo vertical drifts using very extensive Jicamarca observations and AFE indices.
They showed that the disturbance dynamo vertical drifts are downward with small val-
ues during the day, and upward at night with largest magnitudes near sunrise. The time
delays between the high latitude current enhancements and the corresponding equatorial
disturbance dynamo disturbances are about 1-12 hours and 12-28 hours.

Figure 2.14 shows the equatorial disturbance dynamo vertical drifts from the Scherliess-
Fejer model and data averages following steady 9-hours of enhanced geomagnetic activity.
They are upward around and after midnight with strongest magnitudes before sunset, and
downward during early morning and also around dusk. This response is associated with
fast traveling atmospheric disturbances (Fejer & Scherliess, 1997; Fejer et al., 2017) but
possibly to other processes like fossil winds (Fejer et al., 1990; Scherliess, 1997; Scherliess &
Fejer, 1997). The long-term disturbances are associated with changes in the thermospheric
circulation and ionospheric composition (Fuller-Rowell et al., 1994, 1996, 2002) and, prob-
ably, also to electric fields resulting from the decay of the storm-time ring current in the
recovery phase of a magnetic storm (Scherliess, 1997; Scherliess & Fejer, 1997). They are

largest under short-term geomagnetically quiet conditions.
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Figure. 2.14: Local time variation of the equatorial disturbance dynamo vertical drift fol-

lowing 9-hours of high geomagnetic activity conditions (After Scherliess & Fejer, 1997).

Other studies used satellite observations from ROCSAT-1 to study seasonal and solar
flux dependence of longitudinal dependent equatorial disturbance dynamo drifts. Jensen
(2007) showed that downward disturbance drift around dusk increase strongly from moder-
ate to high solar flux. Fejer et al. (2008b) used observations of an altitude of about 600 km
and found that the evening downward dynamo drifts are largest during equinox and small-
est during June solstice while the nighttime upward drifts were largest during December
solstice. Xiong et al. (2016) used also CHAMP observations and found disturbance dynamo
effect at equatorial latitudes after 4.5 hours in the postmidnight sector which gradually
decrease after 24 hours.

On the other hand, Fejer and Scherliess (1997); Fejer et al. (2005) used Jicamarca
observations to study geomagnetic effects over the zonal plasma drifts. They found that

nighttime (daytime) zonal drifts are eastward (westward). They showed strongest zonal
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disturbance drifts around midnight and during equinox. Figure 2.15 shows Fejer model pre-
dictions of the equatorial disturbance zonal drift for low (F10.7=90) and high (F10.7=180)
solar flux conditions and different seasons. They also used a similar binning technique in
terms of the Kp index and found that long terms effects are strongest around 03 LT and

short terms effects are strongest around midnight.
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Figure. 2.15: Fejer model predictions (solid) of the equatorial disturbance zonal drift for low

(right) and high (left) solar flux conditions and different seasons (After Fejer et al., 2005).
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Fejer and Emmert (2003) used Jicamarca and Arecibo vertical plasma drifts and UARS
wind measurements for the first detailed study of low latitude disturbance dynamo effects
during the recovery of the 19-21 October 1998 major geomagnetic storm. These observa-
tions showed large latitudinal variability of the disturbance drifts, and reported that the
amplitudes were initially much larger than the expected climatological values. R. Zhang,
Liu, Le, and Chen (2017) used Communication/Navigation Outage Forecasting System
(C/NOFS) and ROCSAT-1 observations and suggested that strong disturbance winds can
corotate to later local time and drive disturbance dynamo drifts to extend from the nightside
to the dayside.

C. M. Huang et al. (2005), C. M. Huang and Chen (2008) and C. M. Huang (2013) used
the NCAR/TIEGCM simulations to study longitudinal, seasonal and solar cycle dependence
of the equatorial disturbance dynamo vertical plasma drifts. These simulations reproduced
the observed decrease of the magnitudes of the disturbance dynamo drifts with decreasing
solar flux, the occurrence of larger magnitudes during equinox than during June solstice, and

the stronger disturbance effects near dusk close to the Indian sector than over Jicamarca.
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CHAPTER 3
DATA AND METHODOLOGY

In this chapter we introduce the instrumentation and data analysis techniques used
in our studies of thermospheric neutral winds and ionospheric plasma drifts at Jicamarca.
The main emphasis is on the instrumentation and analysis of thermospheric neutral winds
since the methodology for probing plasma drifts over Peru has been described in detail in
several publications (e.g., Farley et al., 1981; Fejer et al., 2014; Hysell et al., 2017; Pingree,
1990; Pingree & Fejer, 1987; Woodman, 1970, 1971; Woodman & Hagfors, 1969).

The thermospheric winds are routinely observed by a recently deployed network of
Fabry Perot Interferometers over the central region of Peru. These instruments probe the
thermospheric winds by measuring the Doppler shift of the oxygen 630 nm line. We will
describe initially the generation mechanism of the oxygen 630 nm emission line, the instru-
mentation of the FPI network, the estimated wind field from the line-of-sight observations,
and, finally, the statistics of the resultant wind database.

One of the most powerful and important instruments on space physics and aeronomy is
the Jicamarca Incoherent Scatter Radar. It provides with the most extensive and accurate
database of plasma drifts and electric field observations in the field. We will briefly describe
the Jicamarca Incoherent Scatter Radar and the statistics of the available observations

gathered since 1968.

3.1 Fabry-Perot Interferometers

3.1.1 Oxygen line emission
Fabry-Perot Interferometers are versatile and powerful spectroscopic instruments widely
used in aeronomy to remotely sense and resolve Doppler frequency and broadening of the

spectrum of naturally faint emissions occurring at the upper atmosphere (Hernandez, 1988).
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These optical emissions are the result of the de-excitation of atmospheric species by spon-
taneous emission or by losing energy through collisions. They are generally called airglow
when the original source of excitation is the solar radiation in the extreme ultra-violet violet
radiation range (Schunk & Nagy, 2009).

In the nighttime thermosphere, the volume emission rate of the 630 nm glow is dominant
about 250 km. It is emitted when an excited O('Dg) atom decays to its ground state O(*Pa).

This is summarized on the following reaction

O(*Dy) = O(*P2) 4 hvssonm

Other emissions are also possible for different transitions. For example, a 636.4 nm
photon is emitted if excited oxygen atom decays into its O(3P;) ground state or a 557.7
nm emission if the transition goes from the O(1Sy) to the O(*Dy) energy levels. However,
the intensities of these emissions are about three times weaker (Rishbeth & Garriot, 1969).
The radiative lifetime of the O(1D) energy level is much longer (~110 sec) than at other
energy levels and its collision time with F-region particles (~0.3 sec) settles this line as a
suitable proxy to observe wind and temperatures for the thermosphere (Schunk & Nagy,
2009).

The dominant reaction responsible for the production of the excited atoms is generally
explained by a two-step process. A molecular oxygen is positively charged by charge ex-
change with oxygen ions and later dissociated into an excited and a ground-energy oxygen
atom when interacts with free electrons by dissociative recombination. These reactions are

summarized in

0"+ 0y - 0+ 05

OF +e— 0+ 0('D)

The last step can also produce oxygen on different energy levels than O(*D) and eventu-

ally produce other wavelengths however they are too dim in respect to the 630 nm emission
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line (Abreu et al., 1982; Rishbeth & Garriot, 1969).

Another aspect to take into account is whether the emitted 630 nm photons are a
good proxy for the ambient neutral atmosphere. After the dissociative recombination, the
excited oxygen atoms, O'(D), need to remain excited long enough to reach thermal equilib-
rium with the ambient neutral background, i.e. thermalize, through collisions before they
relax to ground state. This might translate into having populations of oxygen atoms with
different velocities. However, any non-thermal effect would be reflected only on temper-
ature estimations and will be stronger for higher altitudes since it is collision dependent
(Hernandez, 1971; Sipler & Biondi, 2003; Yee, 1988). Thus, it is generally assumed that at
our altitudes of interest, 200 km to 300 km, oxygen atoms have reached thermalization at
night time being a good proxy for the thermospheric winds.

Figure 3.1 shows the expected oxygen line spectrum to be observed by the Fabry-
Perot Interferometers where the Doppler shift, A), and broadening, o, are related to the
bulk velocity vector of the oxygen O'(D) population (already thermalized), vj, and to the
temperature, T, within the airglow layer, k, m and c¢ are the Boltzmann constant, atomic

mass and speed of light respectively.
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A =%+ Ak

Figure. 3.1: Oxygen line emission following a Gaussian distribution with Doppler shift, A\,

and broadening, or.

3.1.2 Optical principle and instrumental modeling

Fabry-Perot Interferometers use the principle of multiple-beam interference to relate
the wavelength of the incoming emission to the angular displacement of the resultant inter-
ferometric pattern. Figure 3.2 shows a simple diagram of the optical path of an incoming
airglow emission going through the basic optical elements of a Fabry-Perot Interferometer
instruments used on our study. It uses two semi reflective parallel mirrors, called etalons,
to divide, or beam-split, the incident wave and to produce stationary coherent waves. They

are later superimposed using an objective lens to generate an interferometric ring pattern.
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Figure. 3.2: Diagram showing the optical path of an incoming oxygen line emission going

through the basic elements of a Fabry-Perot Interferometer.

For an ideal situation, this constructive interference can be analyzed as a linearly
polarized electromagnetic wave going through a slab with an incidence angle # and an
index of refraction n. This system is analyzed using the Snell’s Law and the continuity
boundary conditions of the tangential components of the electric and magnetic fields before
and after the interfaces to get the intensity of the transmitted radiation. This is generally

referred as the Airy function, A, and is given by,

1

1+ 7(1f%)2 sin? (2”/\"”1 cos 9)

A(B,)) = (3.1)

where R, d, A, I are the reflectivity of the etalon plates, etalon separation, wavelength and
the intensity amplitude. The amplitude, which is one for the ideal situation, will be later
modeled as an intensity quadratic fall off function to account for the radially decreasing
action of the optical transmission (Harding et al., 2014; Meriwether et al., 2008).
According to 3.1, the constructive interference can be achieved by varying n, d or

and they are usually referred as pressure, mechanical and spatial spectral scanning modes.
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Our instruments use the spatial scanning mode and the resultant interferometric pattern
are bi-dimensional concentric rings with a nonlinear displacement between them (Makela
et al., 2011; Meriwether et al., 2008). Other scanning modes result into a onedimensional
spectrum. The pressure scanning mode was used for several years at Arequipa (16°28" S,
71°30" W, magnetic latitude ~ 6.7° S) (Biondi et al., 1999) until it was upgraded to use
spatial scanning in 2005 (Meriwether et al., 2008). The mechanical scanning is being used
at Huancayo (12.1° S, 75.3° W, magnetic latitude ~ 1.9° S) on two of their triple cascade
etalons to filter out the solar background continuum (Gerrard & Meriwether, 2011). A
combination of pressure and spatial scanning modes are used to observe several points on
the sky at once (Conde & Smith, 1995).

The response of the Airy function to the airglow source has been generally expressed
as different convolutional operations between the source function and a Doppler-shifted
Gaussian profile. The Airy function was also previously convolved with other functions to
represent several optical aberrations (Hays & Roble, 1971). Other approaches also used
Doppler-broadened Lorentzian profiles (Hernandez, 1966). More recently, Harding et al.
(2014) modeled this response, S, as a Fredholm integral equation of the first kind between

a modified Airy function, A, and the Gaussian spectrum of the oxygen line source, Y.

S(r) = /_Oo A(r,\)Y(\)d\+ B

where, r is the radial distance from the center of the bi-dimensional pattern and B is the
CCD bias. The modified Airy function includes an intensity quadratic fall off factor and is
blurred by a point-spread function to account for different deviations from the ideal Airy
function (Harding et al., 2014). The oxygen line spectrum is modeled as a gaussian source.

It is expressed as

2 oT

Y (\) = Yp + Vi exp <_1 (“ALOS>2>

where Yg, Y7, o, Aros are the background of the line emission, the intensity of the line
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emission, the Doppler broadening and the Doppler shifted wavelength. The Doppler shifted
wavelength is shifted in reference to the nominal frequency 630 nm and it is related to the
line-of-sight velocity through the doppler shift equation.

The resultant bi-dimensional image is later collapsed into an onedimensional profile
by annular summing. This transformation helps to approximate the non-linear spacing of
the bidimensional interferometric pattern into a quasi-linear one-dimensional multi-fringe
profile. It defines nonoverlapping annular elements, called annular channels, following a
quadratic relation due to the small angle approximation applied to 3.1 (Coakley et al.,
1996). For our study we use 500 annular channels (Makela et al., 2011; Meriwether et al.,
2008).

Similar to previous techniques (Conde, 2002; Makela et al., 2011; Meriwether et al.,
2008), we use a two-step fitting process procedure. We first estimate for instrumental pa-
rameters of the modified Airy function using images from a HeNe 632.8 nm laser. This way,
since the laser has a known spectrum, their images are used to get estimates of parame-
ters such like etalon spacing gap, reflectivity of the etalon, optical magnification constant
among others. Thus, laser images are useful for calibration purposes and to monitor drift of
the instrumental parameters along the night. These parameters are later used to estimate
airglow parameters such like the Doppler frequency shift and broadening.

Figure 3.3 shows an example of this analysis for one interferometric image measured
by Nasca FPI (14°58' S, 74°53' W, magnetic latitude ~ 5° S). The bi-dimensional interfer-
ometric pattern, shown in the middle, was collapsed into an onedimensional profile using
500 annular channels as it is shown in the top panel. The best fit for the airglow source
parameters is overplotted on the same box and the residual differences are shown on the
bottom. This analysis was used to analyze the images from the FPIs deployed in the central

region of Peru.
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Figure. 3.3: Example output for the analysis of a 630 nm airglow image. (Top) Onedimen-
sional multi-order fringes and the fitted airglow model. (Bottom) Fringe residuals after the
best-fit procedure. (Middle) Original bidimensional multi-order fringe pattern showing the

estimated center with a red cross and the estimation of the airglow source parameters.

3.1.3 Network of Fabry-Perot Interferometers

At equatorial latitudes, the thermospheric winds are monitored from FPI sites at Are-
quipa (16°28" S, 71°30" W, magnetic latitude ~ 6.7° S), Jicamarca (11°57" S, 76°51" W,
magnetic latitude ~ 2° S), and Nasca (14°58" S, 74°53" W, magnetic latitude ~ 5° S) since
1984, 2009, 2011 respectively in a nightly basis. The recent deployments of FPIs at Jica-
marca and Nasca allowed to build a network of FPI in the central region of Peru. The
optical design of the Arequipa FPI was detailed by Meriwether et al. (2008) and the op-

tical design of the Jicamarca and Nasca FPI is similar to the MiniME FPI design as in
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Makela et al. (2009) and Meriwether et al. (2011). A basic drawing of these portable FPIs

is reproduced in Figure 3.4.

@(*] FMb( )‘q Clemson University Physics and
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Figure. 3.4: Drawing of the optical mount of the FPIs at Jicamarca and Nasca. (Courtesy

of Prof. Meriwether from Clemson University).

