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Zusammenfassung

Die thermosphérischen Prozesse in hohen Breiten, die durch die Wechselwirkung des
Sonnenwinds und des Interplanetaren Magnetfeldes (IMF) mit der Erdmagnetosphére getrieben
werden, stellen sich als stark verdnderliches Geschehen in der komplexen dynamischen
Plasmaumgebung der Erde dar, die das gekoppelte System der Magnetosphire, lonosphére und
Thermosphére (MIT) umfalit. Die Einfliisse des Sonnenwindes und des IMF zeigen sich als
Energietlibertragung in das MIT System mittels Rekonnektionsprozessen an der Magnetopause.
Feldliniengerichtete Strome (FACs) repréasentieren die energetische Kopplung zwischen der
Magnetosphire und der Ionosphire der Erde. Das MIT System wird bestimmt durch die stark

verdnderlichen Sonnenwindbedingungen, insbesondere von der Stirke und Richtung des IMF.

In meiner Promotionsschrift untersuche ich die physikalischen Bedingungen des
komplexen MIT System mit Hilfe eines globalen physikalisch-numerischen,
dreidimensionalen, zeitabhingigen und selbstkonsistenten Modells, dem Upper Atmosphere
Model (UAM). Das UAM beschreibt das Verhalten der Thermosphire, lonosphére,
Plasmasphire und der inneren Magnetosphire in einem Hohenbereich zwischen 80 (60) km

und 15 Erdradien sowie die elektrodynamische Verkopplung des gesamten MIT Systems.

In der vorliegenden Arbeit habe ich mehrere Varianten der elektrodynamischen Kopplung
in hohen Breiten entwickelt und analysiert, die die FACs innerhalb des UAM in ihrer
Abhiéngigkeit vom IMF darstellen. Fiir Testzwecke wurden diese Varianten auf eine Reithe von
numerischen Simulationen des gekoppelten MIT Systems unter verschiedenen Bedingungen
hinsichtlich Jahreszeit, geomagnetischer Aktivitit, Sonnenwind- und IMF-Parametern
angewandt. Dariliberhinaus wurden diese Varianten des IMF-abhéngigen theoretischen Modells
entsprechenden globalen empirischen Modellen gegeniibergestellt. Modellergebnisse wurden
auBerdem mit einigen wichtigen von Satelliten gemessenen Thermosphirenparametern, wie
dem Neutralwind und der Massendichte verglichen. Die UAM Modelvarianten mit IMF-
Abhiingigkeit zeigen eine gute Ubereinstimmung mit den Satellitenbeobachtungen. Im
Vergleich mit empirischen Modellaussagen geben die UAM Modellvarianten ein genaueres
Bild der mesoskaligen Strukturen und der Dynamik des gekoppelten MIT Systems wieder,
insbesondere fiir die hohen Breiten. Die neuen UAM Konfigurationen mit IMF-Abhéngigkeit

tragen damit zu verbesserten Mdglichkeiten in der Weltraumwettervorhersage bei.



Abstract

The high-latitudinal thermospheric processes driven by the solar wind and
Interplanetary Magnetic Field (IMF) interaction with the Earth magnetosphere are highly
variable parts of the complex dynamic plasma environment, which represent the coupled
Magnetosphere — lonosphere — Thermosphere (MIT) system. The solar wind and IMF
interactions transfer energy to the MIT system via reconnection processes at the magnetopause.
The Field Aligned Currents (FACs) constitute the energetic links between the magnetosphere
and the Earth ionosphere. The MIT system depends on the highly variable solar wind

conditions, in particular on changes of the strength and orientation of the IMF.

In my thesis, I perform an investigation on the physical background of the complex MIT
system using the global physical - numerical, three-dimensional, time-dependent and self-
consistent Upper Atmosphere Model (UAM). This model describes the thermosphere,
ionosphere, plasmasphere and inner magnetosphere as well as the electrodynamics of the

coupled MIT system for the altitudinal range from 80 (60) km up to the 15 Earth radii.

In the present study, I developed and investigated several variants of the high-latitudinal
electrodynamic coupling by including the IMF dependence of FACs into the UAM model. For
testing, the various variants were applied to simulations of the coupled MIT system for different
seasons, geomagnetic activities, various solar wind and IMF conditions. Additionally, these
variants of the theoretical model with the IMF dependence were compared with global
empirical models. The modelling results for the most important thermospheric parameters like
neutral wind and mass density were compared with satellite measurements. The variants of the
UAM model with IMF dependence show a good agreement with the satellite observations. In
comparison with the empirical models, the improved variants of the UAM model reproduce a
more realistic meso-scale structures and dynamics of the coupled MIT system than the
empirical models, in particular at high latitudes. The new configurations of the UAM model

with IMF dependence contribute to the improvement of space weather prediction.
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Introduction

The modern high technological civilization is increasingly involving the near-Earth
environment in our everyday lives. It is used in numerous ways ranging from satellite
communication and global positioning systems to satellite monitoring of the ecological
situation on Earth’s surface and weather prediction. For a successful expansion into the near-
Earth space environment, people should develop technology in parallel with the investigations
of the structures, physical background and responses of Earth’s environment to inner and outer
influences. The deeper understanding of the physical processes in the complex and highly
coupled near Earth’s space system is, therefore, a fundamental problem in modern physics

[Eastwood, 2008].

Over fifty years since the beginning of the satellite era, a huge amount of satellite
measurements of different physical parameters have been collected. These data complement
the ground-based observations. The analysis of all these collected data allowed researchers to
reconstruct the structure of Earth’s environment and to describe the processes in it. However,
these measurements needed for the comprehensive description of the complex near Earth’s
environment have a significant disadvantage. The observations do not represent the complex
Earth’s environment globally for instant of time. Moreover, they provide limited information
about physical parameters. For example, a satellite provides only the information about the
environment close to the spacecraft for each moment. Ground-based measurements, on the

other hand, are also restricted by the position of the station.

At the same time, the systematization of the measurements and information about the
near-Earth space also allowed researchers to obtain empirical models, such as the Horizontal
Wind Model 2007 (HWMO7) [Drob et al. 2008] and Naval Research Laboratory Mass
Spectrometer and Incoherent Scatter Extended 2000 model (NRLMSISEQO) /Picone et al.,
2002]. These models represent the global distribution of ionospheric and thermospheric
parameters (horizontal thermospheric wind fields (HWMO7); the temperature and density of
the basic constituents of the neutral atmosphere), but not the whole Earth’s environment as
coupled system. In addition, the empirical models do not so well reproduce the dynamics of
such highly variable areas as, for example in the high latitudinal region. They efficiently
describe the general behavior, but do not enable predictions of meso-scale structures as well as
all rapid changes during dynamic situations. They do not provide much information about the
physical parameters and the coupling processes because of their characters shuch as average,

empirical description of specific part of Earth’s environment.
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A relatively new way of research the near-Earth space is the use of physical-theoretical
global simulation. Using first-principal physical equations, researchers can describe Earth’s
environment as a complex dynamical coupled system. Together with observations, the
theoretical first-principal physical description can be used as a very powerful instrument for

deeper investigations of the near-Earth space and nature in general.

The aim of my thesis is to investigat the Magnetosphere — Ionosphere — Thermosphere
(MIT) dynamic coupling system. This system is part of the complex Earth environment. The
MIT system is affected by inner and outer driving forces. The outer influence could be
characterized by the highly variable solar wind conditions, in particular by changes in the
strength and orientation of the Interplanetary Magnetic Field (IMF). The solar wind and IMF
interactions transfer energy to the MIT system via magnetospheric Field Aligned Currents
(FACs). Together with it, the IMF forms the asymmetric high-latitude
magnetospheric/ionospheric electric field distribution in the Northern and Southern

Hemispheres [Haaland et al. 2007].

For my investigation, I make use of the global physical, three-dimensional, time-
dependent and self-consistent Upper Atmosphere Model (UAM) [Namgaladze et al., 1988,
1990, 1991, 1994, 1995a, 1995b; Volkov and Namgaladze, 1996; Hall et al., 1997]. The UAM
model describes the near-Earth space environment as well as the electrodynamics of this

coupled system for the altitudinal range from 80 km up to the 15 Earth radius.

For the deeper understanding of the physical background and for the prediction of the
MIT dynamic coupling system responses on various solar wind/IMF conditions, 1 further
developed the UAM model by improving its performance at high latitudes. This concerns, in
particular, the adaption of the IMF dependent electrodynamics [Férster et al. 2011b; Forster
et al. 2012; Namgaladze et al. 2013; Prokhorov et al., 2014].

In my thesis, I present three IMF dependent variants of the UAM model as follows:

The first variant is the model with modified electric field distribution. For this version of
the UAM model, an adapted pre-calculated electric field distribution was as input parameter.
The electric field was modified with respect to the By component of the IMF. I simulated a
twisting of the electric field inside the polar latitudes in the opposite directions for the Northern

and Southern Hemispheres.
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The second variant is the UAM model with the IMF dependent FAC distribution as input
parameter. For this version, the FAC patterns for the Northern and Southern polar areas were
specified using an empirical IMF dependent FAC model. I used the empirical model of
Papitashvili et al. [2002] for this task. The obtained FAC distributions were adapted for the
UAM model. The FAC patterns were presented as system of Region 1, 2 and 0 currents for the
Northern and Southern Hemispheres. Such FAC configuration provided the required
modifications in the electric field distributions with respect to the strength and orientation of

the IMF.

The third variant of the model was obtained by including the empirical high-resolution
IMF dependent FAC model of He et al. [2012] (MFACE) to the UAM model. In this version
of the UAM model, the two dimensional FAC distributions for the Northern and Southern
Hemispheres were defined by the MFACE model. This empirical model was used to specify
the position of the auroral precipitation area. Using this model as part of the UAM model, the
IMF dependent electric field distribution was reproduced with respect to the By and Bz

components of the IMF, solar wind velocity, season, and magnetic activity.

I tested the first variant of the UAM model by simulating the time interval of October 28,
2003, 00 — 24 UT (this interval contains a time period with a relatively “stable” IMF By
component). The simulation results (with/without the dependence of the IMF) for the
thermospheric neutral wind data were compared with the CHAllenging Minisatellite Payload
(CHAMP) accelerometer measurements. Using the modified electric field, I could significantly
improve the agreement between the UAM modeling data and the CHAMP satellite

observations.

To test the second and third variants of the UAM model, I performed a simulation of the
MIT dynamic coupling system for various intervals which representet for different seasons,
geomagnetic and solar wind/IMF conditions. The obtained results for the thermospheric neutral
wind, neutral mass density and electron density were compared with the CHAMP satellite

measurements and global empirical models.

Additionally, I completed a statistical study where different variants of the UAM model
were compared with the CHAMP observations and the empirical models. The comparison
showed that all variants of the UAM model could reproduce the meso-scale structures of the
satellite measurements more realistically in comparison with the empirical models. In addition,

the statistical characteristics of the models could be investigated in more detail.
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Chapter 1 provides short information about the UAM model. In this chapter, I provide a
brief description of the structure of the model (four blocks plus the equation systems),
input/output parameters, start conditions, coordinate systems and spatial resolution. The

material of this chapter was partially presented in Namgaladze et al. 2013.

Chapter 2 presents the algorithm of the electric field calculation using a symmetrical
distribution of the Field-Aligned Current (FAC) for the Northern and Southern Hemispheres
[Tijima and Potemra 1976]. Together with it, I describe the improvement of the UAM model
by including the IMF dependence via the modification of the electric field. The simulations
with the modified version of the UAM model for October 28, 2003 were compared with the
CHAMP satellite data. The material of this chapter was partially published by Férster et al.
2011b and Namgaladze et al. 2013.

In Chapter 3, I describe the method which allows the use of any FAC distribution as input
parameter for the UAM model. This was done for the first time for the UAM model. Using this
method, I incorporated an empirical IMF dependent FAC model [Papitashvili et al. 2002] to
the UAM model. The IMF dependent version of the UAM model was tested for various solar
wind/IMF conditions. The simulation results for the thermospheric neutral wind, neutral mass
density, and electron density were compared with the CHAMP measurements. The material of
this chapter was partially published by Férster et al. [2012], Namgaladze et al. [2013], and
Prokhorov et al., [2014].

Chapter 4 presents the high-resolution empirical MFACE model and a detailed
description of the method how to adapt the MFACE model [He et al. 2012] for the UAM model.
This was the first time that I used the two dimensional high-resolution distribution of the FAC
as input parameter for the UAM model. The new modification of the UAM model was tested
for various geomagnetic conditions. The obtained modeling results for the thermospheric
neutral wind and neutral mass density were compared with the CHAMP accelerometer
measurements and empirical models. The material of this chapter was partially published by

Prokhorov et al., 2014.

In Chapter 5, I perform a statistical comparison of the thermospheric neutral wind
calculated by the various modifications of the UAM model with the CHAMP cross-track wind
measurements and the global thermospheric wind model (HWMO07). In addition, I compare the
neutral mass density results with the corresponding CHAMP accelerometer data and the global

empirical atmosphere density model (NRLMSISEQO).
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1. The Upper Atmosphere Model (UAM)
1.1. Introduction

The material of this chapter was partially presented in Namgaladze et al. 2013. The

equations and their descriptions are directly taken from this publication.

The global physical UAM model was developed for more than 30 years. The first
comprehensive model description can be found in Namgaladze et al. [1988]. Later reviews of
further development of the model with further sophistication and application to various tasks
were published in Namgaladze et al., [1991, 1994, 1995a, 1995b, 2013]. 1 will not repeat all
the details of the UAM model formulations here. However, for a better comprehensibility of
the background of the model, I present a brief UAM model description. I provide a short
information about the UAM model structure (four blocks together with the equation systems),
input/output parameters, start conditions, coordinate systems and spatial resolution. The
detailed descriptions of the blocks and equations can be found in Namgaladze et al. [1988] and
Brunelli and Namgaladze [1988].

1.2. The UAM model

The UAM is a global physical, three-dimensional, time-dependent and self-consistent
model. It represents the Earth’s upper atmosphere in the altitude ranging from 80 km (60 km
for some versions) up to 15 Earth radii of geocentric distance. The model was constructed at
the Kaliningrad Observatory which is now the West Department of the Institute of Terrestrial
Magnetism, Ionosphere and Radiowave Propagation of the Russian Academy of Sciences
(IZMIRAN) [Namgaladze et al., 1988, 1990, 1991, 1994]. Furthermore, the UAM model was
developed at the Polar Geophysical Institute and at Murmansk State Technical University

[Namgaladze et al., 1995a, 1995b; Volkov and Namgaladze, 1996; Hall et al., 1997].

The UAM model includes the thermosphere, ionosphere, plasmasphere and inner
magnetosphere as well as the electrodynamics of the MIT coupled system. The model describes
the Earth’s environment by means of numerical integration of the system of equations of
continuity, momentum and heat balances for neutral gas composition, electron and ions,

together with the equation for electric field potential.
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Figure 1.1. The schematic structure of the UAM model with its inputs (initial and boundary

conditions), the four main computational blocks, and their output parameters [Forster et al.,

1999].

The structure of the UAM model, which is shown in Figure 1.1, can be divided into four

main blocks:

1. The neutral atmosphere and lower ionosphere block. The altitude range is from 80 (60)
up to 526 km. The calculated parameters are the temperature, densities and wind velocity of
neutral atmosphere as well as electron and ion temperatures, density and velocity.

2. The ionospheric F2-region and protonospheric block. The altitude range is from 175
km up to 15 Earth radii of geocentric distance. The calculated parameters are the densities,
temperatures and velocities of atomic ions O and H" and electron temperature.

3. The electric field block. The altitude range is the same as that of Block 2. The calculated
parameters is the global Earth’s electric field.
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4. The magnetospheric block. The altitude range is the same as that of Blocks 2 and 3.
The calculated parameters comprise the magnetospheric plasma sheet density, ion density, its
pressure, velocity and field aligned currents.

The hydrodynamic equation systems of the UAM model are solved numerically using
finite-difference methods in the nodes of the spatial grid. The model uses a geomagnetic
spherical coordinate system for Block 1 and geomagnetic dipole coordinates for Blocks 2, 3

and 4 [Namgaladze et al. 2013].
1.3. The neutral atmosphere and low ionosphere block
1.3.1. Neutral atmosphere

This section of the UAM model offers the three-dimensional distributions of the neutral
atmosphere parameters including the neutral gas temperature 7, the neutral mass density p, the
thermospheric wind velocity vector ¥ and the mass density of the main neutral gas components
N2, Oz, and O. These parameters are calculated globally for an altitude range from 80 (60) to
526 km using a spherical geomagnetic coordinate system. The UAM model provides the neutral
atmosphere parameters by solving the full system of the continuity (Equations 1.1 and 1.4),
momentum (Equation 1.2), and energy balance equations (Equation 1.7) for the neutral gases
(see below). This hydrodynamic equation system is solved in a fully self-consistent way. Apart
from this, there is a possibility to alternatively use one or more of these parameters which can
be obtained from such global empirical thermospheric models, as the MSISE-90 [Hedin et al.
1991] or its later modified version NRLMSISE-00 [Picone et al. 2002]. These models are

included into the UAM model as an option.

8nn/8t+V[ nn(V+Vd11)]:Q11'Ln, (11)

p[V/6t+ (VW + 225V Tior=- (VD)hor - % %um- Vi 10 V-V Yhor + 11 (V¥ Yhor, (1.2)

pg=-0p/or, (1.3)
dp/ot+V(pV)=0, (1.4)
pz%nn My , (1.5)
pz%nnkT, (1.6)

pey[0T/0t+(V,N)T1+p VV=V(VT) + Puo" + Pug’ + PuoC - Pur . (1.7)
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In this equation system #, is the concentration of the n-th neutral component; V is the
neutral wind velocity vector; Vy, is the diffusion velocity vector which has only a vertical
component equal to the sum of molecular and eddy diffusion velocities; On, L, are the
production and loss rates of the n-th neutral component taking into account the dissociation of
07 and the reactions of recombination for O and O»; the index “Ahor” stands for horizontal vector
components; p, p are the mean mass density and pressure of the neutral gas; €2 is the Earth's
angular velocity vector; uni , vai are the reduced mass and frequency of collisions between the
neutral and ion components of the atmosphere; V; is the ion velocity vector; # is the coefficient
of viscosity; g is the sum of gravity and centrifugal accelerations; 7 is the geocentric distance;
my, 1s the mass of the n-th neutral component; & is the Boltzmann's constant; 7 is the temperature
of the neutral gas; ¢, is the specific heat at constant volume; A, is the thermal conductivity
coefficient of the neutral gas; Pug"" , Pug’ , Pno® are the rates of heating of the neutral gas by
UV and EUYV solar radiation, Joule heating and heating by precipitating energetic particles; Pz
is the rate of heat loss of the neutral gas due to radiation [Namgaladze et al. 2013].