As seen in Figure 3.4, the optical path of each FPI starts on top with a dual axis
mirror system controlled by two servo motors to point to different line-of-sights on the
sky. This system can also point into a diffuse chamber to take laser calibration images.
It is calibrated with the ephemerides of celestial objects and generally achieves a pointing
accuracy of this system is ~ 0.2° (Makela et al., 2011; Meriwether et al., 2016). They have

a narrowband 630 nm filter with a half~width half-maximum of ~0.5 nm and an etalon with
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coating reflectivity of about 77.4% at 630 nm. The main optical parameters for each of the

FPI is listed in Table 3.1.

Table 3.1: Technical Characteristics of the Fabry-Perot Interferometer network in Peru.

Arequipa Jicamarca Nasca

Etalon Aperture 10 cm 7.5 cm 7.5 cm
Etalon Space Gap 1 cm 1.5 cm 1.5 cm
Camera CCD Size 24 pm 24 pm 13 pm

Objective Lens Focal Length  54.5 cm 35 cm 31 cm

# Interferometer Orders 2 9 11

Table 3.1 shows the technical characteristics of each of the FPI sites in Peru. The focal
length of the objective lens is largest for Arequipa and smallest for Nasca and generates a
larger number of interferometric orders in the latter. The etalon spacer gap is also larger for
Jicamarca and Nasca than for Arequipa. This was designed to provide more interferometric
orders and to avoid airglow contamination from emissions closer to 630 nm like OH contam-
ination (Makela et al., 2011). This contamination generates a bias on the temperatures for
the Arequipa FPI but does not affect the Doppler shift determination which depends only
on the peak position. The exposures times of the instrument to the airglow source and to
the laser were setup to fixed values. Typical values for these times were 300 sec and 30 sec
respectively. However, the airglow exposure times were sometimes extended up to 10 min
for less favorable conditions during December solstice months. A different approach, called
dynamic integration, was used by the North American Thermosphere Ionosphere Observing
Network (NATION) where each FPI of this network analyzed the collected spectra in real
time to increase or decrease the integration time of the CCD camera. This approach allowed
them to improve the cadence from 20 to 720 sec for typical cardinal line-of-sights (Mesquita
et al., 2018).

Figure 3.5 shows an example of the interferometric fringe pattern recorded by the CCD
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cameras on each FPI site for the same exposure time of 5 min. As mentioned before the
setup of the optical design introduces a difference in the number of fringes and so Nasca
FPI provides the most accurate estimation of Doppler shift and broadening while Arequipa
shows the lowest and so this is reflected on the overall uncertainty of the estimation. It
is also important to mention that Nasca is located in a remote location with very low

background artificial light contamination in contrast to the other two stations.

’

Figure. 3.5: Examples of Interferometric ring patterns for the Arequipa (left), Jicamarca

(middle) and Nasca (right) FPIs.

These instruments are setup to automatically operate in a nightly basis. The pointing
directions were generally cycled to provide the best sampling of the surrounding area in the
central region of Peru. A laser calibration pointing is included at the beginning of each cycle
to monitor the instrumental drift. The integration time was generally 5 min for a single
direction, and the duration of a complete cycle depends on the pointing strategy between
the FPI sites. The cycle time was generally about an hour since 2011.

Different sampling strategy have been used by the FPI network along these years.
The basic operational mode is to point to cardinal pointing directions (Biondi et al., 1999;
Meriwether et al., 1986). From 2011, the line-of-sight pointings were generally cycled to
point to common volume directions between two closer stations along with extra pointings

for the best sampling around each site (Navarro & Fejer, 2019).
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3.1.4 Wind Velocity Estimation

The Doppler shift estimates are proportional to the bulk velocity vector of the oxygen
population along the line-of-sight pointing. On the other hand, they require an absolute
Doppler reference, and the etalon can drift 10-100 m/s over the night because of thermal
drift which can be monitored with the calibration laser images. The absolute or zero-
velocity line position is generally inferred from the vertical Doppler shift estimates under
the assumption of null average vertical winds over the night. This way we use the laser and
the zenith observations from 21 to 02 LT to determine an offset for the laser Doppler shift
estimates. The shifted laser calibration doppler shifts are used as the best Doppler shift
reference (Makela et al., 2012; Meriwether et al., 2016; Navarro & Fejer, 2019).

For a single line-of-sight, the measured Doppler shift wavelength, \;,s, is related to the

line-of-sight velocity, vj,s, through

>\los
Vlos = € <630nm (32)

where c is the speed of light. And measured doppler shifted velocity is the projection of the

real thermospheric winds over the line-of-sight,

W.Fi = Vlps — Upef (3.3)

where @ and 7 are the thermospheric wind and the unit vector of the ith line-of-sight
pointing direction, and v,..s is the absolute Doppler shift which is interpolated in time from
the shifted laser Doppler shifts. Therefore, for simpler operation modes like the cardinal

mode, it is possible to use a simpler relationship like

Vios — Uref
sin o

(3.4)

Vhp =

which shows how to get the horizontal velocity under the assumption of negligible average
vertical winds. Similarly, it is possible to use several line-of-sight estimates (v;,5) to con-

struct a linear system in 15-min or half-hourly cycles in order estimate the three components
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of the winds under the assumption of a slow motion of the winds during the cycle time,

sinagsinfy  sinagcosfy  cosag U Vios0 — Vref
sinay, sinf,, sinay, cosf, cosa,| |W Vlosn — Uref

where a and 8 are the zenith and azimuth angles respectively for n line-of-sights within the
cycle, U, V and W are the zonal, meridional and vertical components of the winds, and
the right-side equation are the line-of-sight velocities. Of course, this method works better
depending on how many line-of-sights are available. Other pointing strategies have been
used as well like the common volume mode (Makela et al., 2012).

A more general approach has been developed to estimate thermospheric wind fields.
Harding et al. (2015) showed that the smoothest wind map field can be estimated over
a regional grid from a set of line-of-sight velocities. Since the calculation of the three
components of the winds on a grid is a highly underdetermined problem, the optimal solution
can be achieved by imposing minimum roughness of the wind field map. The roughness
metric used in this regularization is expressed in terms of the discrete approximation of
the curvature and gradient operators. This way the smoothest solution is found when the

roughness is minimum. This is expressed by

U= [ATS A+ 2 (GTG+ N CTC)| T ATS1q

where A\, \; are the regularization constraints, d is the line-of-sight wind vector, ¥ is the
covariance matrix and GG, C' are the discrete approximation of the first and second derivatives
matrices respectively; and u is the estimated wind vector on every point of the grid. More
details on this technique is found in Harding et al. (2015).

The database of line-of-sight estimates were used to estimate the smoothest wind field
over the central region of Peru. A minimum of 8 observations was setup to enable the wind
field estimation process and they were linearly interpolated in time to obtain a wind map

field every 15 minutes for an 11x11 grid. Figure 3.6 shows an example of an estimated wind
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map field at 250 km altitude for the 16th May 2013 around midnight ~23:45LT obtained

from 18 line-of-sight measurements (open circles).

— 503

15°S

20°S

80°W 75°W 70°W

Figure. 3.6: Estimated wind field map over central Peru for 21th June 2012 around 02
LT. The filled circles show the Jicamarca (blue), Nasca (red) and Arequipa (green) FPI
locations; and the open circles show the sampling points for a 250 km altitude according to
predetermined line-of-sight directions. Solid and dashed curves show the magnetic equator

and the 8™~S dip latitude, respectively.
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3.1.5 Database and statistics
A summary of the number of hours collected by the FPI network is shown in Table

3.2. The largest number of operation hours is Jicamarca with 22513 up to December 2017.

Table 3.2: Number of hours of data available for each FPI station and for each year.

Hours per year
FPI Total
before 2009 2010 2011 2012 2013 2014 2015 2016 2017

Jicamarca - 1058 2851 2509 3164 2674 2154 2634 2340 3130 22514
Nasca - - 121 2204 3217 2728 628 732 2127 2069 13826
Arequipa 6494 1175 1716 - 1448 2014 964 1933 1671 - 17415

Similarly, a monthly distribution of this dataset is shown in Figure 3.7. Periods of
absence of data is noted for 2011, 2017 at Arequipa and for July 2014-June 2015 at Nasca
due to technical issues. Also, lowest number of operation hours occur during December

solstice months.
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Figure. 3.7: Monthly distribution of data available for Jicamarca (top), Arequipa (middle)
and Nasca (bottom) FPIs since 2009.

For the purposes of this dissertation, the images in this database were analyzed using
the procedure described by Harding et al. (2014) as indicated in section 3.1.2, and the
resultant line-of-sight wind velocities were used to estimate wind fields following Harding et
al. (2015) under the constrains indicated in section 3.1.3. Finally, we calculated the overall
average equatorial thermospheric wind velocity out of the weighted average of the wind

velocities over the FPI sites for each estimated 15-min wind field,

]
Qw‘ S

1
>

where w and o are the eastward (northward) wind velocity and its corresponding estimated

w =

Ow —

(3.6)

™
Y

uncertainty; and w and o are the average eastward (northward) wind and the uncertainty

of the mean respectively.

3.2 Jicamarca Incoherent Scatter Radar

The vertical plasma drift velocities used in this study were obtained from F-region
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incoherent scatter radar observations. This technique relies on the Thomson scattering
radiation by free electrons which is generally referred as incoherent scatter of weak thermal
fluctuations of ionospheric plasma. The backscattered spectrum is strongly controlled by
the ions and is an invertible function of plasma state parameters like number density, ion
and electron temperatures, ion-neutral collision frequency, ion composition, ion drifts and
the geomagnetic field (e.g., Dougherty & Farley, 1960; Farley, 1966; Woodman & Hagfors,
1969).

The most extensive database of incoherent scatter radar observations comes from the
Jicamarca Radio Observatory (JRO) which measured the first incoherent scattered echo
in April 1961 and still remains operative and scientifically active. It is located outside
Lima, Peru (12° S, 76.9° W; magnetic dip 2° N). Its antenna is formed by 18 432 dipoles
occupying an area of 300 m x 300 m and organized in 64 square modules that can be
controlled separately to reach a versatile beam steering. It can use 1 to 4 high-power
transmitters, each one with 1.5 MW peak, and the main beam is about 1 degree wide and
can be steered up to 3 degrees off zenith. More details about this radar and its history
can be found in Ochs (1965), Hysell et al. (2013) and Woodman et al. (2019). Figure 3.8
shows a view of the Jicamarca Radio Observatory main antenna. This picture was taken
near the Optical Observatory where the Fabry-Perot Interferometer is located. Note that
the mountains around Jicamarca protect it from electromagnetic interference. The data
acquisition and signal processing techniques used here to estimate the plasma parameters

using incoherent scatter radar theory are described by Kudeki et al. (1999).



Figure. 3.8: View of the Jicamarca Radio Observatory. The mountains around Jicamarca

protect it from electromagnetic interference (Picture taken near the Fabry-Perot Interfer-

ometer location. Courtesy of Oscar Veliz).

At Jicamarca, the Earth’s magnetic field, ?, is horizontal (zero magnetic dip angle)
and so the F-region plasma drift velocity perpendicular to the magnetic field, v, is purely
dependent on the ambient electric field and has not direct influence from thermospheric

winds. The relationship between these parameters is,

v = %P_ﬁ (3.7)

The Jicamarca Incoherent Scatter Radar beam is aligned perpendicular to Earth’s
magnetic field and to measure the vertical and zonal plasma drift velocities. Near the

F-region peak, the accuracy of the typical vertical drifts and zonal drift measurements
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are about 1 m/s and 15 m/s respectively during the day and somewhat larger at night
(Woodman, 1971).

Such versatile radar is used under different transmitter and receiver configurations and
many times in companion of other smaller systems. However, the most common experimen-
tal procedure uses half of the antenna to point 3° off zenith to the east and the other half
to the west. This way the vertical and zonal drift velocities were obtained from the sum
and difference of these radial velocities (e.g., Woodman, 1970, 1972).

For the purposes of this dissertation, we have used F-region Jicamarca vertical drifts
observations from April 1968 to February 2018, and zonal plasma drifts observations starting
from 1970. They were measured usually at altitudes from about 250 to 800km with a
height resolution of 20-45 km and with an integration time of 5 min. Figure 3.9 shows an
example of the vertical and zonal drift observations for 22-23 Jan 2014. It also shows strong
plasma irregularity echoes from 19 LT to about midnight. The signal-to-noise ratio of the
incoherent echoes decreases with altitude above ~500 km and ~350 km during day and

night time respectively.
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Figure. 3.9: Jicamarca vertical and zonal drifts observations from the 22 January 2014.

In general, a better signal-to-noise ratio allows observations to higher altitudes. In the
case of the Jicamarca radar, this depends on the transmitter power and the operational
mode but also on the plasma density. Therefore, it increases with higher solar flux and
during daytime hours, and also changes with season. Other experimental procedures are
able to reach higher altitudinal ranges, with the same transmitter power, by using a single
beam as in Fejer et al. (2014). They used a single perpendicular beam with a 75 km long
uncoded pulse and were able to reach up to 2000 km for Nov 2004 even at sunset with a
solar flux of ~110 sfu. This operational mode was also recently run again for April and
October 2019 and we were able to reach up to about 1100 km for ~ 70 sfu. Nevertheless,
this radar is capable of reaching altitudes of 7000 km (Bowles, 1963; Hysell et al., 2017).

Other important aspect on our database is the presence of strong echoes due to period
of strong equatorial spread F as shown in Figure 3.9. These irregularities can extend largely

into the altitudinal range of the observation. Their occurrence, morphology and duration
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are also very variable but they generally occur more often in December solstice and around
sunset and in the postmidnight sector (Fejer et al., 1999). We extended the height range of
the drifts by minimizing the effects produced from these echoes, and by carefully selecting

higher ranges with the highest signal-to-noise ratio.
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CHAPTER 4
STORM-TIME THERMOSPHERIC WINDS OVER PERU !

4.1 Introduction

Thermospheric winds are intrinsically important upper atmospheric parameters. Their
transport of plasma along the geomagnetic field lines affect the chemical composition of
the Earth’s upper atmosphere, and are key drivers of ionospheric electric fields. Quiet-
time thermospheric winds are driven mainly by horizontal pressure gradients of the diurnal
atmospheric bulge caused by the solar atmospheric heating (e.g., Richmond, 2011; Rishbeth,
1972b). The equatorial nighttime thermospheric zonal winds are closely coupled to the zonal
drifts of the ambient plasma and of the equatorial plasma bubbles (e.g., Chapagain et al.,
2013; Martinis et al., 2003; Valladares et al., 1996).

Several space-based and ground-based optical interferometers have extensively been
used to monitor the dynamics of the neutral thermosphere. Fabry-Perot Interferometer ob-
servations at Arequipa, Peru (16°28" S, 71°30’ W, magnetic latitude ~ 6.7° S) determined
the local time, seasonal and solar flux dependence of the nighttime equatorial thermospheric
winds during geomagnetically quiet periods (e.g., Biondi et al., 1990, 1991, 1999; Meriwether
et al., 1986). These observations showed that solar EUV radiation driven pressure gradi-
ents control the temporal and seasonal variations of the equatorial thermospheric winds.
Recently, FPI thermospheric winds measurements have also been made in the Brazilian and
African equatorial regions (Fisher et al., 2015; Makela et al., 2013; Meriwether et al., 2011,
2016; Tesema et al., 2017).