The UAM model calculates the O and O» distribution from the continuity equation
(Equation 1.1). The total neutral mass density p is computed using the hydrostatic equilibrium
equation (Equation 1.3). The N distribution is obtained as the difference between the total
neutral mass density and mass density of the molecular and atomic oxygen (Equation 1.5) below
the turbopause level. This difference decreases with altitude and becomes comparable with the
model error above the turbopause level. To avoid it, the barometric law is used to calculate the
mocular nitrogen concentration above this level. The horizontal meridional (V%) and zonal (Vy)
components of the thermospheric neutral wind are obtained by using the momentum equation
(Equation 1.2). The vertical wind component is calculated from the continuity equation
(Equation 1.4). A separate equation is used for the vertical wind component because the
momentum equation for the neutral gas is reduced to Equation 1.3 and does not contain this
component. The neutral temperature distribution is computed from the heat balance equation

(Equation 1.7).

The upper boundary condition at 526 km for those equations is the assumption that
oV/0r=0T/0r=0 and all neutral components are in diffusive equilibrium. The geostrophic
approximation (or tides can be assumed alternatively) is used for the neutral wind distribution
as the lower boundary condition at 80 {60} km. The temperature and concentrations of the

neutral components are culculated with the empirical thermospheric models at that boundary.
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Figure 1.2. An example of the neutral mass density distribution calculated with the UAM model
for 22:00:00 UT of 19" of November 2003. The pattern is presented in the geomagnetic

coordinate system.

As shown in the example above, one neutral atmosphere parameter calculated in this
section of the UAM model is shown in Figure 1.2. It represents the global neutral mass density
distribution at 400 km altitude level. The neutral mass density depletion during night time (03
MLT corresponds to 120 deg. of magnetic longitude) and enhancement at the day time (15 MLT
corresponds to 300 deg. of magnetic longitude) are clearly visible in the figure. The pattern also
shows the equatorial anomaly [Liu et al., 2007]. This anomaly appears on the day side as a two-
peak meridianal variation with a maximum at 40 deg in the Northern Hemisphere and second

maximum at -40 deg in the Southern Hemisphere.
1.3.2. Lower ionosphere

This section of the UAM model describes the parameters of the D, E and F1 ionospheric
region using a spherical geomagnetic coordinate system. The total concentration of the
molecular ions n(XY™") = n(NO") + n(0,") + n(N2") together with the molecular ion velocity
V(XY™) are calculated for the altitude range from 80 (60) up to the 526 km. The ion and electron
temperatures 7; and 7, are computed for heights of 80 (60) km up to the 175 km. The UAM

model offers the distribution of these parameters by solving the system of the continuity



-15 -

(Equation 1.8), momentum (Equations 1.12 and 1.12), and energy balance (Equations 1.9 and

1.10) equations presented below.

on(XY") /ot=0(XY") - LXY", (1.8)
(3 nik/2)0T:/ 0t = Pig’ + Pir® + P, (1.9)
(31ck/2) 0T/ 0t = Pof’ + Peg + Per' + Per” , (1.10)
nimg - V(nikT;) =2 flin Vin N (Vi-V)+eni(E+VixB)=0, (1.11)
V (nekT.)+en.(E+V.xB)=0, (1.12)
Ne = XZn;. (1.13)

In this equation system, Q(XY"), L(XY") are the production and loss rates of the
molecular ions taking into account ionization by solar EUV direct and scattered radiation,
ionization by precipitating electrons, ion-molecular reactions and dissociative recombination;
P; o” is the rate of the Joule heating of the ion gas; P, Pi7" are the rates of the heat exchange
between ion, electron and neutral gases; 7. is the electron concentration; P.¢”, P.o° are the rates
of heating of the electron gas by photoelectrons and by precipitating magnetospheric electrons;
P.r' = - Pif’; Pet" is the rate of the elastic and inelastic exchange of heat between electron and
neutral gases; m; is ion mass; g is the vector of gravity acceleration; vixn; = vuini; e 1s the electron

charge; E, B are the electric and magnetic fields /Namgaladze et al. 2013].

The charged particle transport processes are neglected in Equations 1.8, 1.9 and 1.10.
This assumption is used in the UAM model because of the dominating photochemicals, local
heating and heat exchange processes in the D, E and F1 ionospheric regions. The ion velocity
vector distribution is obtained from Equations 1.11 and 1.12. Equation 1.13 describes the quasi-

neutrality of the ionospheric plasma.
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Figure 1.3. An example of the molecular ion density distributions calculated with the UAM
model for the Northern (left panel) and Southern (right panel) polar area. The time moment is
22:00:00 UT of 19" of November 2003. The patterns are presented in the polar geomagnetic

coordinate system.

The logarithm of the ion number density distributions at the 300 km level for the Northern
and Southern polar regions is presented in Figure 1.3. It is one of the ionospheric parameters

computed in this section of the UAM model.

The difference between the hemispheres is clearly visible in Figure 1.3. This is defined
by the different solar EUV ionization fluxes for the Northern (polar night) and Southern (polar
day) Hemispheres. Together with it, the molecular ion density enhancement caused by the
auroral precipitation particles is also visible in both hemispheres. This enhancement constitutes

a ring structure shifted by a few degrees to the night side along the noon-midnight line.
1.4. The ionospheric F2-region and protonospheric block

This part of the UAM model describes the ionospheric F2 region and the protonosphere
(plasmasphere and inner magnetosphere cold plasma) parameters. The distributions of the
electron, atomic oxygen and hydrogen ion densities n(e), n(0"), n(H") and n(He") together with
the electron and ion temperatures T, and 7; and ion velocities ¥(O"), V(H") and V(He") are
calculated there using the geomagnetic dipole coordinate system. The altitude range is from

175 km up to 15 Earth radii of geocentric distance. This block is based on the assumption that
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all charged components are fully magnetized above 175 km (uin << £2;, where the £2; is the ion
gyrofrequency). This means that the geomagnetic field has a very strong influence on the
behavior of the charged particles. The electrons and ions with negligible collisions with other
particles can move only along magnetic field lines. This assumption significantly simplifies the
solution of the model equations. The distribution of the parameters is obtained by solving the
equations along geomagnetic dipole field lines, taking into account the electromagnetic plasma
drift, which is perpendicular to the vector of the magnetic field. The system of continuity
(Equation 1.14), momentum (Equation 1.15) and heat balance (Equation 1.18 and 1.19)

equations is presented below.
Dn; /Dt + VP¥(n;V;P*) = Q; - Lj - n; VP VP | (1.14)

2mini (Q xVi P =mingP* - VP (n; kT ) - (ni/ ne) VP¥(ne k Te) -

=Y winviani (ViPr-VPY - Y v (ViP7-ViP (1.15)

n j
Virr =V, = Ex B/ B (1.16)
Vel => 0 Vit /e , (1.17)

(3nik/2) (DTi/Dt + ViP* VPIT; ) + (0 k Ti ) VV; P - VP16 VPAT; ) =

= Pio’ + Pir® + Pir/ + Pir" (1.18)
(3nek/2) (DTe/Dt + VePUVPIT, ) + (nek Te ) VVe P - VP( 1.V PIT, ) =

= Peg? + Peg® + Per' + Per/ + Per” . (1.19)

In this equation system the subscripts i, j and e refer to the ions O, H", and electrons,
respectively. Q;, L; are the production and loss rates of O™ and H" ions which take into account
the photo- and corpuscular ionization, the ion-molecular reactions between O" and Oz and N»,
and the charge exchange processes between O and H, and between H' and O; g’ is the
geomagnetic field aligned component of the sum of gravity and centrifugal accelerations; Pip’
is the rate of the Joule heating of the ion gas; Pi7°, Pi7/, Pi7" are the ion heat exchange rates; Pe¢/,
P.o are the rates of local and non-local heating of the electron gas by photoelectrons and by
precipitating magnetospheric electrons; P.7’, Pe, Pr" are the electron heat exchange rates. The
symbols par and per refer to the directions parallel and perpendicular to the geomagnetic field.
The operator D/Dt = 0/0t +(Vper, V) gives the Langrangian temporal derivatives along the
electromagnetic drift trajectory determined by Equation 1.16 [Namgaladze et al. 2013].
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Equations 1.14, 1.15, 1.16, 1.17, 1.18 and 1.19 are integrated along the geomagnetic field
lines. The drift speed of the geomagnetic field lines is calculated from Equation 1.16. The
boundary conditions are defined at the bases of the field lines in the Northern and Southern
hemispheres at the 175 km level. The atomic ion concentrations are calculated from the
photochemical equilibrium at this altitude, while the ion and electron temperatures are obtained
from Equations 1.9 and 1.10. In the UAM model the geomagnetic field lines with L > 15 (line
bases have magnetic latitude poleward of 75 deg) are open (here L is the parameter of
Mcllwain). The ion concentrations and heat fluxes are defined as zero at the upper boundary

(15 Rg) for those geomagnetic field lines.

Lg[n(e)] [m-3]

19.10.2003  22:00:00 UT 290 deg / 110 deg

Figure 1.4. An example of the electron density distributions obtained with the UAM model for
22:00:00 UT of 19" of November 2003. The pattern is shown in the spherical geomagnetic

coordinate system (see the figure description in text below).

The vertical distribution of the electron density (in logarithmic scale) calculated with the
UAM model for the altitude range of 80 up to 80 000 km is shown in Figure 1.4. The left part
of the pattern presents the dayside electron density profile along the 290 deg geomagnetic
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longitude (close to the noon meridian). The right part of the pattern shows the nightside profile
(close to the midnight meridian). The Northern Hemisphere with the geomagnetic pole is
illustrated at the top of the figure while the Southern Hemisphere is presented at the bottom,

correspondingly.

In Figure 1.4 the maximum of the F2 ionospheric region (NmF2) is clearly seen at the
dayside and nightside at the altitude range of 300 — 450 km. Together with it, the electron
density enhancement in the auroral region is observed. The position of the auroral region is
shifted to the nightside as shown already in Figure 1.3. The contours of the geomagnetic dipole

field are also well pronounced as density contours in the figure.
1.5. The electric field block
1.5.1. The electric field calculation

The magnetic field is a static in the UAM model. The additional magnetic field generated
by the ionospheric current system and variation of the electric field is much less than the Earth’s
core magnetic field (by several orders of magnitude). This non-significant additional magnetic
field is neglected in the UAM model. Hence, Maxwell's equation for the electric field VXE = -

OB/ot can be written as VXE = 0. In other words, the modeling electric field is a potential field.

The charges driven by the external generators (the magnetospheric generator and the
ionospheric generator {thermospheric wind dynamo}) flow through the ionosphere. The charge

flux (current) should satisfy the continuity equation. This equation is given below:
divj = div (ji+ jm +ji)) = V[c' (-Vo+ VB ) + j.+ji] = 0. (1.20)

In this equation, 6" is the tensor of ionospheric conductivity; ji, jm, ji are the ionospheric,
magnetospheric and lower atmosphere current densities, respectively. The first current density
Ji represents the dynamo-action of the thermospheric winds. This term constitutes an inner

source for electric field. The last two ji» and j; are used as input parameters at the upper (175

km) and lower (80 {60} km) boundaries of the electric field block.
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Ohm’s law for the ionospheric current density can be represented in the following way:
ji= GparEpar+ GpEper+ GCh [b X Epar]a Epar =B (B,E)/B2 5 Eper =B x [E X B]/B2 >

where j; represents the ionospheric current density and on , Gp, Gpar are the Hall, Pedersen and
parallel to the magnetic field conductivities, correspondingly. These components can be written

as:
oh = N[ Qe /Me(Q*+ Ven?) - Qi /mi(Q2+ vin?)],
op = e2ne[Vin /Mi(Q%+ Vin®) + Ven /Me(Qe?+ Ven?)],

Gpar = €2Ne[ 1/mivin + 1/MeVen],

where m;, me are ion and electron masses; Qi, Q. are ion and electron cyclotron frequencies;

and Vvin, Ven are ion-neutral and electron-neutral collision frequencies. [Namgaladze et al. 2013].

The ionospheric conductivity tensor can be written for a Cartesian coordinate system as

shown below:

c=| 0 0y Op (1.21)

0 —0p  Op
The Z axis is oriented along the geomagnetic field in Formula 1.21. The UAM model
uses the ideal dipole coordinate system (see section 1.7). The inclination of the Earth’s magnetic
field depends, therefore, on latitude only. Taking into account the angle between the
geomagnetic field and the vertical direction, (1.21) can be rearranged for the spherical

geomagnetic coordinate system as follows:

Orr Org Oyy

o= (%er 0Ogs 0Oga

Oar Opp O
where 0, = (0pgr — 0p) sin?I +o0p, 0,9 = Ogy = (Opar —0p)sinlcosl, 0,3 = oy =
opcosl, ogg = (Opar — Op) cos? I +op, 0gy = — 09y = —0opsinl, oy, =op, 1 is the

magnetic field inclination.
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Figure 1.5. An example of the Hall (middle column), Pedersen (right column) and parallel to
the magnetic field (left column) conductivity distributions calculated with the UAM model for
the Northern (upper panels) and Southern (bottom panels) polar areas. The time moment is
07:10:00 UT of 19" of November 2003. The patterns are presented in the polar geomagnetic

coordinate system with an outer border at =60 deg.

The conductivity distributions at the altitude 114 km (near the maximum of the Hall and
Pedersen conductivities) are shown in Figure 1.5. The distributions have the shape of the auroral
precipitation area. The conductivity magnitudes are mostly defined by the intensity of the
auroral precipitation fluxes. An additional background conductivity is provided by the solar
EUYV ionization fluxes. This additional conductivities are different for the Northern (polar

night) and Southern (polar day) Hemispheres.

The Hall and Pedersen conductivities have their maxima in the altitudinal range ~105-
130 km. On the other hand, the conductivity parallel to the magnetic field is increases with
altitude and is much larger than the Hall and Pedersen conductivities (by ~ 6 - 7 orders of
magnitude above the 175 km). Due to these features of the Earth’s ionosphere, the component
of the electric field patalel to the magnetic field can be neglected and thus the magnetic field

lines can be described as electric equipotential lines.
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The vertical component of the ionospheric conductivity is defined by the parallel to the
magnetic field conductivity which lies inside the current-carrying region of 80{60} - 175 km at
the high latitudes. Hall and Pedersen conductivities perpendicular to the magnetic field are by
several orders of magnitude smaller than the conductivity parallel to the magnetic field line
(See Figure 1.5). In other words, the vertical component of the Earth’s electric field is by several

orders of magnitude smaller than the horizontal components.
The ionospheric currents can be described as:
Jr = 0By + 0pgEg + 013,
Jo = 0orEy + 0ggEg + 092 E),
Ja = oprEr + 0pgEg + 032 E;.

Based on the assumption that the radial component is negligibly small (j, < jg, ji)

inside the current-conducting layer, the ionospheric currents can be written as:

Jo = GpoEg + Go1E;,

Ja = OagEq + G1aEn,
where 8gg = Opqar0p /(Opar SiN* I 4 0p cos? 1), Ggp = —Gag = Opar0p SIN1/(0pgy SIN* 1 +
op cos? 1), 6y5 = (Oparop sin® I + (0p? + 0p%) cos? 1)/(0pgr SIn* I + 0p cos*I).

The neutral wind creates an additional electric current, the so called dynamo effect. This
current is generated inside the current-conducting area via the collision between neutral and
charged particles. The dynamo electric field caused by the neutral wind results in the following
expression:

vxB=B-vycosl-e,—B-v;sinl-eg+B-(vgsinl —v,cosl)-e,

The ionospheric current system, therefore, takes this form:

J'o = 0ggEg + Gg1Ex + B - (—6ggvysinl + 6g; - (Vg sinl — v, cos 1)), (1.22)
j’l = é'\)LQEg + 61,1E,1 + B - (—6',19V,1 sinl + 6,11 ' (Vg sinl — VvV, COS 1)) (123)

The vertical component of the Earth’s electric field is neglected inside the current-
carrying region (80{60} - 175 km) in the UAM model, thereby allowing the integration
Equation 1.20 along the vertical direction. Due to this assumption, the current-carrying layer is
described as a plane. Equation 1.20 can be written for the spherical coordinate system in the

following way:
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8(Jy sin6) N R

> 0 =150 -sinl - jpqr, (1.24)

where Jg = [7*/'odr, 12 = [12J'207, Jpar = jm + Ji

The electric field is the minus gradient of the electric potential and can be written for the

spherical coordinate system as:

_ 10¢ 1 Jd¢
=79 €0 rsing a4 €2 (1.25)

Equation 1.20 can be presented using Equations 1.22, 1.23, 1.24, and 1.25 in the following

way:

(e20) 4550 5023 -0 120

s .rz,\ _1(7‘2,\ ) _1.7'2,\ _i(rz,\ )
where ¢ = sin 0 frl O'gng,Y =30 fr1 O'Q)Ld'l" , B = ino fT1 al,ldr, 6= Y f7'1 O'gldr

Y = —7r2-sin@sinl Jpar(12) +

d (sin@ : frr: B - (=6ggv;sinl + 6y, - (vgsinl — v, cos 1)) dr)

a0 *

+ 1,

g (frrlz B (=89vasinl + 6, - (vg sinl — v, cosI)) dr)
dA

+ 1,

In Equation 1.26, the terms «, S, y, and 0 describe the integrated conductivity tensor of

the ionosphere while j,.- represents the magnetospheric and lower atmosphere current densities.

The thermospheric dynamo current system is defined in the UAM model by using the
neutral wind distribution calculated on the previous time step. The characteristic time of the
thermospheric neutral wind variation is ~ 0.5 — 1 hours, while the modeling time steps are ~3 —
30 seconds. In other words, the neutral wind variation is negligibly small during the modeling

time steps. For this study, the magnetospheric currents are obtained from empirical models.