Geomagnetically disturbed conditions lead to large departures of the dynamics of the

thermosphere from its quiet-time pattern. Richmond and Matsushita (1975) first pointed

'Large parts of this chapter are comprised of the original text from the research publication Navarro,
L. A., & Fejer, B. G. (2019). Storm-Time Thermospheric Winds Over Peru. Journal of Geophysical Re-
search: Space Physics, 124(12), 10415-10427. https://doi.org/10.1029/2019JA027256 with additional text
and figures inside section 4.3.1. Reproduced by permission of the American Geophysical Union.
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out that geomagnetic storms generate large global equatorward propagating wind pertur-
bations extending down to equatorial latitudes. Richmond (1978) and Richmond (1979a,
1979b) showed that Joule heating is the dominant process driving global thermospheric
changes capable of reaching low latitudes. The storm-time wind circulation drives iono-
spheric disturbance dynamo electric fields and currents (Blanc & Richmond, 1980) that
can strongly affect the middle and low latitude plasma motion and density, and the occur-
rence of equatorial spread F (Fejer et al., 1999). National Center for Atmospheric Research
Thermosphere Ionosphere Electrodynamics General Circulation Model (NCAR/TIEGCM)
simulations suggest that storm driven winds can have lifetimes of up to about 8 days at
equatorial regions (C. M. Huang et al., 2005).

Several studies investigated the dynamics of the middle and low latitude geomagnetic
activity driven disturbance winds using Upper Atmosphere Research Satellite (UARS) Wind
Imaging Interferometer (WINDII) measurements (e.g., Emmert et al., 2001, 2002, 2004;
Fejer et al., 2000). These studies showed that low latitude and equatorial nighttime zonal
disturbance winds are westward with peak values around 03 magnetic local time, and have
small seasonal dependence. Emmert et al. (2008) used extensive satellite and ground-
based wind measurements to derive the global empirical climatological Disturbance Wind
Model (DWMO7). In a companion paper, Drob et al. (2008) presented the Horizontal Wind
Model07 (HWMO7), which has both a quiet-time global wind model for the background state
and the DWMO07. The HWMO7 provides spatial, temporal and geomagnetic activity (Ap)
dependent thermospheric wind predictions. More recently, Drob et al. (2015) presented the
HWM14, which consists of an updated quiet-time wind component and the DWMOQ7. The
combined HWM 14 model also provides height, local time and latitude dependent predictions
of the thermospheric winds as a function of the local Ap index.

Challenging Minisatellite Payload (CHAMP) satellite observations indicate that longi-
tudinal averaged equatorial zonal disturbance winds are westward with small values during
the day, and are largest near midnight, except during June solstice when they are largest

around 03 LT (Xiong et al., 2015). These disturbances occur about 3-4 hours after the mag-
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netospheric disturbances and last about 24 hours or longer, which is consistent with model
results presented by Richmond and Matsushita (1975) and Blanc and Richmond (1980).
CHAMP and Republic of China Satellite-1 (ROCSAT-1) satellite observations presented by
Xiong et al. (2016) suggested that prompt penetration electric fields, due to sudden changes
in the magnetospheric convection (e.g., Fejer, 2011), produce additional zonal disturbance
winds that are westward in the afternoon sector and eastward in the post-midnight sector.

So far, few studies have examined the response of low latitude thermospheric winds to
large geomagnetic storms. Emery et al. (1999) studied the thermospheric response to the
November 1993 storm using TIEGCM along with the Assimilative Mapping of Ionospheric
Electrodynamics (AMIE) procedure, which included data of 154 ground magnetometers
and ion drift and electron precipitation measurements. These simulations showed traveling
atmospheric disturbances reaching equatorial latitudes about 4 hours after the large high
latitude energy depositions, and largest equatorial westward disturbances around 22 LT for
all longitudes. WINDII observations during the recovery phase of the October 1998 storm
showed large latitudinal variability on the daytime disturbance winds, which reversed from
westward to eastward at magnetic latitudes of about 30°, and largest disturbance winds at F-
region heights (Fejer & Emmert, 2003). FPI observations from Arequipa showed reductions
in the nighttime eastward and poleward winds 24 hours after the onsets of the August 1998
and October 2000 geomagnetic storms (Meriwether et al., 2013). Most recently, Malki et
al. (2018) reported strong zonal and meridional thermospheric winds perturbations in the
westward and equatorward directions around midnight over the northern African sector
(31.2° S, 7.8° W, magnetic latitude ~ 23° N) 6 hours after the onset of the 27-28 February
2014 storm. These results are consistent with predicted delays in the establishment of
a steady storm-driven circulation pattern (e.g., Richmond & Matsushita, 1975; Blanc &
Richmond, 1980).

We used extensive observations from recently deployed FPIs in the Peruvian equatorial
region sector to examine for the first time the local time and seasonal dependence of the

nighttime disturbance winds. In the following sections, we will first describe our database
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and determine our quiet-time baselines used to calculate the disturbance winds. Then,
these baseline winds are compared with the corresponding quiet-time winds from HWM14.
Next, we present our season-dependent disturbance wind patterns and compare them with
results from the DWMO07, which has been extensively used in storm-time wind studies (e.g.,
Malki et al., 2018). We also examine the dependence of the zonal disturbance winds on
both local and extended levels of geomagnetic activity. Finally, we present measurements
during and shortly after two geomagnetic storms showing that zonal disturbance winds
are more accurately accounted for using multi-hour geomagnetic activity parameters (e.g.,

time-averaged Kp indices) than local disturbance parameters.

4.2 Measurement Technique

Equatorial thermospheric winds are routinely monitored from FPI sites at Jicamarca
(11°57" S, 76°51" W, dip latitude ~ 0°), Nasca (14°58" S, 74°53' W, dip latitude ~ 2.5°
S) and Arequipa (16°28 S, 71°30" W, dip latitude ~ 4° S) since 2009, 2011 and 1984,
respectively. These probes measure the 630 nm airglow Doppler-shifted emission line along
specific line-of-sight directions. Starting in 2011, the FPI pointing directions have generally
been cycled to provide the best sampling of the surrounding area in the central region of
Peru. Figure 4.1 shows the locations of the FPIs and their line-of-sights. The integration
time is typically about 5 min for a single direction, and the complete cycle time is about an
hour. A 632.8 nm HeNe laser observation is included at the beginning of each cycle with
an integration time of 30 seconds to monitor instrumental drift. The etalon clear aperture
and spacer gap for both Jicamarca and Nasca FPIs are 70 mm and 1.5 cm respectively, and
100 mm and 1 cm for Arequipa FPI. The optical design of the Jicamarca and Nasca FPIs
is similar to MiniME FPI in the RENOIR network (e.g., Makela et al., 2009; Meriwether
et al., 2011). The Arequipa FPI was described by Meriwether et al. (2008).

The signal recorded on every pixel of the FPI image is analyzed as the exposure of
a Gaussian airglow source to the instrument transfer or Airy function. Following Harding
et al. (2014), this signal is modeled by the Fredholm integral equation of the first kind

between a modified Airy function and the Gaussian spectrum of the oxygen line source.
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The modified Airy function includes an intensity quadratic fall off factor and is blurred by
a point-spread function to account for different deviations from the ideal Airy function like
the radially decreasing action of the optical transmission among other optical aberrations
(e.g., Meriwether et al., 2008). Since the laser has a known spectrum, the images are used
to estimate different parameters of the instrumental function such as the etalon spacer
gap, reflectivity, and optical magnification constant. These laser images are useful for
calibration purposes and for monitoring the drift of the instrumental parameters throughout
the night. These parameters are later used to estimate airglow parameters such like the
Doppler frequency shift and broadening. More details on this method are found in Harding
et al. (2014).

The line-of-sight wind velocities were calculated using the procedure described by
Makela et al. (2013) and Meriwether et al. (2016) where the laser calibration images from
21-02 LT are used to get the best zero Doppler shift reference under the assumption of zero
average vertical wind. This is a less restrictive assumption than that of zero instantaneous
vertical wind used in past (Harding et al., 2014). As pointed out by Harding et al. (2015),
tthe smoothest wind field can be estimated over a regional grid from a set of line-of-sight
velocities considering that each of these velocities is the projection of the thermospheric
wind over that particular direction. The optimal solution of the resultant underdetermined
linear system imposes minimum roughness of the wind field. The roughness metric used in
this regularization is expressed in terms of the discrete approximation of the curvature and
gradient operators. This way the smoothest solution is found when the roughness is mini-
mum (Harding et al., 2015). A minimum of 8 observations was set up to enable this process
and they were linearly interpolated in time to obtain a wind map field every 15 minutes
on a 11x11 grid. This estimation was performed only for the horizontal wind components.
Figure 4.1 shows the estimated wind map field at ~23:45LT during 16th May 2013, for an

assumed emission height of 250 km, obtained from 18 line-of-sight measurements.
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Figure. 4.1: Estimated wind field map over central Peru for 16th May 2013 around midnight
(~23:45 LT). The filled circles show the Jicamarca (blue), Nasca (red) and Arequipa (green)
FPI locations; and the open circles show the sampling points for a 250 km altitude accord-
ing to predetermined line-of-sight directions. Solid and dashed curves show the magnetic

equator and the 8° S magnetic latitude, respectively.

By using the wind field estimation, we found that the zonal and meridional wind
velocities over the FPI sites differed by less than about 5 m/s on average. Therefore, we
combined the horizontal winds over the FPI site to improve the statistical significance of
our results. The overall average thermospheric wind velocities were calculated from the

estimated wind velocities over each FPI site using,
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where w and o are the eastward (northward) wind velocity and its corresponding estimated
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uncertainty over each FPI site, and w and oy are the average eastward (northward) wind
velocity and the uncertainty of the mean velocity, respectively.

Each instrument recorded a total of ~ 15000 hours since 2009. However, this method
requires high-quality conditions for most of the line-of-sights, and so we used 5946 hours of
estimated wind fields from June 2011 to December 2017 with 15 measurements per hour on
average. Since the December solstice measurements before 23 LT had generally larger errors,
they were not studied. This dataset was analyzed on bimonthly bins but most of the results
presented consist of 4-months seasonal averages. Table 4.1 shows the seasonal distribution
of the number of hours available within this range. This database has the largest number of
observations during June solstice and the smallest in December solstice, mostly due to the
high presence of clouds during local summer. The December measurements were generally

reliable only after about 23 LT.

Table 4.1: Seasonal Distribution of the 15-min averaged Wind Field Database.

Number of Mar-Apr
Nov-Feb May-Aug
hours Sep-Oct
Kp<3 646 1930 2501
Kp>3 94 498 277

4.3 Results

4.3.1 Quiet-time average winds
We have determined initially the best geomagnetically quiet-time criteria for the ther-

mospheric winds. The zonal and meridional wind components were averaged in half-hourly
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bins, for each season and for various Kp-based criteria varying from local quiet (Kp<3—) to
very extended quiet (all Kps<3— over 48 hours) conditions to determine the best quiet-time
baseline.

Figure 4.2 shows a comparison of the quiet-time equinoctial eastward winds under
different geomagnetically quiet conditions. For each case, the differences between the half-
hourly averaged geomagnetic activity level, Kp, and the mean Kp was smaller than 0.1.
Similarly, the half hourly-averaged decimetric solar flux index ranged from 105 to 115 solar
flux units. The standard deviations of the half-hour bins are generally about 20 m/s, except
at early night where they increase to about 30 m/s. It shows an increment on the magnitude

of the zonal winds for more stringent criteria.
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Figure. 4.2: Comparison of equatorial thermospheric eastward winds for Equinox under
(red) local, (green) 12-hours and (blue) 48-hours extended quiet conditions. Error bars

correspond to the standard errors of the mean.
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Figure 4.2 shows that the magnitude of the zonal winds increases for more stringent
quiet criteria. The maximum peak increase from 110 m/s to 120 m/s from local to 48-hours
extended quiet criteria. There is a steady offset between these baselines of about 10m/s
starting at 21 LT up to rest of the night. For most to the nighttime, the change in the
magnitude of the zonal winds between the 12- and 48-hours extended quiet was smaller
than 5 m/s. Therefore, we have chosen our reference quiet-time winds to correspond to all
Kps< 3— over 12 hours.

Figure 4.3 shows the bimonthly quiet-time averaged climatological wind patterns over
Peru for moderately low solar flux conditions of about 110 units. It was calculated using a
bimonthly sliding window every 2 weeks except during December solstice when this window
was one month longer and calculated for every month due to the less data available, and
as a results, it is often difficult to estimate the thermospheric winds due to the frequent
occurrence of plasma irregularities(Fejer et al., 1999) and to the frequent occurrence of
cloudy skies during this season (Biondi et al., 1999). In general, the standard deviations,
the average Kp and the average solar flux were about 20 m/s, 0.9 and 110 units respectively
except around the postmidnight sector in December solstice where the flux was a bit higher

to about 130.



65

JICAMARCA-NASCA-AREQUIPA 2011-2017,(®) ~ 110
NORTHWARD WINDS (M/S). [p(0 — 12hrs) < 3= g0

JAN
MAR 60
APR 40
MAY
20
JUN
JUL 0
AUG -20
SEP 40
OCT
| -60
NOV B
s
| | | | 1] -80
19 20 21 2 28 0 1 2 3 4 5

JICAMARCA-NASCA-AREQUIPA 2011-2017,(®) ~ 110
Wi f\iﬂfS)II\‘uilU— ll"hr s) < 3- 120

JAN
N| %_
MAR 105
APR %
MAY
75
JUN
JUL 60
AUG 45
SEP 2
oCT
15
NOV N
.—0
P02 2ol s

Figure. 4.3: Annual variation and local time dependence of the night-time thermospheric

(top) zonal and (bottom) meridional winds for geomagnetically quiet conditions over Peru.
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Figure 4.3 shows in more detail the annual variation of the night-time thermospheric
winds. They are eastward all night with magnitudes and peak times that change throughout
the year. These peak magnitudes are strongest around autumnal equinox and last longer
around June solstice. The peak time are around 21 and 22 LT for the vernal and autumnal
equinox respectively and about 21 to 23 LT around June solstice. The meridional winds are
southward from Apr to Oct with decreasing magnitudes at early night. Around autumnal
equinox, they reverse to northward around 21 LT, reach a peak value of about 40 m/s
around 22:30 LT, and decrease to small values shortly after. The same for vernal equinox
but with a peak value of about 15 m/s. Around June solstice they decrease and become
small from 21 LT. There is a pronounced equinoctial asymmetry on the equinoctial winds
on both components. This figure shows the baselines used on following sections to remove
the quiet-time average patterns.

In this study, our quiet-time wind patterns consist of 4-month season averages except for
when improving prediction on the storm cases, section 4.3.4, where the bimonthly averages
where used to optimize the prediction.