Equation 1.26 is solved numerically on the sphere at 175 km altitude. The detailed
description of the numerical scheme was described by Klimenko et al. 2006. The result
describes the electric potential distribution on the lower boundary of the ionospheric F2 region
and the protonosphere. The electric field is defined using the equipotentiality assumption for
the geomagnetic field lines above 175 km (the electric potential along the magnetic field lines
is constant above 175 km). The electric field is obtained as the gradient (in B-perpendicular

direction) of the electric field potential above this level.
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Figure 1.6. An example of the electric field potential distributions calculated with the UAM
model for the Northern (left panel) and Southern (right panel) polar areas. The time moment is
22:00:00 UT of 19" of November 2003. The patterns are presented in the polar geomagnetic

coordinate system.

Figure 1.6 illustrates the electric field potential distributions for the Northern and
Southern polar regions. The distribution was calculated for low magnetic activity (AE index is
25 nT). The minima and maxima of the electric potential are clearly seen in both hemispheres
at the evening and morning side, respectively. The electric field potential patterns are mirror
symmetrical for both hemispheres because the FAC distribution are the same for both the

Northern and Southern polar areas. In the real situation, however, this should not be the case

(see Figures 2.1 and 2.2).
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1.5.2 The charge separation in the Earth’s ionosphere.

The plasma in the upper atmosphere is quasi-neutral. This means that the positive and
negative charge densities must be equal everywhere for spatial scales more than the Debye
length. The characteristic sizes of the Debye length for the upper atmosphere have the order of

a few millimeters up to a few centimeters (increasing with altitude).

Electric field potential [kV]
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Figure 1.7. An example of the electric field potential distributions calculated with the UAM
model for 04:42:00 UT of 15" of Mach 2015. The pattern is presented in the geomagnetic

coordinate system.

On the other hand, for modeling the Earth’s electric field the Maxwell's equation can be

written as:
V-E=p/eo, (1.27)
where E = -V is electric field (o is the electric field potential); p=n[e]*qe is the charge density

(n[e] is electron density; qe is electron electric charge {q.=1.602176565(35)*10!° C}); and &
is electric constant (g0=8.854187817*107'? F/m).

This additional charge density is the result of the charge separation generated by the

magnetospheric and ionospheric generators. This charge separation creates the electric field
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(external to the ionosphere). This electric field drives charged particles (electrons and ions)

providing the electric current in the Earth’s ionosphere.

Additional electron density [m—3]
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Figure 1.8. Additional electron density (charge separation) with respect to the electric field
potential distributions calculated with the UAM model for 04:42:00 UT of 15" of Mach 2015.

The pattern is presented in the geomagnetic coordinate system. Max=26.5m>; Min=-18.5m.

Figure 1.8 represents the additional electron density obtained from the electric potential
distribution presented in Figure 1.7 using Equation 1.27. The maxima values of the additional
charge density are located at high latitudes where the maxima values of the electric field are

located.

The strongest charge separation is visible at the auroral precipitation areas. Those
distributions have the structure and shape similar to those of the magnetospheric FAC

distribution (see Figure 2.4).

Other maxima of the additional charge density are clearly seen near the Northern and
Southern poles. The poles in the UAM model are singular points where the electric field
potential is calculated as average of the nearest numerical grid point values. Those maxima
close to the poles mainly represent an artificial numerical effect. Their magnitude depends on
the first latitudinal step of the spatial grid (here it is ~1.1 deg.). This effect increases along with

the resolution of the numerical spatial grid near the poles.
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The Earth’s global electric field can be defined using the classical electrostatic theory. In
other words, Equation 1.27 can be used instead of Equation 1.20. The example of such electric

field reconstruction is shown in Figure 1.9.

Electric field potential [kV]
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Figure 1.9. An example of the electric field potential distributions obtained using the additional
charge density for 04:42:00 UT of 15" of Mach 2015. The pattern is presented in the

geomagnetic coordinate system.

The electric potential pattern (Figure 1.9) was calculated using only the additional charge
density distribution (taken Figure 1.8) completly without knowledge about the ionosphere.
Figures 1.9 and 1.7 are the same. The negligible difference took place because of the numerical

calculation precision.

This is a very simple way to define the global electric field at the first glance. On the other
hand, finding such charge density in the space is a massively complicated without any
information about the electric field. Due to this, the electric field is obtained from Equation 1.20
in the UAM model. The additional information about the ionosphere including the perfect
conductivity along the magnetic field lines; the electric field is a potential field simplifies the
definition of global electric field. If the global electric field is defined at the lower boundary

then it is known everywhere (see Section 1.5.1).
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The charge separation breaks the quasi-neutrality of the ionospheric plasma. Is this
significant or not? To answer this question, the additional charge density should be compared

with the background charge density, which refers to the concentration of electrons or ions.

Additional electron density [m-3]
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Figure 1.10. Equatorial vertical cut of the additional electron density with respect to the
electric field potential distributions calculated with the UAM model for 04:42:00 UT of 15" of
Mach 2015.

The charge separation magnitude depends on the strength of the Earth electric field (see
Equation 1.27). This is clearly seen in Figure 1.8. The absolute value of the Earth’s electric
field decreases along with the altitude. The distance between the equipotential magnetic field
lines is growing along with the altitude. Hence, the maximal values of the additional charge
density are located at the lower boundary (175 km). At the same time, the magnitude of the

charge separation decreases along with the altitude (see Figure 1.10).
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Figure 1.11. The electron density distributions obtained with the UAM model for 04:42:00 UT
of 15™ of Mach 2015. Min=7.39*10° m™

The minimal value of the background electron concentration is 7.39*10° m™ (see Figure
1.11). The computer precision is six digits (Fortran; Real*4). In other words, the calculation

accuracy for the electron density is about ~10°-10° m™.

The maximal value of the additional electron density (charge separation) is 26.5 m™ (see
Figure 1.8). This value is smaller than the precision of the background electron concentration

calculation by a few orders of magnitude.

The altitudinal distribution of the additional electron density shown in Figure 1.10 can be

compared with the vertical electron density profile presented in Figure 1.4.
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1.6. The magnetospheric block

This section of the UAM model describes the magnetospheric plasma. The system of the
equation for continuity and momentum equations for energetic ions is presented in Equation

1.28 and Equation 1.29, respectively:

oni/ot+V(niVi)=0, (1.28)
nie( E+ VixB)=Vp;, (1.29)
dpV’)/dt=0, Yy=5/73,

ji=elVV.Vpl/B, V=B[ B 'dz,

In these equations, j/ is the field-aligned current density; E and B are the electric and
geomagnetic fields; e is the field-aligned (B-parallel) unit vector; V' is the half-volume of the
geomagnetic field tube; z is the distance along the geomagnetic field line; / is the value of z at
the top of the geomagnetic field line; p; is the magnetospheric ion gas pressure considered
isotropic and constant along the geomagnetic field line; n; is the magnetospheric ion
concentration; FV; is the magnetospheric ion drift velocity; and e is the electron charge

[Namgaladze et al. 2013].

Several assumptions are used in this section: 1) the magnetospheric electrons are
considered to be cold; 2) their pressure is neglected in comparison with that of the
magnetospheric ions; 3) the Earth magnetic field has a dipole geometry; 4) the geomagnetic
field lines are closed at latitudes equatorward of the polar cap boundary (latitude less than 75
deg.); and 5) the field lines are open inside the polar cap areas [Volkov and Namgaladze 1996;
Namgaladze et al. 2013]. Please note that this block is included into the UAM model as an

option. I did not use it for my study.
1.7. Input parameters

The following input parameters are used in the UAM model: time (day of year and UT
time); solar flux F10.7; geomagnetic activity AE (Kp) indexes; solar wind velocity; By and Bz
components of the IMF; precipitation particle fluxes; FAC distribution; and vertical currents at

the lower boundary which are not used here.

The first parameter — time - defines the Earth’s position and orientation in the Sun — Earth

system.

The solar activity is presented in the UAM model by the flux F10.7. The solar UV and

EUYV fluxes depend on the solar activity. They are responsible for the ionization by illumination.
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The UV and EUV spectra are calculated using the data from Ivanov-Kholodny and Nusinov
1987. The intensities of night sky scattered radiation are chosen equal to SkR for A = 121.6 nm
and 5R for each of the other emission lines (AL = 102.6 nm, 58.4 nm, 30.4 nm) /Namgaladze et
al. 2013].

In the UAM model precipitation particle fluxes given by the empirical model of Hardy et
al. [1985] are used. This model provides the spatial distribution of precipitation electron fluxes

at the upper boundary of the thermosphere (526 km) following the formulas given below:
I(PAE)=In(E) exp [- (D - Pu(E)Y /(AP (E)) - (A-An(E))?/ (A4 (E)* ],

where @, A are the geomagnetic latitude and longitude; 4 = 0 corresponds to the midday
magnetic meridian; /,(E) is the maximum intensity of the precipitating electron flux; £ is the
energy of the precipitating electrons; @ .4, @ .» are the geomagnetic latitudes of the maximum
precipitation at the midday and midnight magnetic meridians. All precipitation parameters, Iy,
D md, @ yn, AD, Am, and 44 are dependent on various geophysical conditions [Namgaladze et
al. 2013].

Indices of the geomagnetic activities (AE {Kp}) are used in the UAM model to define
the intensity and position of the precipitation fluxes and FAC as well as the cross polar cap

potential drop.