Figure 4.4 shows the seasonal dependence of our half-hour averaged quiet-time zonal
and meridional winds and the corresponding results from the HWM14. The average solar
flux ranged from 105 to 120 solar flux units (sfu), for equinox and June solstice and from
125 to 135 for December solstice, and the average Kp ranged from 0.7 to 1.1. The standard
deviations vary from about 15 to 25 m/s for the zonal winds and from about 12 to 20 m/s
for meridional winds. The HWM14 winds were first evaluated at each FPI location for an
altitude of 250 km and zero geomagnetic activity level (Ap=0) every half-hour and then
averaged to get an overall model prediction. The variability of the model results, calculated
from the standard deviations of each half-hour bin, is shown as the shaded areas. This

variability is largest during equinox and for the meridional winds.
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Figure. 4.4: Seasonal variation of equatorial thermospheric winds under 12-hours of ex-
tended geomagnetic quiet conditions and the corresponding quiet-time predictions from the

HWM14. The error bars and shadowed regions correspond to the standard deviations.

Figure 4.4 shows that for moderately low solar flux conditions our quiet-time zonal
winds are eastward with peak values of about 115 m/s at about 22 LT and decrease to-
ward dawn. The June solstice and equinoctial nighttime meridional winds are southward
in the early night with decreasing magnitudes. The equinoctial meridional winds reverse
to northward at about 21 LT, have a peak value of about 25 m/s near 22.5 LT, and then
decrease up to about 01 LT. They have very small magnitudes in the late-night sector.

The June solstice meridional winds decrease from the early night period up to about 23
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LT and have small values in the postmidnight period. The December solstice meridional
winds have nearly constant northward values of about 15 m/s from about midnight to 05
LT. The average wind patterns shown in Figure 4.4 are similar to those reported in previ-
ous equatorial studies (e.g., Biondi et al., 1990, 1999; Meriwether et al., 2016). They are
also in general agreement with the predictions from the HWM14, which is expected since a
large database of Peruvian FPI measurements was used in the development of this model.
However, there are also noticeable differences between the FPI and the model results. In
particular, the model significantly underestimates the eastward winds in the premidnight
sector and the early night southward winds during equinox, and also significantly overesti-
mates the northward meridional wind during December solstice in the postmidnight sector,
as seen from Figure 4.4. Some of the differences between the HWM14 and the Peruvian
FPI data were already reported by Drob et al. (2015) and Meriwether et al. (2016). We
will later show that the large underestimates of the quiet-time eastward winds result in

significant underestimates of the disturbed zonal winds by the HWM14.

4.3.2 Average disturbance winds

Middle and low latitude thermospheric winds can be severely disturbed by geomagnetic
storm-driven enhanced energy and momentum input into the high latitude ionosphere.
Figure 4.5 shows the local time and seasonal dependence of our thermospheric winds for
Kp>3 geomagnetic conditions, and the corresponding predictions from the HWM14. In
this case, the average solar flux ranged from 105 to 125 sfu for all seasons and the average
geomagnetic activity levels ranged from 3.9 to 4.3. The standard deviations shown as bars
vary from 10 to 30 m/s for the zonal winds and from 12 to 25 m/s for the meridional winds.
The HWM14 predictions were evaluated including its disturbance component, provided by
the DWMO7 (Emmert et al., 2008), at each FPI location for an altitude of 250 km, for a
geomagnetic activity level of Ap=25 to correspond to the same average level of geomagnetic

activity as the FPI winds (Kp~a4.1) and averaged to get the full HWM14 prediction.
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Figure. 4.5: Seasonal comparison of disturbed equatorial thermospheric winds for local geo-
magnetic conditions i.e. Kp>3; and corresponding predictions from the HWM14 evaluated

for Ap=25. The error bars correspond to the standard deviations.

Figure 4.5 shows generally a much better agreement between the FPI and the HWM14
disturbed winds than between their quiet-time values. The FPI and the HWM disturbed
eastward winds presented in Figure 4.5 are about 25 m/s and 10 m/s smaller than their
corresponding quiet-time values shown in Figure 4.4, respectively. This difference is the
result of the smaller quiet-time eastward winds predicted by the HWM14. As in the quiet-
time case, the FPI and HWM meridional disturbed winds are generally in good agreement

except for the equinox early night and December solstice late night periods.
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Figure 4.6 compares our extended quiet-time seasonal patterns shown in Figure 4.4 and
the local disturbed (Kp>3) seasonal averaged winds shown in Figure 4.5. As mentioned be-
fore, these patterns are half-hourly averages for the corresponding geomagnetic conditions.
The standard errors of the means are about 1 m/s and 3 m/s for the extended quiet-time
and local disturbed patterns respectively. Figure 4.6 indicates that the average zonal distur-
bance winds are nearly season-independent in the premidnight sector for equinox and June
solstice and largest during equinox in the postmidnight period. The meridional disturbed
winds are slightly more northward in the premidnight sector for equinox and June solstice

and more southward in the postmidnight sector for December and June solstices.
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Figure. 4.6: Comparison of 12-hours extended quiet and local disturbed thermospheric

winds over Peru.
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Figure 4.7 shows in more detail the local time and seasonal variations of the FPI
disturbance winds presented in Figure 4.6, and the corresponding results from the seasonal-
independent DWMO07 (Emmert et al., 2008). The corresponding 12-hours extended quiet-
time seasonal baselines were removed and the resultant disturbances were averaged in local
time and season. The average geomagnetic activity enhancement, AKp, ranged from 3.1 to
3.3. The standard deviations are ~15 m/s most of the night, except in the early night period
when they are about 25 m/s, and the error bars indicate the standard errors of the means,
which are generally about 2 m/s. The DWMO7 predictions, shown as solid black lines, were
evaluated at the FPI locations for an altitude of 250 km, for a geomagnetic activity level
of Ap=25, which corresponds to an enhancement of AKp=3.2 over the geomagnetic quiet

level of (Kp) =0.9, and averaged to get a single prediction from this model.
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Figure. 4.7: Local time and seasonal comparisons of FPI disturbance winds (Kp>3) with
predictions from the DWMO07 for geomagnetic activity enhancement of AKp=3.2 (Ap~25).

The error bars correspond to the standard errors of the means.
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Figure 4.7 shows that the FPI equinoctial and June solstice zonal disturbance winds
have comparable values in the premidnight sector where they increase with local time and
that they reach their largest magnitudes around midnight. The postmidnight zonal dis-
turbance winds are largest (smallest) during equinox (June solstice) and decrease toward
dawn in all seasons. The DWMAO7 predicted zonal disturbance winds have much smaller
magnitudes than the FPI disturbance winds, except in the late-night period near the time
of its peak value. As noted earlier, this is partly due to the HWM14 smaller quiet-time
eastward winds. The meridional disturbance winds are very small at all seasons, as already
shown in Figure 4.6. The FPI equinoctial and June solstice meridional disturbance winds
are northward with comparable small values in the premidnight sector and have peak val-
ues near dusk. In the postmidnight sector, they are southward with largest values during
December solstice and smallest during equinox. The DWMO07 meridional disturbance winds
are southward with generally much smaller values than the FPI disturbance winds.

Figure 4.8 shows the equinoctial zonal disturbance winds for the midnight period as
a function of local Kp and corresponding average predictions from DWMO07. It shows the
nearly linear Kp dependence of the disturbance winds, which is in agreement with results
from previous studies (e.g., Emmert et al., 2008; Brum et al., 2012). The FPI and DWMO07
average patterns show similar linear Kp dependence starting from their corresponding av-
erage quiet average values but, as pointed out earlier, they start from significantly different

quiet time values.
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Figure. 4.8: Averaged FPI and DWMO07 disturbance winds as a function of local Kp for the

midnight period. The error bars correspond to the standard errors of the means

4.3.3 Extended geomagnetic effects

The low latitude thermosphere and ionosphere are strongly affected for periods from
few hours to few days by storm-time enhanced energy deposition into the high latitude
ionosphere (e.g., Blanc & Richmond, 1980; Fuller-Rowell et al., 1996). We have studied the
relationships of the Peruvian FPI disturbance winds for extended periods of geomagnetic
activity using up to about 12-hour averaged Kp values. The best estimates of the zonal
disturbance winds were obtained using for 9-hour averaged Kp averages, but similar results

were also obtained using slightly longer Kp averages. The meridional disturbances were
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not improved using Kp averages. Since meridional wind disturbances can have shorter
lifetimes, they can be estimated best using shorter-term disturbance parameters such as
hourly AE and polar cap indices. These parameters would also improve the prediction of
zonal disturbance winds by taking time delay effects into account.

Figure 4.9 shows the equinoctial zonal disturbance winds for local and 9-hours of con-
tinuously high geomagnetic activity level. These averages were calculated following the
same procedure as for the seasonal disturbances shown in Figure 4.7. The averages of the
local and 9-hours enhanced geomagnetic activity levels ranged from 3.4 to 3.6. As expected,
Figure 4.9 indicates that extended periods of geomagnetic activity lead significant increases
in the magnitude of the disturbance winds, particularly in the postmidnight period, even
though the average geomagnetic activity levels are about the same. They show that for
a geomagnetic activity level of Kp~4.4 the zonal disturbance winds around midnight and
in the postmidnight sector increase by ~8 m/s from local to 9-hours of steady disturbed
conditions. Basically, same results were obtained for June solstice. The average meridional
disturbance winds derived from local and extended disturbance conditions turned out to be

essentially identical and, therefore, are not shown.



75

JICAMARCA-NASCA-AREQUIPA 2011-2017
EQUINOX, (®)~ 110

-5 —4$— 4<Kp<5, (AKp)=~3.5
~10 é— 4 <Kp(0-9hrs) <5, (AKp) ~3.5

A EASTWARD WIND (M/S)

o H"' *%_ .

_40 i i ! i i A

19 20 21 22 23 0 1 2 3 4 5 6
LOCAL TIME

Figure. 4.9: Comparison of equinoctial disturbance eastward winds under local and extended

geomagnetically active conditions. The error bars correspond to the standard errors of the

means.

We have seen that the HWM14, which includes the disturbance component from the
DWMO7, gives reasonably good thermospheric wind estimates over Peru during geomagnet-
ically active times even though both its quiet and disturbance components are less accurate.
We will see below that these limitations become more severe during and shortly after large
geomagnetic storms when the storm time winds depend strongly also on past geomagnetic
activity levels. The importance of extended periods of enhanced geomagnetic activity is

also evident in storm-time equatorial plasma drifts (e.g., Fejer et al., 2005; Scherliess &
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Fejer, 1997). In the next section, we will compare Peruvian thermospheric measured winds
during and shortly after the 23-26 April 2012 and 07-10 May 2016 long-lasting geomagnetic

storms with predictions from the HWM14 and from a simple empirical disturbance model.

4.3.4 Case studies

Figure 4.10 shows the March-June zonal disturbance winds corresponding to 9-hours
of enhanced geomagnetic activity, which was determined following the procedure described
earlier. This extended disturbed wind pattern is similar to that shown in Figure 4.9 except
for the slightly earlier time of the peak westward wind perturbation. We used this pattern to
estimate the zonal wind disturbance winds for our two storms by linearly scaling their values
to the corresponding local time dependent 9-hour Kp values. Therefore, our estimated zonal

disturbance winds are given by

AKp(0 — 9hrs)
3.1

U(t, Kp(0 — 9hrs)) = Uy(t) + d(t)

where U is the empirical zonal wind speed, t is the local time, U(t) is the corresponding
12-hour quiet-time zonal wind, AKp(0-9 hrs) is the average Kp enhancement over the last
9-hours over our quiet-time level (Kp=0.9), and d(t) is the disturbance wind shown in
Figure 4.10. The predicted storm-time zonal winds are obtained by adding the disturbance
winds scaled from the values shown in Figure 4.10 to the corresponding extended quiet-time

values. The storm-time meridional winds were estimated using the local Kp indices.
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Figure. 4.10: Disturbance eastward winds of 9-hours extended geomagnetically active con-

ditions for March-June period. Error bars correspond to the standard errors of the means.

Figures 4.11 and 4.12 show in the top panels the time evolution of the geomagnetic
storm, as indicated by the Symmetric-H (SYMH), Auroral Electrojet (AE) and Kp indices.
The bottom panels show the zonal and meridional extended quiet-time reference winds,
FPI measured zonal and meridional winds and the predictions from HWM14 and from our
simple empirical model. Figure 4.11 shows that the main phase of the May 2016 storm
lasted from ~20 LT on the 7th to ~02:30 LT on the 8th. This was followed by a highly
active period of energy injections up to ~22 LT on the 8th. In this period, the AE indices

reached values of ~1900 nT, and the Kp was about 6. This was followed by a long recovery
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phase up to about May 10th with AE values of about 500 nT, and Kp~2.5.

Figure 4.11 shows that, following a relatively large short-lived northward wind distur-
bance at about 00:30 LT on 8 May, the zonal wind first decreased and later reversed to
westward with disturbance winds of up to about 70 m/s. On the following night, the west-
ward disturbance winds were larger than about 60 m/s from about 22 LT to 05 LT, and
there was a large southward disturbance wind near midnight. The zonal disturbance winds
decreased to about 50 m/s and 30 m/s in the third night and fourth nights respectively
and were largely confined to the postmidnight period. The meridional winds underwent
a large short-lived postmidnight northward disturbance in the third night and essentially
returned to their quiet time values in the fourth night. These short-lived interhemispheric
surges are followed by the development of westward disturbances in agreement with the
regulation of the meridional circulation through the development of westward disturbances
(e.g., Fuller-Rowell et al., 1994).

Figure 4.11 shows that the HWMI14 largely underestimates the magnitudes of the
westward wind perturbations in the first night, and does not account for their occurrence in
the following nights. Our simple empirical model provides significantly better estimates of
the westward disturbance winds, but it underestimates their peak magnitudes in the third
and fourth nights. The HWM14 and our model provide nearly identical estimates of the
storm-time meridional winds, which is expected, since they are both based on the local
Kp values, but they do not account for the large short-lived meridional disturbances near

midnight.
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Figure. 4.11: Thermospheric wind response during the 07-10 May 2016 geomagnetic storm.
(Top) Geophysical indices during the main and recovery storm phases of the geomagnetic
storm. The shadowed areas indicate night-time periods. (Bottom) Eastward and northward
quiet-time reference winds (black smooth lines), FPI observations (black lines with error
bars), predictions from the HWM14 (blue lines) and from our empirical model (green lines).

The error bars correspond to the standard deviations of the measured winds.
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Figure 4.12 shows the geomagnetic indices during the April 2012 geomagnetic storm
and the measured and model-estimated zonal and meridional winds. The main phase of
this storm occurred from ~13 LT to ~23LT on 23 April, and its recovery phase lasted for
about three days. In the main phase, the peak AE was about 1500 nT and the average
Kp was close to 5+. After the main phase there was a relatively short quiet-time period
followed by 2 days of moderately disturbed conditions with an average AE of about 800 nT
and an average Kp of ~4.