The magnetospheric FAC distribution in the UAM model is presented by the system of
the Region 1, 2 and 0 currents. The Region 1 currents flow into the ionosphere on the dawn side
and out of the ionosphere on the dusk side. They are located on the inner boundary of the polar
region close to the polar boundary of the auroral precipitation area. The Region 2 currents flow
opposite to the FACs of Region-1 and are located equatorward close to the outer boundary of
the auroral precipitation area. The Region 0O currents are located in the cusp region. The FAC
system is a very sensitive and highly variable system with dependences on geophysical
conditions such as geomagnetic activities, the IMF orientation and seasons. The spatial
distribution of the FAC system has been realized in this study by one of the following empirical
models: lijima and Potemra [1976] (see Chapter 2); Papitasvily et al. [2002] (see Chapter 3);
He et al. [2012] (see Chapter 4). Alternatively, there is an opportunity to include any other
physically realistic distribution of FAC using adaptation algorithm described in Section 3.4.

The solar wind velocity with By and Bz components of the IMF is used in the electric

field block as input parameters for IMF dependent empirical FAC models.
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The vertical lower atmospheric currents are going from the Earth to the lower ionospheric
boundary. These currents are used to model disturbances in the upper atmosphere, of which the
electric origin is in the lower atmosphere. One example is the modeling of disturbances in total
electron content which take place before strong seismic events. Please note again thas these

currents are included into the UAM model as an option. I did not use them for my study.
1.8. Initial conditions

The global empirical NRLMSISEQO [Picone et al., 2002] and IR1 [Bilitza 2001] models
are used as initial conditions for the UAM model. The first model provides the global
distribution of neutral atmosphere parameters such as the temperature and composition of the
neutral components and their spatial distributions for the altitude range of 80-526 km. The
second empirical model provides the distribution of the charged particles in the ionosphere. On
the other hand, any other more or less physically realistic space distribution of the upper

atmospheric parameters can be used as the start condition for the UAM model.

Alternatively, instead of running the theoretical part of neutral atmosphere there is a
possibility to use the empirical NRLMSISEOO model for the neutral atmosphere parameters in
following ways: to use only the empirical profile of temperature; and to use only the empirical

distribution of the neutral gas components; to use both of them together.

The UAM model provides its own steady state of the atmospheric parameters after some
running time of the model is based on the system of equations. This solution can be significantly
different from the start conditions. Here time depends on the altitudes, start conditions (how
close they are to the model’s steady state) and modeling parameters such as time steps, space
grid and number of internal iterations. Usually, the UAM model runs for one full model day to
avoid transient processes. For dense spatial grids and small time steps several hours can be

sufficient.
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Figure 1.12. An example of the neutral mass density distribution calculated with the
NRLMSISE00 model for 22:00:00 UT of 19" of November 2003. The pattern is presented in

geomagnetic coordinates.

Figure 1.6 illustrates the neutral mass density distribution obtained with the empirical
NRLMSISEO0 model for the 400 km level. The input parameters are the same as those for
Figure 1.2, which was calculated with the theoretical UAM model. The empirical model does
not reproduce the equatorial mass density anomaly that was detected by the CHAMP
accelerometer observations [Liu et al., 2007]. Figures 1.2 and 1.12 clearly reveal the difference
between the UAM and NRLMSISEOO models in the spatial distribution of the neutral mass
density as well as in the magnitude range. As seen in Figure 1.2, the NRLMSISEOQO provides
one maximum for the dayside. On the other hand, the UAM model presents the equatorial

anomaly. The empirical NRLMSISEO0O model was used as start condition for this model run.
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1.9. Coordinate systems

The UAM model describes the Earth’s environment by using both the spherical

geomagnetic and the dipole coordinate systems.

The spherical geomagnetic coordinate system has its polar axis orientated along the
geomagnetic axis. The polar angle in this coordinate system is geomagnetic co-latitude. The

relation between this coordinate system and the geodetic coordinate system can be written as:
cos ® = cos Bp cos O + sin Op sin O cos (A - Ao),
cos A =[- sin By cos 6 + cos 0 cos (A - Lo)] / sin O,
cos 0 = cos 0y cos ® - sin Oy sin O cos A,
cos (A - Ao) = [sin B cos ® + cos By sin O cos A]/sin 0,

where O, A are geomagnetic co-latitude and longitude; 0, A are geodetic co-latitude and
longitude; 6o, Ao are geodetic coordinates of the Northern geomagnetic pole, which is equal to

11.3° colatitude and —70.6° W longitude, correspondingly.

This coordinate system is used for the neutral atmosphere and lower ionosphere blocks
as well as for the electric field block. It is effectively for the describtion of the interaction

between neutrals, charged particles and magnetic field.

Together with it, the UAM model uses a dipole coordinate system. This coordinate system
is very suitable for the description of the behavior of charged particles in the geomagnetic field
of the Earth. One basic model assumption is that the charged particles can move only along the
magnetic field lines in the upper atmosphere (above 175 km). This is well justified because of
vin<<Q); above this height (where vi, is ion-neutral collision frequency and € is ion
gyrofrequency). Based on this, the system of equations of charged particles is implified
significantly. This results in a simplified system of equations in which the system of equations
for the particles become one-dimensional (along B) instead of three-dimensional. The relation

between the dipole and the magnetic coordinate systems can be written as:
u = (Rg/r) sin’ O,
q = (Re/r)* cos O,
v=A,

where, u — perpendicular to vector of geomagnetic field and variable in the geomagnetic
meridianal plane; q — variable along field line; v — perpendicular to u and q; ®, A — geomagnetic

co-latitude and longitude; Rg — radius of the Earth.
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The dipole coordinate system is used in the ionospheric F2-region and protonospheric

block and in the magnetospheric block.

1.10. Spatial grids

The UAM model computes the parameters of the upper atmosphere in the nodes of the
spatial grid by solving the system of modeling equations using finite-difference numerical

methods.
1.10.1. Spatial grid for the lower ionosphere and the neutral atmosphere

A spherical spatial grid is used in the model for the lower ionosphere and the neutral

atmosphere at the altitude range of 80 — 526 km.

500:

400F

w
[
=

Altitude [km]

[So]
[
=

10 20 30 40
Step [km]

Figure 1.13. The altitude levels (black horizontal lines) of the spherical spatial grid model for
the lower ionosphere and neutral atmosphere. The altitudinal spatial steps are shown by the
blue vertical lines. The green horizontal line represents the lower boundary (175 km) of the

ionospheric F2 region and the protonosphere.

The altitude levels of the UAM model for the lower ionosphere and neutral atmosphere
are shown in Figure 1.13. This space grid has variable altitude steps, varying from 3 km near
the lower boundary at h = 80 km, 5 km near h = 100 km, 15 km near h = 200, 25 km near h =
300 km and 40 km near upper boundary h = 526. The model uses 30 altitude levels.

The longitudinal spatial steps can be selected depending on the modeling task. Usually,
the UAM model uses longitudinal space steps in the range of 5 — 15 deg. [ use 10 deg step for

the present study.
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The latitudinal steps can also be selected depending on the modeling task. The UAM
model can use regular latitudinal steps in the range of 1 — 10 deg as well as irregular steps. Steps
of an irregular grid have a latitudinal dependence [Namgaladze et al., 1995 a, b]. Due to the
irregular spatial steps along the meridian, the UAM model can focus on a particular area. For
example, I use small latitudinal steps for auroral region for the present investigation (section
4.3.1). Such grid (see Figure 4.3) also allows the study of the processes in the high latitude with

high spatial resolution.

1.10.2. Spatial grid for the electric field, the ionospheric F2 region and the

protonosphere

Together with the spherical spatial grid, the UAM model uses a spatial grid in the dipole
coordinate system. This grid is used for the description of the electric field, ionospheric F2
region and protonosphere in the altitude ranging from 175 km up to 15 Rg. The footpoints of
the geomagnetic field lines are defined at the lower boundary (175 km). The longitudinal and
latitudinal distributions of this grid have the same principle as the spherical grid. There is an
option to use the same longitudinal and latitudinal spatial steps as in the spherical grid for the
dipole grid at the lower boundary (175 km) as well as a grid with different spatial steps (with

interpolation between the various spatial grids).

The altitude levels of the dipole grid are indicated by certain numbers of the nodes along
the magnetic field line. These numbers vary from 9 on the innermost equatorial field line to a

maximum value of 140 on the field line with L =15.
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2. The UAM model with and without dependence on IMF
2.1. Introduction

The materials of this chapter were partially published in Forster et al. 2011b and

Namgaladze et al. 2013. Some figures and tables were directly taken from these papers.

This part of my thesis describes the algorithm of the electric field calculation, which was
used in the standard version of the UAM model. The standard variant used a symmetrical
distribution of the FAC for the Northern and Southern Hemispheres. The system of the FAC
was defined by the empirical model of lijima and Potemra [1976] (IPM). The FAC was
specified by the Region 1 and Region 2 currents. These currents were located at the poleward
(Region 1) and equatorward (Region 2) boundaries of the auroral oval. The same boundaries

are limited the auroral precipitation area.

Subsequently, I describe the improvement of the UAM model obligatory complies with the
requirements of the present study, which focuses on the physical processes at high (auroral and polar cap)
latitudes. The high latitude polar cap region and auroral zones turn out to be very dynamic areas of the
Earth’s environment due to their close connection to the magnetospheric interaction with the continuously
variable solar wind and its imbedded IMF. The main driver of the large-scale magnetospheric convection
are the reconnection processes at the magnetopause and in the magnetosphere tail, which are highly

dependent on the IMF orientation the IMF By and Bz components in particular.

That improvement was achieved by including the IMF dependence. This dependence was added
to the UAM model via the modification of the electric field. For this purpose, the pre-calculated
distributions of the electric field potential were modified and used as an input parameter for the
simulation run with the UAM model. The modification was performed by twisting the electric potential
patterns inside the polar area in the opposite directions for the Northern and Southern Hemispheres
depending on the By component of the IMF. For positive By the twisting was clockwise in the Northern
Hemisphere and anticlockwise in the Southern Hemisphere and vice versa for negative IMF By. This

was done together with an adaptation of the cross polar cap potential drop to the IMF orientation.

The simulation with the modified version of the UAM model was performed for October
28, 2003. The obtained results were compared with the CHAMP satellite data. In this study I
used the cross track accelerometer measurements of the thermospheric neutral wind data. The
comparison shows good agreement between the modeling results and the observation data. The
significant improvement is also clearly seen in Figure 2.14 by comparing the model run without
(left panel) and with inclusion of the IMF By dependence (right panel) in relation with the

CHAMP cross trek measurements.
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2.2. IMF

The Earth electric field geometry significantly depends on the IMF orientation. The
statistical electric potential distributions for the Northern and Southern polar areas are shown
in Figures 2.1 and 2.2. The patterns were obtained using the Cluster satellite measurements
between February 2001 and March 2006. The observations were performed by the Electron
Drift Instrument (EDI) /Haaland et al. 2007].

Sector 7: Bz+/By- Sector 0: Bz+ Sector 1: Bz+/By+
12 AU=183kV 12 AU=155kV 12 AU=2T 6KV

Sector 6: By-

12 AU=335KV North Polar Ca
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EDI C1-C3
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Sector 5: Bz-/By- Sector 4: Bz-
12 AU=51.3kV 12 AU=61.9kV

Figure 2.1. Electric potentials in the Northern Hemisphere, as a function of AACGM latitude
and magnetic local time, for 8 clock-angle orientations of the IMF, obtained by mapping the
Cluster EDI velocity measurements into the ionosphere. The background color shows the value

of the potential, according to the color bar at the center. Lines are drawn at fixed values of the
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potential, with a 3 kV spacing. The minimum and maximum potentials are listed at the bottom,

and the total potential at the upper right of each map. [Haaland et al. 2007]
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Figure 2.2. Same as Figure 2.1, but for the Southern Hemisphere. [Haaland et al. 2007]

The patterns are shown in AACGM coordinate system for both hemispheres. The electric
potential distributions are organized according to the IMF orientation (sectors 0-7). The
southward IMF is strictly valid only for Sectors 3-5; for Sectors 2 and 6 the average of IMF Bz
for both sectors is zero while By is positive for Sector 2 and negative for Sector 6 (see sectors
2-6 in Figures 2.1 and 2.2). Two additional convection cells appear on the day side at high
latitudes close to the cusp region for the northward IMF orientation (see sectors 0). Together

with it, the asymmetry is visible for the positive and negative IMF By components. The evening



- 40 -

convection cell dominates for the positive IMF By at the Northern Hemisphere (see sector 2 in
Figure 2.1), while the morning cell dominates for the negative IMF By (see sector 6) (Northern
Hemisphere). The electric potential patterns show an asymmetrical behavior for the Southern

Hemisphere.

In Figures 2.1 and 2.2 it is clearly seen that the IMF has a strong impact on the Earth

electric field, which plays a great role in the MIT coupling system.
2.3. The UAM model without dependence on IMF
2.3.1. The empirical FAC model of lijima and Potemra

In the standard version of the UAM model, the empirical FAC model of Ilijima and
Potemra [1976] (IPM) defined the FAC system. This model provides the local time distribution
of the FAC.

The IPM model was used as input parameter for the UAM model with several

assumptions:

1. The FAC distributions for the Northern and Southern polar regions were the same. The
system of the FAC was specified by two parallel rings shifted by a few degrees to the night
sector (along the noon — midnight meridian) with opposite (upward/downward) current flow

directions described as the Region 1 and Region 2 currents.

2. The boundary between the open and closed field lines was the position of the Region
1 currents. This boundary was used in the UAM model to define the equipotentiality area. Along
each meridian, all magnetic field lines, which are located equatorward of the Region 1 currents
(including), are closed. The magnetic field lines placed outside this area (poleward of this
boundary) are open. The electric potentials at both ends of the closed field-lines are equal. The

open field-lines could have different electric potential values at the ends.*

*The UAM model uses an ideal dipole field and describes only the part of the Earth
magnetosphere up to 15 Rg. The modeling definitions for the open and closed field-lines are
different from the real situation. From the modeling point of view, the open field lines are the

lines going outside the modeling area.

Such configuration of the FAC system provides symmetrical electric potential
distributions for the Northern and Southern polar regions with small differences inside the area

poleward of the Region 1 currents.
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Figure 2.3. An example of the local time Region I (blue) and Region 2 (red) currents profiles
for the Northern Hemisphere.

In Figure 2.3 the Region 1 currents are defined by a harmonic function (k*Sin[LT]). The
local time distribution of these currents has maxima in the morning sector (6 LT) and minima
in the evening side (18 LT). The zero values are located on the noon-midnight meridian. The
Region 2 currents have a mirror symmetric distribution with a reduced amplitude (R2 = -

0.7*R1).
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Figure 2.4. An example of the FAC distributions for the Northern and Southern Hemispheres
for different spatial grids. The distributions are obtained with the IPM model. The upward
currents are positive (red), and the downward currents are negative (blue). Black points show
the spatial grid nodes. Red points present the inner and outer boundaries of the auroral oval.
The upper panel shows a high-resolution variable grid, while the lower panels show the

standard equivalent grid scheme.

The auroral area is shifted to the night side along the noon-midnight meridian (by about
4 deg.). The FAC system is represented by the Region 1 and Region 2 currents. Currents are

located at the inner (Region 1) and outer (Region 2) boundaries of the auroral region. The red
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dotted lines in Figure 2.4 show those boundaries. The boundary’s position depends on the
magnetic activity (Kp index in this version). They are moved equatorward with increasing
magnetic activity. Together with it, these boundaries define the precipitation area (see Section

2.3.3).

The magnetospheric FAC system is defined along two boundary lines for each
hemisphere. The Region 1 and Region 2 currents are located in one grid point for each
longitude. But actually, they occupy an area between a few latitudinal steps, as it is indicated
by the colored areas of the FAC distribution in Figure 2.4. Therefore, FAC distributions with
the same current density provide different total currents (resulting in different cross polar cap
potential drops) for different spatial grids. The solution to this problem is presented below (see

Section 2.3.4).
2.3.2. The thermospheric wind dynamo currents

The contribution to the current system comes from the ionospheric thermospheric wind
dynamo current. This current is calculated inside the UAM model. The thermospheric neutral
wind is a driver for this dynamo current. During the simulation process, the thermospheric wind
distribution calculated at the previous time step is used to obtain the dynamo current. This is
done with the assumption that the distribution of the neutral wind does not significantly change
during one time step. This current superposes (as a background) on the FAC system. An
example of the ionospheric currents for the Northern and Southern polar regions is presented

in Figure 2.5.
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Figure 2.5. The thermospheric wind dynamo current distribution obtained with the UAM model
for the Northern winter (left) and Southern summer (vight) Hemispheres. The patterns are
shown in polar geomagnetic coordinates. The downward currents are negative (blue), and the

upward currents are positive (red).

In Figure 2.5, it is seen that the amplitude of the ionospheric currents is smaller than the
magnitude of the magnetospheric currents (see Figure 2.4). In this example, the dynamo
currents are about 10 times smaller than the FAC currents. The most significant impact takes
place just prior to the midnight sector. Nevertheless, the dynamo current distribution is
calculated globally as opposed to the FAC, which are limited by the boundaries of the auroral
precipitation area (see Section 1.5). Because of this, the dynamo current can play a significant
role. The impact of this source depends on many factors such as the season, UT time moment

and geomagnetic activity. It is most significant during quiet time conditions.

The gradient of the electric field potential is the drive ions drift. The ion drift transfers
via collisions energy to the neutral particles. In result, the electric field together with other
drivers (such as for example a pressure gradient) generates the thermospheric neutral wind. On
the other hand, the neutral wind is the driver for the dynamo currents. This is one of the

examples, which manifests the feedback in the UAM model.
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2.3.3. The auroral precipitations

The empirical model of Hardy et al. [1985] is used as input for the auroral precipitation.
The model presents the energies of the precipitation fluxes, their intensities and positions in the
dependence of the geomagnetic activity (Kp index — in this version). The precipitation leads to

a region of higher conductivity (see Section 1.7).
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Figure 2.6. The logarithm of molecular ion distribution at 300 km obtained with the UAM
model for the Northern winter (left) and Southern summer (right) Hemispheres. The patterns
are presented in the polar geomagnetic coordinate system. Black points show the spatial grid

nodes. Red points present the inner and outer boundaries of the auroral oval.