Figure 4.12 shows large (peak of about 50 m/s) westward wind disturbances starting
in the storm main phase and extending into the following quiet-time period. In this case,
the meridional winds underwent large northward and southward disturbances before and
after midnight, respectively. In the second night, there were even larger (up to about 70
m/s) westward wind disturbances, particularly in premidnight period, while the meridional
wind had northward disturbances increasing toward dawn. We note, however, that the
premidnight measurements on the second night have much larger standard deviations due
to less favorable observing conditions. The zonal wind disturbances decreased to about 30
m/s in the third night when they were confined to the postmidnight sector and essentially
vanished in the fourth night. The meridional winds were slightly disturbed in the third night
and also returned to their quiet values in the following night. The HWM14 predictions again
underestimate the westward disturbances in the storm main phase, and do not account
for their occurrence in the following nights. Our model reproduces the large westward
disturbances in the storm main phase, but underestimates their values in the following
nights, particularly in the second night. Again, these models do not reproduce the short-

lived meridional wind disturbances.
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Figure. 4.12: Thermospheric wind response during the 23-26 April 2012 geomagnetic storm.
(Top) Geophysical indices during the main and recovery storm phases of the geomagnetic
storm. The shadowed areas indicate night-time periods. (Bottom) Eastward and northward
quiet-time reference winds (black smooth lines), FPI observations (black lines with error
bars), predictions from the HWM14 (blue lines) and from our empirical model (green lines).

The error bars correspond to the standard deviations of the measured winds.
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4.4 Discussion

We have used multi-site FPI measurements in the Peruvian equatorial region and the
novel data analysis technique presented by Harding et al. (2015) to determine for the first
time the local time and seasonal dependence of the nighttime equatorial extended quiet and
disturbed zonal and meridional winds, and compared them with predictions from HWM14
and DWMO07. We have determined that the magnitudes of the equatorial nighttime east-
ward winds increase slightly from local to extended quiet conditions, and have used 12-hours
extended quiet average winds as our baseline for inferring geomagnetic activity driven dis-
turbance winds. Our extended zonal and meridional quiet-time climatologies are in good
agreement with results from previous equatorial wind studies (e.g., Biondi et al., 1990,
1999; Meriwether et al., 2016), and consistent with quiet-time F-region zonal plasma drifts
(e.g., Fejer et al., 1991, 2005). They are also in general agreement with predictions from
the HWM14, although this model tends to underestimate the Peruvian nighttime eastward
winds.

We showed that the June solstice and equinoctial premidnight westward wind dis-
turbances have comparable magnitudes and increase up to about midnight. Later, they
decrease toward dawn and are largest during equinox and smallest during June solstice.
The equinoctial and June solstice meridional disturbance winds are northward with compa-
rable values in the premidnight sector and decrease monotonically from dusk to midnight
where they reverse to southward. In the postmidnight sector, the southward disturbance
winds increase toward dawn and have largest values during December solstice and smallest
during equinox.

Emmert et al. (2004) presented longitudinally averaged disturbance zonal winds derived
from climatological WINDII-UARS satellite measurements with peak magnitude around 03
LT, and showed that this peak moves to earlier local times with increasing geomagnetic
activity. The DWMO7 also predicts nighttime westward disturbance winds over Arequipa
at 03 LT (Emmert et al., 2008). We note, however, that the FPI derived zonal disturbance

winds over Arequipa presented in Figure 8 of the DWMO07 study have larger values at



83

midnight than at 03 LT, consistent with our data. CHAMP satellite measurements showed
strongest zonal wind disturbances around midnight during equinox and December solstice,
and near 03 LT during June solstice (Xiong et al., 2015). Clearly, additional studies are
needed to fully characterize the seasonal, solar cycle, and longitudinal variations of the
equatorial disturbance winds.

We have seen that the DWMO7 significantly underestimates, particularly near mid-
night, the magnitude of the nighttime zonal disturbance winds. Thermospheric wind mea-
surements over the North African low latitude region during the 27-28 February 2014 storm
showed that the DWMO07 also significantly underestimated the nighttime westward dis-
turbance winds near midnight (Malki et al., 2018). Our simple empirical model provides
improved estimates of the storm-driven zonal perturbations for the two geomagnetic storms
considered above. This is especially the case in the early phases of the storms. The model
predictions for nights after the main phases could be improved by introducing a longer-
term disturbance parameter. Fejer et al. (2005) showed that large westward postmidnight
F-region disturbance dynamo drifts are also associated with time delays of about 15-24
hours after enhanced geomagnetic activity. Our database is not extensive enough for deter-
mining the possible effects of these longer-term disturbance parameters. The DWMO07 and
our model give reasonable estimates of the average meridional disturbance winds, but are
unable to account for short-term disturbances; which are probably associated with large-
scale trans-equatorial traveling atmospheric disturbances originated by energy depositions
at polar regions with time delays of about 4 to 6 hours (Xiong et al., 2015; S.-R. Zhang
et al., 2017; Malki et al., 2018). The use of shorter-term disturbance parameters would
also improve the prediction of both zonal and meridional disturbance winds by taking time

delay effects into account.

4.5 Summary and conclusions
We have presented the first study of the local time and seasonal dependence of the
nighttime equatorial disturbance winds over Peru. The disturbance winds are westward

with largest magnitudes around midnight and strong seasonal dependence in the postmid-
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night period. The equinoctial and June solstice premidnight meridional disturbance winds
are northward and have comparable magnitudes. In the postmidnight sector, they are south-
ward with larger values during December solstice and smallest during equinox. The DWMO07
significantly underestimates the magnitudes of the nighttime equatorial zonal disturbance
winds over Peru, particularly close to midnight. The zonal disturbance winds cannot be
accurately predicted using only local disturbance parameters such as the 3-hour Kp indices.
Time extended disturbance effects are particularly important during recovery phases of ge-
omagnetic storms when significant postmidnight disturbance winds can last longer than 48
hours after storm main phases. The short-lived equatorial meridional disturbance winds

cannot be accounted for with current empirical models.
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CHAPTER 5
EQUATORIAL DISTURBANCE DYNAMO VERTICAL PLASMA DRIFTS OVER
JICAMARCA !

5.1 Introduction

The first theoretical description of the ionospheric disturbance dynamo process was
presented by Blanc and Richmond (1980). They pointed out that enhanced energy depo-
sition into the high latitude thermosphere (mostly through Joule heating) during geomag-
netic storms produces significant disturbances in the thermospheric neutral wind field and
conductivity distribution, which lead to large departures of the middle and low latitudes
thermospheric neutral winds, ionospheric electric fields and currents from their quiet-time
values.

The basic features of this mechanism consist of high latitude Joule heating driving
a meridional thermospheric wind circulation and westward zonal winds that extend from
high to low latitudes. These disturbance winds drive equatorward Pedersen currents that
accumulate positive charges at the geomagnetic equator establishing a poleward electric
field and eastward Hall currents. These currents build up polarization charges at the dawn
and dusk terminators and set up a dusk-to-dawn electric field. This process gives rise to
polar and equatorial anti-Sq current vortices. In the equatorial region, this process drives
westward (eastward) current and F region downward (upward) plasma drift disturbances on
the dayside (nightside), which reduce or reverse the quiet time drift and current patterns.

Equatorial disturbance dynamo plasma drifts and currents were the subjects of several

studies. Fejer et al. (1983) used incoherent scatter radar vertical plasma drifts from the

!Most of this chapter is comprised of the original text from the research publication Navarro, L. A.,
Fejer, B. G., & Scherliess, L. (2019). Equatorial Disturbance Dynamo Vertical Plasma Drifts Over Jicamarca:
Bimonthly and Solar Cycle Dependence. Journal of Geophysical Research: Space Physics, 124(6), 4833-4841.
https://doi.org/10.1029/2019JA026729 with additional text and figures inside section 5.3. Reproduced by
permission of the American Geophysical Union.
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Jicamarca Radio Observatory (12° S, 76.9° W; magnetic dip 2° N) in Peru to show that the
equatorial vertical disturbance dynamo drifts were opposite to the normal quiet patterns
in agreement with the Blanc-Richmond model. In this study, the time delay between the
onset of high latitude energy deposition (inferred from AE indices) was consistent with the
characteristic time for the establishment of a steady circulation pattern (e.g., Richmond &
Matsushita, 1975). They also noted that for most storms, there is an inherent difficulty
in the separation of equatorial disturbance dynamo and prompt penetration electric field
(electrodynamic plasma drift) effects (e.g., Fejer, 1997; Wolf, 1995).

Mazaudier and Venkateswaran (1990) studied the effects of the March 22, 1979 geomag-
netic storm on middle and low latitude meridional winds and east/northward drifts using
Saint Santin incoherent scatter radar and equatorial magnetic field measurements. They
reported the generation of a meridional equatorward circulation one day after the onset of
the storm, which appeared first at F-region altitudes and then descended to lower altitudes.
They also observed northward electric fields from postmidnight to early afternoon. The
time delay between the storm and the largest equatorial disturbances was about 15 hours.
These results were also in agreement with the predictions from the Blanc-Richmond model.

Fejer and Scherliess (1995) used Jicamarca vertical drift observations and a binning
technique to successfully separate prompt penetration and disturbance dynamo electric
field effects. The derived disturbance dynamo disturbances were used to determine the
time delays between geomagnetic activity enhancements, as indicated by AE indices, and
the equatorial electrodynamic responses. They reported that the disturbance dynamo elec-
tric fields reach the equator 2-4 hours after the increase in high latitude magnetic activity.
Scherliess and Fejer (1997) developed the first empirical model of equatorial disturbance
dynamo vertical drifts using very extensive Jicamarca observations and AE indices. They
showed that the disturbance dynamo vertical drifts are downward with small values during
the day, and upward at night with largest magnitudes near sunrise. The time delays be-
tween the high latitude current enhancements and the corresponding equatorial disturbance

dynamo disturbances are about 1-12 hours and 12-28 hours. The initial response is associ-
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ated with fast traveling atmospheric disturbances, and the later response with changes in
the thermospheric circulation and ionospheric composition (Fejer, 1997; Fejer et al., 2017;
Fuller-Rowell et al., 2002).

Fejer (2002) showed that after 6 hours of enhanced geomagnetic activity, the Jicamarca
disturbance dynamo downward drifts near dusk were larger during equinox than during June
solstice. The postmidnight upward disturbances did not show much seasonal dependence.
Jensen (2007) used global vertical drift measurements from the ROCSAT-1 satellite to
show that the equinoctial downward disturbance dynamo drifts near dusk increase strongly
from moderate to high solar flux conditions. Fejer et al. (2008b) used ROCSAT-1 satellite
vertical drift measurements at an altitude of about 600 km to study the seasonal dependence
of longitudinally averaged disturbance dynamo drifts resulting from 4 hours of enhanced
geomagnetic activity. The evening downward dynamo drifts were largest during equinox
and smallest during June solstice; the nighttime upward drifts were largest during December
solstice and nearly identical during equinox and June solstice.

Measurements of F region height changes in the Indian equatorial region near dusk
suggested that the largest disturbance dynamo vertical drifts occur about 0.5-4 hours and
16-23 hours after enhanced geomagnetic activity, and that the disturbance lifetimes decrease
with increasing solar flux (Kakad et al., 2011). Storm-driven electrojet disturbances derived
from magnetometer measurements in the Indian and Peruvian equatorial regions, presented
by Yamazaki and Kosch (2015), showed that the disturbance dynamo effects are dominant
during the recovery phase of geomagnetic storms. The disturbance dynamo currents in the
Peruvian sector exhibit a semidiurnal variation, which resembles the pattern in Scherliess-
Fejer empirical model (Fejer et al., 2017). The derived current disturbances increase with
solar flux activity, most likely as a consequence of the increased ionospheric conductance.
Pandey et al. (2018) reported that the largest disturbance dynamo effects on the equatorial
electrojet over India occur during equinox and high solar activity periods.

Fejer and Emmert (2003) used incoherent scatter radar observation from Jicamarca and

Arecibo and wind measurements from the Upper Atmospheric Research Satellite (UARS)
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for the first detailed study of low latitude disturbance dynamo effects during the recovery of
a major geomagnetic storm. These observations showed large latitudinal variability of the
disturbance drifts. They also reported that although the characteristics of the measured
disturbance dynamo drifts were generally consistent with climatological and theoretical
patterns, their amplitudes were initially much larger than the expected values. Xiong et
al. (2016) used CHAMP and ROCSAT-1 satellite observations to study the local time
and longitudinal dependent response of the equatorial electrojet, vertical plasma drifts and
zonal winds to the solar wind parameters using the 3 hours integrated merging electric
fields proposed by Newell et al. (2007) to represent the energy input to the magnetosphere-
ionosphere-thermosphere system. They showed that the nighttime disturbance dynamo
drifts are upward and have the largest magnitudes in the postmidnight sector after 4.5 hours
and gradually decrease to their quiet time values after 24 hours. The daytime disturbance
drifts are downward and small in agreement with results from earlier studies. R. Zhang,
Liu, Le, Chen, and Kuai (2017) examined the storm-time evolution of middle and low
latitude ionosphere disturbance dynamo drifts during three long-lasting geomagnetic storms
using ROCSAT-1 and C/NOFS satellite measurements. They showed that the local time
dependence of the equatorial disturbance dynamo vertical drifts can be affected by the shift
of the disturbance winds to later local times.

C. M. Huang and Chen (2008) and C. M. Huang (2013) used the National Center
for Atmospheric Research Thermosphere Ionosphere Electrodynamics General Circulation
Model NCAR/TIE GCM to study seasonal and solar cycle dependence of the equatorial
disturbance dynamo vertical plasma drifts. These simulations reproduced the observed
decrease of the magnitudes of the disturbance dynamo drifts with decreasing solar flux, and
the occurrence of larger magnitudes during equinox than during June solstice.

In this study, we use extensive vertical plasma drifts observations from the Jicamarca
Radio Observatory incoherent scatter radar to examine in more detail the bi-monthly, so-
lar cycle and geomagnetically active condition dependence of the equatorial disturbance

dynamo vertical plasma drifts. We show that these drifts have strong solar cycle and
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bimonthly variations. In the following sections, we first describe our database and then

present and discuss our results.

5.2 Data and Methodology

The vertical plasma drifts used in this study were obtained from incoherent scatter
radar measurements at the Jicamarca Radio Observatory from April 1968 to February
2018. The experimental procedure was described by Woodman (1970). The data acquisition
and signal processing techniques were described by Kudeki et al. (1999). The drifts were
measured usually at altitudes from about 250 to 800km with a height resolution of 20-45km
and with an integration time of 5 min. These measurements are available at the Jicamarca
website. The values used in this study represent 15-min averages at altitudes from about
250 to 400km, where the signal to noise ratios are highest. However, during periods of
strong equatorial spread F, the height range of drift was extended sometimes up to 850km
to minimize the effects produced by these echoes. The error of these measurements is about
1m/s during the day and somewhat larger at night.

We used 10525 hours of drift measurements and complementary AE and decimetric
solar flux indices. We have initially determined the quiet-time values that will be later
removed to obtain the disturbance associated with the geomagnetic activity effects.

We used the solar cycle dependent bimonthly baselines derived by Scherliess and Fejer
(1997) for every two weeks. Figure 5.1 shows these quiet values for bimonthly bins and
binned averages which represent 30-hours of geomagnetically quiet conditions as expressed
by the average of hourly AE indices smaller than 300nT. These criteria were established
to suppress the short- and long-term disturbances associated with wind-driven disturbance
dynamo electric fields. Their standard errors of the means of about 2 m/s correspond to

an average AE of about 130 nT.
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Figure. 5.1: Comparison of the bimonthly half-hourly averaged vertical drifts and predic-

tions from Scherliess (1997). Errorbars correspond to standard deviations.

We have determined the disturbance dynamo vertical drifts by removing the corre-
sponding solar cycle dependent quiet time values. These quiet values were removed from
the 15-min averaged drifts. Then, we follow Fejer and Scherliess (1995) and Fejer et al.
(2008b), we selected the disturbance drifts following an average increase in the last 6 hours
of geomagnetic activity of at least 100 nT in AE relative to the quiet value mentioned be-
fore i.e. AAE(0-6 hrs)>100 nT, and minimized prompt penetration electric fields effects by
excluding disturbance drifts when the hourly AE changes were larger than 250 nT i.e. when

the absolute differences of both the current and the previously hourly value and the previ-
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ously hourly value and the value two hours before were larger than 250 nT. We note that it
is not possible to completely separate prompt penetration and disturbance dynamo electric
field effects. Since these processes have opposite local time dependent polarities (e.g., Fejer,
2011), we estimate that, on the average, residual prompt penetration electric fields effects
decrease the magnitudes of our inferred disturbance dynamo drifts only slightly (by about
2-3 m/s). We also tested other more stringent criteria to further minimize these magneto-
spheric effects with no significant differences in the results. We have deleted observations
related to the solar flare events (e.g., R. Zhang, Liu, Le, & Chen, 2017).

Our database of disturbance drifts consists of 3118 hours of vertical drift observations.
Table 5.1 shows the number of hours of vertical disturbance drifts in bimonthly bins. The
smallest number of observations is from November-December with 374 hours, and the largest
number from September-October with 700 hours. In general, they have fairly even distri-
butions from low and high solar flux conditions. This is also the case for the disturbance
levels, as measured by the time averaged AE indices, except for the July-August high solar

flux period, where the average disturbance levels are smaller than during the other periods.

Table 5.1: Bimonthly Distribution of the Jicamarca Vertical Disturbance Drifts
Jan-Feb Mar-Apr May-Jun Jul-Aug Sep-Oct Nov-Dec

Number of hours 386 644 544 470 700 374

5.3 Results

Figure 5.2 shows the local time and seasonal distribution of our disturbance dynamo
drifts. We note that these disturbance drifts include quiet time variability effects, which are
largest during low solar flux periods (e.g., Fejer & Scherliess, 2001), since these cannot be
removed by subtracting average quiet time values. The relatively small number of nighttime
measurements during December solstice is mostly due to the frequent occurrence of equato-
rial spread over the entire nighttime period during this season (e.g., Fejer et al., 1999) and

to the removal of measurements during sudden stratospheric warming events (e.g., Fejer et
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al., 2011; Siddiqui et al., 2015).
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Figure. 5.2: Scatter plot of season dependent disturbance dynamo drifts after 6 hours of

enhanced geomagnetic activity.

Figure 5.3 shows the bimonthly averaged disturbance vertical drifts corresponding to

6-hours of enhanced magnetic activity and to an average solar flux index of about 120 units.
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For the November-December and January-February bins, we have included measurements
15 days before and after these nominal periods to overcome low statistics. The average
increases in the 6-hours AE indices over our quiet time value (about 130 nT) varied from
230nT to 260nT, except for January-February, which had an average increase of about
180nT. The residuals were averaged in hourly bins, except around sunset where half-hour
bins were used. The standard deviations on the average disturbance drift varied from about
3 m/s to 10 m/s, except for the December solstice nighttime data where it was up to about
15 m/s.

Figure 5.3 shows that the daytime drifts are typically downward with values of about
5 m/s from January to June, and close to zero for the rest of the year. Near dusk, the dis-
turbance drifts are downward throughout the year with largest values during the autumnal
equinox and smallest during May-June. The evening disturbance dynamo downward peak
drifts, and the reversals from downward to upward drifts, occur earliest during May-June
and latest during January-February. There is a clear equinoctial asymmetry in the dis-
turbance dynamo drifts near dusk with autumnal equinoctial values about twice as large
as the vernal equinoctial values. The nighttime disturbance drifts are upward throughout
the year with smallest values during May-June. The magnitudes of the December solstice
nighttime disturbance drifts have much larger uncertainties than during the other seasons
due to poor statistics. The morning drift reversals from upward to downward occur latest

during December and earliest during June solstice.
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Figure. 5.3: Bimonthly averages of disturbance vertical drifts for moderate flux conditions.
The error bars denote the standard errors of the means. The dotted lines denote periods of

low statistics.

Figure 5.4 shows a color map of the annual variation of the disturbance dynamo drifts
for moderate solar flux conditions. It is an extension of the results shown in Figure 5.3

using a sliding bimonthly window every two weeks. This window was one month longer
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for December solstice when less data was available and, as a result, it is often difficult
to estimate accurately the disturbance drifts due to the frequent occurrence of plasma
irregularities and strong sudden stratospheric warming events. In this case, the average
disturbance increases over the quiet value (about 130nT) ranged from 200nT to 290nT,
except from mid November to mid February when they ranged from about 170nT to 190nT.
The average solar flux conditions ranged from 110 to 130 solar flux units. The overall
standard deviations are comparable to those reported in Figure 5.2 (i.e., between about 5
and 10 m/s and somewhat larger, especially at night, during December solstice).

Figure 5.4 shows in more detail the strong annual variation of the equatorial disturbance
dynamo vertical drifts. The magnitude and peak times of the downward drifts near dusk, in
particular, change strongly throughout the year. These peak drifts are largest around the
autumnal equinox and smallest around June solstice. There is also a pronounced asymmetry
on the equinoctial drifts near sunset where the downward disturbance drifts are larger during
the autumnal equinox than during the vernal equinox. The same is true for the late night
upward drifts. In addition, the postmidnight upward disturbance drifts extend further into
the dayside during the autumnal equinox than during the vernal equinox. The daytime and
nighttime disturbance drifts are smallest during May-June, except near sunrise. There is
also an apparent annual variation on the morning disturbance drifts, which are generally
downward from December to July, and close to zero for the rest of the year. Except for June

solstice, the late afternoon drifts are upward with largest values around December solstice.
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Figure. 5.4: Annual variation and local time dependence of disturbance vertical drifts for

moderate flux conditions.

The equatorial disturbance dynamo drifts vary strongly with the level of energy depo-
sition into the high latitude ionosphere, as measured by the time-averaged AE indices, and
with solar flux. Figure 5.5 illustrates the annual and local time dependent increases of the
disturbance dynamo drift magnitudes for an increase in the time-averaged AE indices by
about 270 n'T for moderate solar flux conditions. In this case again, we combined the results
from November to February in order to obtain statistically more meaningful results. Figure
5.5 shows that increased geomagnetic activity leads to large increases in the magnitudes of
the disturbance drifts near dusk and in the late night sector, with no significant effects on
the daytime drifts. The downward disturbance drifts near dusk increase strongly during

the equinoctial months and very weakly between May and August. The rate of increase of



97

the nighttime upward disturbance drifts is largest near 03 LT and does not change much

throughout the year.
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Figure. 5.5: Annual variation of the disturbance dynamo vertical drifts for low (green) and
high (blue) magnetically active conditions. The scatter bars denote the standard errors of

the means. The dotted lines indicate periods of low statistics.

Figure 5.6 shows the annual variation of the disturbance drifts with solar flux. We
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used three solar flux levels only near dusk where they vary most strongly with solar flux,
and have omitted the high solar flux results for July-August since they are not statistically
significant due the small number of observations. These average disturbance drift patterns
were obtained by binning the data in variable overlapping solar flux ranges. The resulting
average values ranged from 90 to 100 s.f.u. and 175 to 185 s.f.u. for low and high solar
flux conditions respectively, except for November-February high solar conditions when this
value was 150 s.f.u. The 6-hour average increase in the AE indices ranged from about 240
nT to 250nT for low solar flux conditions, and from about 260 nT to 270 nT for medium
and high solar conditions respectively, except for Nov-Dec where the average increase was
about 200nT. The standard deviations were generally about 5 m/s for the daytime and
premidnight sectors, and about 8 m/s for the rest of the day. These standard deviations
were smallest for May-June and largest for November-December.

Figure 5.6 shows that the strongest solar cycle effects on the disturbance dynamo drifts
occur near sunset. In this local time sector, the downward disturbance drifts increase with
solar flux during all seasons and have largest increases during equinox. The high solar flux
evening peak disturbance drifts in Figure 5.6 are largest and smallest during September-
October and May-June with values of about -20 m/s and -5 m/s, respectively. The evening
peak of the disturbance drifts also shift to later local times from low to high solar flux
periods. The low solar flux disturbance drifts near sunset are typically smaller than about
-5 m/s for all seasons, and have largest magnitudes during the autumnal equinox. The
nighttime upward disturbance drifts generally do not change much with solar flux. The
solar flux dependence of the December solstice nighttime drift cannot be determined from
our limited data. The morning westward drifts generally decrease weakly with increasing
solar flux, particularly during June solstice, and the late afternoon drift becomes increasingly

eastward prior to turning downward.
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Figure. 5.6: Annual variation of disturbance dynamo vertical drifts for low (green) and high
(blue) solar flux conditions. The scatter bars denote the standard errors of the means. The

dotted lines indicate periods of low statistics.

5.4 Discussion
We have determined the bi-monthly variation of the Jicamarca disturbance dynamo
vertical drifts and their dependence on solar flux following a 6-hours AE increase of 250 nT.

For moderate solar flux conditions, the daytime disturbance drifts are smaller than about
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5 m/s and generally downward, except in the late afternoon sector. Near dusk, they are
downward with largest and smallest magnitudes during the autumnal equinox and May-
June, respectively. The early night drift reversal times from downward to upward occur
earliest during May-June and latest during January-February. The nighttime disturbance
drifts are upward with largest magnitudes (about 8 m/s) close to sunrise and vary weakly
with season, except for slightly smaller values during May-June. The disturbance drifts
reverse from upward to downward near dawn.

Our disturbance drift patterns are in good agreement with the patterns from the Blanc-
Richmond numerical and the season independent Scherliess-Fejer empirical model. The
seasonal variations of the disturbance drifts presented above are consistent with the results
from previous (less detailed) empirical (e.g., Fejer, 2002; Fejer et al., 2008b) and numerical
simulation studies (e.g., C. M. Huang & Chen, 2008; C. M. Huang, 2013). However, our
results show a much stronger variation of the disturbance dynamo drift throughout the
year, with solar flux and geomagnetic conditions than reported previously. In particular,
our data indicate very weak low solar flux disturbance dynamo effects near dusk between
about March and June.

The disturbance dynamo drifts vary most strongly with solar flux near dusk, but this
dependence changes significantly throughout the year. In this local time sector, an increase
in the solar flux index from about 90 to 180 s.f.u. results in an increase of the peak
downward drift from 5 to 20 m/s during for September-October, but only from about 3 to
5 m/s during May-June. Although our average disturbance drifts are less accurate during
December solstice, they also indicate a strong increase of the peak downward drift with
solar flux. Similar annual variation is found for increased geomagnetic activity, but with no
shift to later local times.

The evening disturbance dynamo drifts have larger values during the autumnal equinox
than during the vernal equinox, particularly during low solar flux conditions. Scherliess
(1997) showed that there is a similar equinoctial asymmetry on the Jicamarca quiet time

evening upward prereversal velocities with larger values during the autumnal equinox. Ren
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et al. (2011) used ROCSAT-1 satellite data to describe the longitudinal variation of this
equinoctial asymmetry under quiet time conditions, which was attributed to the action of
asymmetries on different thermospheric parameters, especially in the eastward winds and
in the tides related to them.

The morning and early afternoon disturbance dynamo drifts, which are predominantly
downward during low solar flux periods, decrease and even turn slightly eastward during
high solar flux conditions. The nighttime upward disturbance drifts do not change much
from low to high solar flux periods, but they increase strongly with geomagnetic activity
close to dawn. These drifts also do not change much with season, except perhaps for the
early night period. The relatively large late night upward disturbance dynamo drift and the
decrease of the nighttime quiet-time ambient downward vertical drifts with solar flux, makes
the disturbance dynamo drifts an increasingly important driving mechanism for equatorial
spread F during low solar flux geomagnetic active periods (e.g., Fejer et al., 1999). The
same is the case near dusk during July-August (e.g., Rodrigues et al., 2018).

The physical processes responsible for the strong dependence of the equatorial distur-
bance dynamo on season and solar flux have not been studied in detail. Simulations studies
presented by C. M. Huang et al. (2005), C. M. Huang and Chen (2008) and C. M. Huang
(2013) suggest that the disturbance dynamo electric fields are largely controlled by the
same main parameters (e.g., thermospheric winds and ionospheric conductances) that are
responsible for the quiet time drifts. C. M. Huang (2013) pointed out that an asymmetric
energy deposition at high latitudes may also play an important role, even during equinox,

but these effects have not been studied using numerical simulations.

5.5 Summary and conclusions

We have presented the first detailed study of the bi-monthly, solar cycle and enhanced
geomagnetic conditions dependence of the disturbance dynamo vertical drifts over Jica-
marca. Our results indicate that the equatorial disturbance dynamo drifts can have much
stronger seasonal and solar cycle variations than previously reported. The daytime vertical

disturbance dynamo drifts have small magnitudes and an apparent annual dependence, with
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largest downward disturbances around March-April. Near dusk, the disturbance drifts are
downward and show pronounced equinoctial asymmetry with larger values during the au-
tumnal than during the vernal equinox. These drifts increase strongly with both solar flux
and enhanced geomagnetic activity but shift to later local times with increasing solar flux
only. They reach much larger magnitudes than predicted by the Scherliess-Fejer empirical
disturbance drift model, particularly during equinox solar maximum periods. Nighttime
disturbance dynamo drifts are upward with large magnitudes in the postmidnight sector,

have no significant solar cycle or seasonal dependence, except during the early night period.
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CHAPTER 6
STORM-TIME COUPLING OF EQUATORIAL ZONAL PLASMA DRIFTS AND
NEUTRAL WINDS

6.1 Introduction

In this chapter we will compare the thermospheric zonal winds and ionospheric zonal
drifts with a stronger emphasis on storm-time conditions. We will start briefly describing
our zonal drifts database. Later, we will compare the climatologically averaged zonal drifts
and winds for quiet- and storm-time conditions. We will finally show storm-time coupling
between drifts and winds under large disturbance dynamo effects and, for the first time,
under the action of penetration electric fields for two storm cases.

The ionospheric plasma and the thermospheric winds have an intimate relationship.
They feedback each other dynamics through different processes like collisions and polar-
ization electric fields (Rishbeth & Garriot, 1969; Kelley, 2009). Many of these coupled
dynamics and electrodynamics during quiet time conditions have been extensively studied
theoretically and empirically and, therefore, are fairly well understood (Rishbeth, 1971b,
1971a; Heelis, 2004; Kelley, 2009). However, few storm-time studies have studied their
coupled dynamics during equatorial disturbance dynamo and prompt-penetration electric
field events (Fejer & Emmert, 2003; Santos et al., 2016). The generation mechanism of
these disturbances and their effects have been described separately in chapters 3, and 4 and
5 respectively. In this chapter, we will focus on climatological and storm cases studies of
their coupled dynamics.

The night-time equatorial zonal plasma drifts and neutral winds coupling is strongly
related to the development of polarization electric fields, which also depends on the iono-
spheric conductivity conditions. The F-region zonal plasma drifts are primarily driven by

F-region neutral winds and their magnitudes are dependent on the E- and F-region Peder-
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son conductivities. At early night, these conductivities are comparable near solar minimum
preventing the full buildup of the F-region polarization electric fields leading to significantly
smaller zonal plasma drifts than the corresponding zonal neutral winds. For the postmid-
night hours, the descent of the F-region peak produces an increment of the E- to F- region
conductivity ratio which improves the coupling between the winds and drifts especially dur-
ing summer and equinoxes. Similarly, this coupling improves for higher solar flux conditions
which increments this conductivity ratio (Biondi et al., 1988; Fejer, 1993).

Several studies have used equatorial plasma drifts and neutral winds from radars and
optical instrumentation in Peru. Biondi et al. (1988) used Arequipa FPI and Jicamarca
ISR observations and showed stronger coupling at late night and that the correlations of
their motions is related to the decay of the E-region conductivity leading to the F-region
wind dynamo to control over the F-region ionospheric drift. Chapagain et al. (2013) used
FPI winds from Jicamarca and Nasca along with zonal drifts from the Jicamarca ISR and
found that there was a general agreement between them of ~60% and ~80% of total of
events at early night and in the postmidnight sector, respectively. They also found that
the nighttime zonal winds are generally stronger than the drifts in the premidnight sector;
later the winds and drifts have comparable magnitudes. In the postmidnight sector, the
zonal drifts were larger than the zonal winds in about 15% of total of events. Valladares et
al. (2002) also found a general good agreement between Arequipa FPI zonal winds and the
scintillation drifts from Ancon, Peru, except for low flux conditions when the drifts were
larger than the winds for about 10 m/s. Coley et al. (1994) suggested that vertical shear
in the equatorial zonal neutral wind below 250 km would generate additional polarization
electric fields to allow the zonal drifts to exceed the winds above 250 km. Other campaign
and simulation studies also reached to similar conclusions (e.g., Basu et al., 1991, 1996).

Fejer (1993) presented a climatological study of nighttime low-latitude plasma drift
and neutral wind coupling using F-region zonal plasma drifts from the Arecibo Incoherent
Scatter Radar and DE-2 satellite and FPI zonal winds observations. This study reported

a better agreement between zonal drifts and winds for higher solar flux and local summer
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conditions, which was explained as due to the increased F-region conductivity over the E-
region conductivity. The observed zonal disturbance drifts were strongest around midnight.
Fejer and Scherliess (1998) used longitudinally averaged DE-2 satellite zonal drifts observa-
tions to study the prompt-penetration zonal plasma drifts at low latitudes and found that
sudden increases in convection lead to predominantly westward perturbation drifts, which
decrease equatorward and have largest amplitudes in the dusk-midnight.

Fejer et al. (2005) presented the most comprehensive climatological study of the storm-
time effects of the zonal drifts using Jicamarca radar observations. They found that the
zonal drifts disturbances were strongest around midnight and increase strongly for solar flux
near Equinox and December solstice, and showed basically no effects around June solstice.
They found that these disturbances have two main time scales corresponding to 3-15 hours
and to 15-24 hours. These time scale effects were dominant around midnight and in the
postmidnight sector, respectively. C.-S. Huang and Roddy (2016) used observations from
the Communication/Navigation Outage Forecasting System (CNOFS) satellite to study the
motion of equatorial plasma bubbles (EPB) which is controlled by ambient zonal drifts and
winds. Their results showed similar nighttime westward disturbances than in Fejer et al.
(2005).

Fejer and Emmert (2003) used Jicamarca and Arecibo vertical plasma drifts and UARS
wind measurements during the 19-21 October 1998 major geomagnetic storm for the first
detailed study of low latitude disturbance dynamo effects. These observations showed ini-
tially large and short-lived vertical drift and wind perturbations due to prompt penetration
electric fields triggered first by a sudden increase in the solar wind dynamic pressure and
later, as the geomagnetic storm progressed, longer-lived disturbances by disturbance dy-
namo electric field effects. They also showed that for an increase in the polar cap potential,
the low latitude zonal disturbance drifts are eastward and poleward during the day, west-
ward and poleward at night, and equatorward near dawn. These polarities are opposite for
a sudden decrease of the polar cap potential. These results agree with those from Fejer and

Scherliess (1998). The observed eastward disturbance drifts and winds were similar during
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daytime, and had large variability of the zonal disturbance drifts at night.

Santos et al. (2016) studied the disturbance zonal and vertical plasma drifts over Jica-
marca for the April 1997 and June 2008 storms. They found eastward prompt penetration
electric fields on the vertical drifts and simultaneous large westward drifts with an apparent
anticorrelation at night time. They suggested that the anticorrelated oscillations are driven
by an enhanced nighttime E region ionization produced by energetic particles precipitation
during the main phases of these storms. Xiong et al. (2016) used longitudinally averaged
equatorial zonal disturbance drifts and winds from the CHAMP and ROCSAT-1 and sug-
gested that prompt penetration electric fields, due to sudden changes in the magnetospheric
convection (e.g., Fejer, 2011), produce zonal disturbance winds that are westward in the
afternoon sector and eastward in the post-midnight sector. They also found that these and
the corresponding effects on the vertical drifts are anti correlated.

Recently, S.-R. Zhang et al. (2017) found oscillations in the zonal electric field along
with oscillations in the meridional winds over Arecibo during the 2015 St. Patrick’s Day
storm and suggested that they are related to storm time polarization electric field generated
by large scale traveling atmospheric disturbances (TAD). In the same line, K. Zhang et al.
(2019) used Coupled Magnetosphere Ionosphere-Thermosphere simulations to study peri-
odic oscillations in the thermospheric meridional winds during IMF Bz temporal variations.
They found that the oscillations in the thermosphere can react almost simultaneously at
all latitudes and also shown a long-term disturbance on these winds due to TADs at all
latitudes.

Other coupling aspect is the effect of the F-region layer height motion over the oxygen
line emission due to disturbance electric fields during geomagnetic storms. The motion
of the F-region layer height affects the concentration of the constituents necessary for the
dissociative recombination that mainly controls the thermospheric 630 nm oxygen line pro-
duction. Chakrabarty et al. (2005, 2010) showed that the OI 630 nm airglow emission is
anti-correlated to the F-region layer height due to the effects of prompt-penetration electric

fields over the equatorial Indian sector. They found fluctuations on their airglow intensity
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measurements varying in the opposite directions to the motions of the F-region layer height.
Chakrabarty et al. (2015) also presented evidence of oxygen airglow intensity effects for dif-
ferent types of electric field disturbances of magnetospheric origin. Similarly, Vineeth et al.
(2019) used a multi-photometer to study the response of several nighttime airglow emissions
during prompt penetration electric fields events. They found that a downward (upward)
motion of the F-region peak during westward (eastward) disturbance electric fields produce
an enhancement (depletion) in the intensity of these emission emissions. These variations
were stronger for the 630nm oxygen emission line and are in agreement with Chakrabarty

et al. (2005, 2010, 2015).

6.2 Data and Methodology

The FPI wind measurements and their database were already described in sections 3.1.5
and 4.2. The zonal plasma drifts were obtained from Jicamarca incoherent scatter radar
observations from August 1970 to February 2018. These drifts represent 15-min averages at
altitudes from about 250 to 500 km, where the signal to noise ratio is highest. The cleaning
procedure was similar to that explained in 3.2 and 5.2. Since 1994, the uncertainties of
the zonal drifts were generally about 5 m/s during daytime and about 15 m/s at night as
a result of an improved data analysis technique described by Kudeki et al. (1999). The
uncertainties of the earlier measurements were about twice as large.

Our zonal drift database consists of 9193 hours of observations. Table 6.1 shows the
number of hours of these observations in 4-months seasonal bins. The smallest number of
observations is from May-August period with 2386 hours. In general, the data distribution
is fairly evenly distributed for quiet time conditions except around sunset and for solar flux
units higher than 200 units. This is particularly the case for December solstice. The data

is sparser for geomagnetically active nighttime conditions due to the effect of spread-F.
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Table 6.1: Seasonal Distribution of the 15-min averaged Jicamarca Zonal Drifts.

Number of Mar-Apr
Nov-Feb May-Aug
hours Sep-Oct
Kp<3 2804 2400 1936
Kp>3 681 922 450

6.3 Results

We first compared the zonal components of the nighttime quiet-time equatorial ther-
mospheric winds and ionospheric plasma drifts. Figure 6.1 shows the seasonally averaged
quiet-time zonal plasma drifts and neutral winds for moderately solar flux conditions. The
standard deviations are generally about 20 m/s for both winds and drifts. In general, these
results show a good agreement between both parameters. The early night neutral winds
are larger than the plasma drifts from March through October; after ~22 LT the winds
and drifts have comparable magnitudes, except during December solstice when the wind
magnitudes are smaller. As pointed out earlier our wind database during this season is

sparse particularly for higher solar fluxes.



109

JICAMARCA
Kp =3, ({53 =120

& DRIFTS —&— WINDS
S0——T—T-7TT T T T 1T T

NOV-FEB

MAR-APR
SEP-OCT ]

::::

EASTWARD (m/s)
[
-
o

LOCAL TIME

Figure. 6.1: Quiet-time zonal plasma drifts and nighttime thermospheric winds. The error

bars correspond to standard deviations.
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The disturbance winds used in this chapter were derived using the procedure described
earlier. The perturbation zonal drifts were derived by using a similar procedure which
consisted in removing solar flux and seasonal dependent quiet-time (Kp<3) half-hourly
averages for three different solar flux conditions. These quiet-time averages, which are
similar to the ones presented by Fejer et al. (2005), are shown in Figure 2.10 in chapter
2. The zonal drift residuals were averaged in hourly bins and are presented in Figure 6.2.
Their standard deviations on the average disturbance drifts are about 8 m/s at nighttime.

Figure 6.2 compares the disturbance zonal drifts and disturbance zonal winds (see chap-
ter 4) corresponding to an average increase in the geomagnetic activity of about AKpa:3.2
and for moderate solar flux conditions. The nighttime wind and drift disturbances are
westward, strongest around midnight, and are in better agreement in the postmidnight

sector.
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We evaluated the coupled dynamics and electrodynamics of the zonal plasma drifts
and neutral winds for two large and long-lasting geomagnetic storms during the 06-09
September 2017 and 25-28 August 2015. We compared these parameters to illustrate the
coupled storm-time effects during disturbance dynamo electric fields and disturbance winds,
and also during prompt penetration electric field events. For these comparisons we used
half-hourly zonal plasma drifts to match the resolution of the zonal winds. The zonal
wind observations were calculated from the corresponding line-of-sights of the Nasca and
Jicamarca FPIs.

Figure 6.3 shows the time evolution of the ionospheric zonal plasma drifts and the ther-
mospheric zonal neutral winds during the 06-09 September 2017 storm. This geomagnetic
storm started with a sudden increment of the SymH index around 19 LT 06 September
that lasted for about 4 hours. This increase seems to be initially related to an increase in
the solar wind dynamic pressure (not shown). The average AE and KP were about 250 nT
and 3+ respectively during this period. Later, the storm main phase occurred from ~16
LT to ~21 LT 07 September and its recovery phase lasted for about 3 days. During the
main phase, the AE peak was about 2000 nT and the average Kp was about 7+. After the
main phase there was a relatively low quiet-time period followed by 2 days of moderately
disturbed conditions with an average AE of about 1000 nT and an average Kp of 5+.

Figure 6.3 shows oscillations on both zonal plasma drifts and neutral winds from ~19
LT 06 September to ~04 LT 07 September.These oscillations have a periodicity of about an
hour, mostly during the period of an increase in the solar wind dynamic pressure. During
the first part of the second night, the development of strong spread-F irregularities precluded
zonal drifts observations, while near midnight there were strong westward disturbance dy-
namo drifts and westward disturbance winds that reached magnitudes of about 50 m/s.
The effects of the disturbance dynamo still persisted in the third night when they occurred
from 18 LT 08 September to 06 LT 09 September with nearly steady westward disturbance
drifts and winds of about 50 m/s. The zonal drifts and winds largely recovered to their

quiet values in the premidnight sector of the fourth night, while in the postmidnigth period
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they exhibited eastward perturbations. The eastward wind perturbations were particularly

strong near dawn.
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Figure. 6.3: Time evolution of equatorial zonal plasma drifts and neutral winds for the 06-09
September 2017 storm. (Top) Geomagnetic indices showing the evolution of the geomagnetic

storm. (Bottom) Zonal plasma drifts and neutral winds for each corresponding night.
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Figure 6.4 shows another a closer comparison of the coupling between the zonal thermo-
spheric winds and ionospheric drifts during the September 2017. During the first night, the
oscillations on both components seems to be correlated and in good agreement. They show
a delay of about 15 minutes appearing first in the zonal drifts, and have about the same
periodicity of one hour. These oscillations are also shown in the thermospheric meridional
winds and seems to be anticorrelated to the zonal winds (not shown). During the period
of strong and long-lasting disturbance dynamo effects in the nights of the 07-08 and 08-09
September, both zonal components of neutral winds and plasma drifts show to be highly
coupled and in very good agreement. They also show to be in good agreement during the
slow recovery of the fourth night, and in particular during the postmidnight period where

both of them showed stronger eastward velocities.



—— [SR ——

FPI

EASTWARD(M/S)
| | | | |

90/60

£0/60

50
0

80/60

-50

50 A

ol

60760

50— 1 1 1 I 1 |
18 20 22 00 02
LOCAL TIME

5

|
04 06

115

Figure. 6.4: Comparison of thermospheric winds and ionospheric drifts during the Septem-

ber 2017 storm.
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Figure 6.5 shows the corresponding observations as in Figure 6.3 but for the geomag-
netic storm of 25-28 August 2015. During this storm, there was a long main phase that
started about the 00 LT 26 August and reached to a minimum -100 nT around 00 LT 27
August and again around 15 LT of the same day. The recovery phase of this storm lasted
for about two days afterwards. In the first night both components showed a good agree-
ment and closely follow their quiet-time averages. During the nights of 26-27 and 27-28
August there were typical signatures of strong disturbance dynamo zonal drifts and winds.
The disturbed thermospheric zonal winds closely agreed with the ionospheric drifts for both
nights. These disturbances started around midnight on the second night and grew to about
70 m/s westward around 03 LT 27 August for both components. In the following night
(28 August), they were about 70 m/s westward for the zonal winds and about 100 m/s
westward the zonal drifts around midnight, and about the same in the postmidnight sector.

In the fourth night, the zonal winds closely returned to their quiet-time values.
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Figure. 6.5: Time evolution of equatorial zonal plasma drifts and neutral winds for the 25-28

August 2015 storm. (Top) Geomagnetic indices showing the evolution of the geomagnetic

storm. (Bottom) Zonal plasma drifts and neutral winds for each corresponding night.

6.4 Discussion
We have evaluated in detail, for the first time, the coupling of equatorial zonal distur-

bance winds and drifts during both geomagnetic quiet and disturbed times. Our baseline
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average quiet-time patterns agree with results from previous plasma drift and thermospheric
wind studies (e.g., Biondi et al., 1988; Fejer et al., 2005; Chapagain et al., 2013; Navarro &
Fejer, 2019).

We have shown that, except near dusk, highly coupled the quiet-time dynamics and
electrodynamics of these observables during different seasons. This strong coupling occurs
even though the neutral winds are geographically local (mostly from altitudes of about 250
km) observables influenced by thermospheric tides, heat sources and its local ionosphere,
and the plasma drifts result from magnetic field-line ionospheric conductivity dependent
integrated effects.

We showed the good agreement between the seasonal quiet-time average patterns of
zonal drifts and winds for moderate solar flux conditions in agreement with previous studies
(e.g., Biondi et al., 1988; Chapagain et al., 2013). Early night neutral winds are larger than
plasma drifts from March through October most likely due to the gradual buildup of the
polarization electric field which drives the zonal drifts, and to the somewhat comparable E
and F region conductivities, which drives this polarization electric field (Chapagain et al.,
2013; Fejer et al., 1983). After 22 LT, there is a general agreement in their magnitudes and,
in particular, in the postmidnight sector when the descent of the F-layer peak produces a
stronger E- to F-region conductivity ratio. The stronger drift velocities in the December
solstice postmidnight sector might be related to the moderate solar flux conditions (e.g.,
Valladares et al., 2002) but also could be related to additional polarization electric fields
generated by altitudinal gradients in the zonal neutral winds (e.g., Coley et al., 1994).
In general, the agreement between equatorial zonal drifts and winds gets closer with the
increase of the solar flux (Fejer et al., 1983).

We also showed, for the first time, the close seasonal agreement of the equatorial zonal
disturbance drifts and winds. The seasonal dependence of the equatorial disturbance drifts
is also shown for the first time and agrees with previous studies (e.g., Fejer et al., 2005;
C.-S. Huang & Roddy, 2016). Both disturbance average patterns have about the same

local time and seasonal dependence. They are westward throughout the night with peak
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magnitudes around midnight and stronger magnitudes in the postmidnight sector. They
are also strongest in Equinox in agreement with previous studies (e.g., Fejer et al., 2005;
Navarro & Fejer, 2019). In general, the magnitudes of both components are comparable
except perhaps at early night probably due to the smaller E- to F-region conductivity ratio
during that period.

Our storm case studies showed highly coupled dynamics and electrodynamics not only
during large and long-lasting disturbance dynamo electric fields and disturbance winds,
but also, and for the first time, during short-lived prompt penetration electric field events.
Large and long-lasting disturbances show a strong coupling with similar local time variation.
They are stronger around and after midnight, and can last longer than 36 hours. The
basic mechanism of these long-lasting disturbance drifts can be mostly explained by the
schematic presented in Mazaudier and Venkateswaran (1990). However, this mechanism
does not account for effects coming from below, effects due to motions of the F-region
layer, and ion-drag effects. The strong coupling between zonal drifts and winds suggests
that both parameters have similar two main time scale effects as found by Fejer et al.
(2005). This might serve to explain the disagreement between UARS-WINDII and FPI
equatorial disturbance wind observations reported by Navarro and Fejer (2019). Clearly
more observations and studies are needed to fully understand these complex phenomena.

We showed short-term correlated oscillations in the zonal neutral winds and plasma
drifts. They were due to prompt penetration electric fields events probably initially driven
by an increase in the solar wind dynamic pressure as reported in previous storm studies
(e.g., Fejer & Emmert, 2003). They are delayed about 15 minutes appearing first in the
zonal drifts, and have about the same periodicity of one hour. The wind oscillations seemed
to be driven by the ion drag action of the drifts, as suggested by previous studies (Joshi
et al., 2015) and theoretical predictions (K. Zhang et al., 2019). The uncertainty of the
winds was slightly increased during the effect of the prompt penetration events most likely
due to the vertical motion of the oxygen line intensity during this period (Chakrabarty et

al., 2005, 2010, 2015; Vineeth et al., 2019). Nevertheless, the vertical motion of the oxygen
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emission layer was not severe most likely as a consequence of the weak magnitude of the
penetration electric fields which enabled its remote observation. It is important to mention
that these observations are particularly difficult to obtain not only because of the frequent
generation of spread-F irregularities, but also due to the decrease of the airglow intensity
during rapid changes of the F-region peak height driven by disturbances of magnetospheric
origin. Clearly, additional studies are needed to fully understand the specific observing
conditions, the contributions from the different disturbance processes and the ion-drag

effects on the thermospheric winds due to prompt penetration electric fields.

6.5 Summary and Conclusions

We have presented the highly coupled equatorial dynamics and electrodynamics of the
zonal thermospheric neutral winds and ionospheric plasma drifts for different seasons and
geomagnetic activity conditions under moderate solar flux conditions. Our results show
strong coupling between these parameters, in particular during the postmidnight sector.
We have shown, for the first time, the strong seasonal agreement of the zonal disturbance
drifts and winds. They are westward throughout the night with strongest magnitudes
around midnight and during equinox. We have also shown the highly coupled dynamics
and electrodynamics during the effect of large and long-lasting disturbance dynamo electric
fields and disturbance winds, and, for the first time, during prompt penetration electric
fields. We reported correlated oscillations on the zonal drifts and winds of about one hour
that are delayed by 15 minutes appearing first on the drifts. However, our database does not
provide us with many such penetration drag events given the inherent difficulty of having

both instruments operating under these particular conditions.
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CHAPTER 7
SUMMARY AND FUTURE WORK

In this chapter we will summarize our major conclusions and will present suggestions

for future work.

7.1 Summary and Conclusions

We have presented a comprehensive study of the equatorial thermospheric neutral winds
and ionospheric electric fields (plasma drifts) due to geomagnetic disturbances using obser-
vations from the Jicamarca Incoherent Scatter Radar and from a network of Fabry-Perot
Interferometers recently deployed in the central region of Peru respectively. We have dis-
cussed the seasonal climatology of the disturbance winds and have presented their extended
geomagnetic effects to significantly improve their empirical predictions during large storms;
the geomagnetic activity and solar flux dependence of the annual variation of the distur-
bance dynamo vertical plasma drifts; and, finally, the coupling of the zonal plasma drifts
and neutral winds climatologically and during the effects of prompt penetration electric

fields and disturbance dynamo electric fields for specific storm cases.

7.1.1 On the disturbance winds

The major emphasis in this work, however, was the determination of the characteristics
of the thermospheric neutral winds during geomagnetically active conditions. We have
used multi-site FPI measurements to estimate thermospheric wind maps over the Peruvian
equatorial region, and to determine for the first time the local time and seasonal dependence
of the nighttime equatorial extended quiet and disturbed zonal and meridional winds. We
have determined that the equatorial nighttime winds increase slightly eastward from local
to extended quiet conditions, and have used 12-hours extended quiet average winds as

our baseline for inferring geomagnetic activity driven disturbance winds. Our resultant
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wind database is considerable reduced during December solstice, this is partly due to less
favorable observing conditions but also to the large rise of the F-region peak height that is
longest during this season (Davila, 1994).

We showed that the night-time disturbance winds are westward with strongest mag-
nitudes around midnight. They have comparable magnitudes before midnight, increase
westward to about midnight and decrease towards dawn; and are largest during equinox
and smallest during June solstice. The equinoctial and June solstice meridional disturbance
winds are comparable and northward in the premidnight sector and decrease from dusk to
midnight where they reverse to southward. In the postmidnight sector, the southward dis-
turbance winds increase towards dawn and have largest values during December solstice and
smallest during equinox. We have also seen that the DWMO7 significantly understimates,
particularly near midnight, the magnitude of the nighttime zonal disturbance winds.

We showed that empirical predictions of equatorial thermospheric winds during large
storms can be significantly improved by introducing extended geomagnetic activity effects.
We presented a simple linear model that uses 9-hours extended geomagnetic activity effects
to take into account previous geomagnetic activity that produces a steady meridional circu-
lation, in particular, during the recovery phase of the storm similar to Scherliess and Fejer
(1997) for the plasma drifts. Nevertheless, the model predictions could be improved by
introducing longer-term disturbance parameters similar to Fejer et al. (2005) where longer
terms of 15-24 hours after enhanced geomagnetic activity was found for the equatorial zonal
plasma drifts. However, our current database does not allow us to perform such quest.
Similarly, short-lived disturbances were observed in the meridional winds probably due to
trans-equatorial traveling atmospheric disturbances. The use of shorter-term disturbance
parameters would also improve the prediction of both zonal and meridional disturbance

winds by taking time delay effects into account.

7.1.2 On the disturbance dynamo vertical drifts
We have determined the solar flux and geomagnetic activity dependence of the annual

variation of the Jicamarca disturbance dynamo vertical drifts following 6-hours of enhanced
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geomagnetic activity given by a 6-hours AE increase of 250 nT. For moderate solar flux
conditions, the daytime disturbance drifts are smaller than about 5 m/s and generally
downward, except in the late afternoon sector. Near dusk, they are downward with largest
and smallest magnitudes during the autumnal equinox and May-June, respectively. The
early night drift reversal times from downward to upward occur earliest during May-June
and latest during January-February. The nighttime disturbance drifts are upward with
largest magnitudes close to sunrise and vary weakly with season, except for slightly smaller
values during May-June. The disturbance drifts reverse from upward to downward near
dawn.

We have shown that the disturbance dynamo drifts vary most strongly with solar flux
near dusk, but this dependence changes significantly throughout the year. In this local
time sector, an increase in the solar flux index from about 90 to 180 s.f.u. results in an
increase of the peak downward drift from 5 to 20 m/s during for September-October, but
only from about 3 to 5 m/s during May-June. Although our average disturbance drifts
are less accurate during December solstice, they also indicate a strong increase of the peak
downward drift with solar flux. Similar annual variation is found for increased geomagnetic
activity, but with no shift to later local times.

The evening disturbance dynamo drifts have larger values during the autumnal equinox
than during the vernal equinox, particularly during low solar flux conditions. The morning
and early afternoon disturbance dynamo drifts, which are predominantly downward during
low solar flux periods, decrease and even turn slightly eastward during high solar flux
conditions. The nighttime upward disturbance drifts do not change much from low to high
solar flux periods, but they increase strongly with geomagnetic activity close to dawn. These
drifts also do not change much with season, except perhaps for the early night period. The
relatively large late night upward disturbance dynamo drift and the decrease of the nighttime
quiet-time ambient downward vertical drifts with solar flux, makes the disturbance dynamo
drifts an increasingly important driving mechanism for equatorial spread F during low solar

flux geomagnetic active periods. The same is the case near dusk during July-August.
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7.1.3 On the storm-time coupling of zonal plasma drifts and neutral winds

We have shown preliminary results on the coupling of the zonal winds and zonal drifts
during quiet- and storm-time conditions, and will have shown their coupled dynamics under
strong disturbance dynamo electric fields and also for the first time under prompt penetra-
tion electric fields.

We have seen that both components have a good agreement during quiet and storm
time conditions and in particular in the postmidnight sector. This agreement improves for
higher solar flux conditions due to the increase in conductivities that generates stronger
polarization electric fields at nighttime. The coupling during postmidnight improves due
to the descent of the F-region height peak (Fejer, 1993). We have also shown that both
climatological averages zonal drifts and winds have maximum around midnight and have a
better in the postmidnight sector

For the storm cases that we have evaluated, both plasma drifts and winds undergo
strong disturbances on different time scales due to disturbance dynamo and to prompt
penetration of magnetospheric electric fields. The oscillations observed in the latter dis-
turbances, are seen on both zonal and meridional wind components, and the zonal wind
components seems to be correlated with the same oscillations in the zonal drifts. These
oscillations have a periodicity of about 1 hour and both zonal drifts and winds show a
good agreement and also a delay on the winds of about 15 mins respect to the drifts. Dur-
ing periods of long-lasting disturbances most likely due to disturbance dynamo effects and
wind-driven disturbances at high latitudes on the drifts and winds respectively, they show

a highly coupled dynamics with similar local time dependence.

7.2 Suggestions for Future Work

We have seen in this work, although the basic physical dynamics and electrodynamics of
the thermosphere and ionosphere is fairly well understood, there are still questions regarding
the large variability during large geomagnetic storms that is observed in the incoming
observations. This is even more difficult to address given the limited storm-time observations

of accurate plasma drifts and neutral winds. This is partly due to the reduced number of
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available measurements, in particular of the electric fields during nighttime, but also to the
motion of the F-layer peak height that can decrease the oxygen airglow intensity and so
the accuracy of the neutral winds observations, if we assume favorable observing conditions
of clear skies for these instruments. On this last regard, the inclusion of cloud sensors is
also advisable. More high-resolution imaging observations are needed to constantly monitor
the equatorial latitudes in order to gain better insight that can help us to predict related
phenomena like the generation of spread-F irregularities. On this regard, the recently
launched mission Ionospheric Connection Explorer (ICON) host on board not only an ion
drift meter but also a Michelson Interferometer. These capabilities allow us to observe both
plasma drifts and neutral winds simultaneously to test several of the observations that we
have found on this dissertation.

The vertical drifts database is the largest database available to perform storm studies
and we have found dependencies on solar flux and geomagnetic activity for the annual varia-
tion of disturbance dynamo electric fields. However, more studies are needed to include solar
wind parametrization, for example, a possible importance of the IMF By at the equator.
Similarly, several other aspects can be explored regarding the storm-time neutral winds.
Our database was not large enough to include the solar flux dependence of the disturbance
winds. Future studies can also include a better parametrization for the meridional winds
which could be done using Polar Cap index, or PC index, to study the interhemispheric
TADs.

Similarly, empirical modelling of the disturbances presented in this dissertation could
be explored in more detail. The disturbance dynamo electric fields have been studied using
only 6-hours of geomagnetically active conditions but longer-terms are also needed to fully
characterize these disturbances. Similarly, the disturbance winds have been studies using
only 9-hours of geomagnetically active conditions, and longer terms of these parametrization
could be explored. However, more observations or including other datasets are need to fulfill
this requirement.

These observations have shown that the thermosphere and the ionosphere are closely
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coupled. However, more studies are needed to understand the role of the vertical shear
of the neutral winds and of the solar flux dependence for when the zonal drifts appear a
bit stronger. More coordinated efforts are needed to overcome these questions. Moreover,
during large storms, these observations have revealed strong coupling effects during geo-
magnetically active conditions, in particular during prompt penetration electric fields for
the first time. At the same time, they have opened several questions regarding the time
scales and the dependencies of these effects in solar flux, local time and season. Future
studies could also focus on the F-layer peak altitude range under which these effects could
be seen by the ground- or spaced-based instrumentation.

Finally, it is important to mention that the studies of geomagnetic storms at the mag-
netic equator are very limited without having electric fields measurements at other latitudes.
Moreover, the update of the different empirical models that many times are used as inputs
for other theoretical models or for other space weather applications is also desirable given

the databases available and, in special, with the ICON mission on flight.
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