The molecular ion distribution is a direct result of the ionization due to the high-energy
auroral particle precipitation. The precipitation area is located between the rings of the Region
1 and Region 2 currents. This area constitute the auroral oval, which is indicated by red dots
for the inner and outer boundaries of the oval in Figure 2.6. The position of the precipitation
flux maximum along each meridian is located in the center between the Regions 1 and 2
currents. These currents restrict the precipitation area. Outside this area, the auroral
precipitations are zero. The UAM model uses a symmetric distribution of the auroral

precipitation for both hemispheres.

The precipitation flux distributions for the Northern and Southern polar regions are the
same, but the ion density distributions are different (see Figure 2.6). This is because of the

different solar illumination (EUV) and neutral gas background conditions in the hemispheres.
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The solar EUV provides significant additional ionization for the Northern polar region, while
it is relatively small in the Southern polar region. Moreover, the hemispheres have different

ionization backgrounds (neutral particle and temperature distributions).
2.3.4. The electric potential distribution

In the UAM model point of view the magnetospheric generator is a voltage generator.
The required cross polar cap potential drop is, therefore, obtained by amplifying (reducing) the
full distribution of the magnetospheric FAC system. An iteration process is used for this
purpose. The basic logic of this method is, if cross-polar cap potential drop is smaller than
required, the FAC coefficient is amplified by 30% in the opposite situation it is reduced by 30%
(in an iterative manner). In result I obtained the cross polar cap potential drop with required

accuracy (~5% or different).
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Figure 2.7. The electric field potential distribution calculated with the UAM model using the
symmetrical FAC distribution for the Northern winter (left) and Southern summer (right)
Hemispheres. The patterns are shown in a polar geomagnetic coordinates. Black points show
the spatial grid nodes. Red points represent the inner and outer boundaries of the auroral

region.

In Figure 2.7 it is visible that the electric potential distributions have a mirror symmetry
equatorward of the open/closed field line boundary (Region 1) for both hemispheres. A
difference takes place only poleward the boundary, where the magnetic field-lines are open.

This difference is not very significant.
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The FAC distributions for the Northern and Southern Hemispheres are identical
(magnitude and longitude position) according to the first assumption (see Section 2.3.1). In the
UAM model, the following numerical scheme was used in order to solve the equation for the
electric potential. For the closed field-lines, the FAC is the average value of the currents in both
hemispheres. For the open field lines, the FAC are independent. In this version of the model,
the Region 1 and Region 2 FACs are located in the area of closed field lines. Together with the
second assumption (see Section 2.3.1), the standard version of the UAM model provides the
identical positions and magnitudes of the minimum and maximum of the electric field potential
for the Northern and Southern Hemispheres (full symmetry equatorward of the Region 1 FACs).
In the real situation, the electric field potential distributions for the Northern and Southern

Hemispheres should be different (see Figures 2.1 and 2.2).

To define the magnetospheric FAC system for the standard version it is sufficient to only
describe the position of Region 1 and Region 2 FACs. The local time distributions are
represented by the harmonic function (see Figure 2.3). The Region 1 and Region 2 FACs
magnitudes are obtained by the iterative process (see Section 2.3.4) for required cross polar cap

potential drop.
2.3.5. The CHAllenging Minisatellite Payload (CHAMP) satellite

The CHAMP was a small German satellite, which was developed and operated by the
German Center of Geosciences in Potsdam. The satellite mission was started on July 15, 2000,
into a near polar orbit with an inclination of 87.3 deg. and an initial altitude of 454 km [Reigber
et al.,, 2002]. The end of the CHAMP satellite mission was at September 19, 2010, after 58277

orbits.

The CHAMP satellite measured various parameters of the upper atmosphere. In the
present investigation the thermospheric neutral wind, neutral mass density /Doornbos, et al.
2010] and electron density measurements obtained from the satellite were used for a
comparison with the UAM model results. The satellite observations were used as an etalon in

the data comparison.
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WIND, m/s [North Pole]
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CHAMP Jan 01 - Dec 31,2003 H =400 km

Figure 2.8. Average North Hemisphere thermospheric wind pattern given in polar
geomagnetic coordinates (>60 deg magnetic latitude) at F-layer heights (400 km) using cross-
track CHAMP accelerometer data of the full year 2003 as obtained from a recent European
Space Agency (ESA) study [Doornbos et al. 2010]. The sun’s position of the dial is at the top
of the figure, with the dawn side on the right and the dusk side on the left. The wind direction
is shown by the small vectors with the origin in the dots at the bin’s position. Their length and

color coding indicate the wind vector magnitude with the scale given on the top [Namgaladze

etal. 2013].

An example of the statistical thermospheric neutral wind distribution at 400 km for the
Northern polar region obtained with the CHAMP accelerometer measurements is shown in
Figure 2.8. The pattern was reconstructed using the satellite data collected during the year 2003.
The satellite neutral wind observation clearly shows the vortex, which is located at the evening
side. The morning side vortex is not pronounced so well. The noon — midnight stream is also

visible. Maximum thermospheric neutral wind speed is about 550 m/s.



-49 -

2.4. The UAM model with the dependence on IMF
2.4.1. Geomagnetic conditions

The time interval of October 28, 2003, 00 — 24 UT was selected for this study because
together with a significant variation of the IMF orientation it comprises a period (05-11 UT)
with a relatively “stable” IMF By component (see Figure 2.9.). The IMF By does not change

significantly during that time.
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Figure 2.9. The variations of the IMF By (at the top) and IMF Bz (at the bottom) components

of interplanetary magnetic field on October 28, 2003 according to the Advanbced Composition
Explorer (ACE) satellite data [Forster et al. 2011b].
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2.4.2. Electric potential distribution.

Electric field potential, kV [301 day] [North Pole]

I 44 -
100 -80 -80 -40 -20 0 20 40

28.10.2003 06:00:00 UT H =175.317 km 28.10.2003 12:00:00 UT H=175.317 km

28.10.2003 18:00:00 UT H=175.317 km 28.10.2003 24:00:00UT H=175.317 km

Figure 2.10. Latitude-longitude electric field potential distributions in the polar geomagnetic
coordinates at the latitudes higher than 60° (Northern Hemisphere) calculated using the UAM

model at various universal time moments on October 28, 2003. [Forster et al. 2011b]

In Figure 2.10 the electric field potential distributions are shown only for the Northern
Hemisphere. The Southern Hemisphere has the identical positions and magnitudes of the
minimum and maximum of the electric field potential. This effect takes place because of the

symmetrical distribution of the FAC system for the Southern and Northern polar regions. The
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example represents only the variation of the cross polar cap potential drop with respect to the
2.4.3. Thermospheric neutral wind distribution

geomagnetic conditions.
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Figure 2.11. Model calculations of the vector patterns of thermospheric wind circulation in

polar geomagnetic coordinates at latitudes higher than 60° (Northern Hemisphere) at 400 km

altitude for the same time moments as in Figure 2.10 performed using the UAM model.

Maximum wind speed is 800 m/s. [Forster et al. 2011b]
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The thermospheric wind distributions at 400 km (CHAMP satellite altitude) obtained with
the UAM model is shown in Figure 2.11. The time moments are the same as in Figure 2.10.
The neutral wind vortices’ areas are clearly seen in the evening and morning sides. The neutral
wind distributions coincide with the electric potential patterns - the vortices positions and the

amplitude - shown in Figure 2.10.

The patterns agreed well with the CHAMP satellite data presented in Figure 2.8 which
include the magnitude and positions of the meso-scale structures such as the evening side vortex
area. However, together with it, the modeling results show some difference with the satellite
accelerometer measurements. For example, the morning vortices area is not so well pronounced
in the CHAMP satellite data as in the theoretical simulation results. This difference takes place
because of the different background of the data. The satellite pattern was constructed using one
year of the CHAMP accelerometer measurements. Therefore, some variable parts, for example
the morning vortex, were lost during a statistical data processing. On the other hand, the
modeling result has peculiar features for each time moment. Those features depend on the
highly variable geomagnetic conditions which are different for a various time moments.

Because of this, the data comparison can be done only in general.

Alternatively, I performed a direct comparison between the UAM model result and the
CHAMP satellite measurements to check the data quality. The examples of the data comparison

during the polar overflights are presented in Figures 2.12 and 2.13.

400

200

-200

Y -component of wind speed (m/s)

17:04 17:06 17:08 17:10 17:12 17:14 17:16 17:18
UT (hh:mm)

Figure 2.12. Thermospheric crosswind speed variations at the altitude 400 km (October 28,
2003) according to the CHAMP satellite data along its flight trajectory (red curve without
circles) and according to the UAM calculations (blue curve with circles). [Forster et al. 2011b]

The CHAMP accelerometer provided the perpendicular (to the satellite flight direction)
component of the thermospheric neutral wind. In this study, the CHAMP observation data are

used with 10 second time resolution. The satellite overflight for the Northern polar regions are
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shown in Figure 2.12. The CHAMP accelerometer measurements (red line) contain some small-

scale fluctuations, while the UAM model presents more smooth results (blue line).

The time interval is 17:03 — 17:18 UT. The By and Bz components of the IMF are close
to the zero value during this time interval (see Figure 2.9). The configuration of the electric
potential distribution calculated with the UAM model (see Figure 2.10) agrees with the
statistical distribution for the By = 0 and Bz = 0 (the electric field potential distributions are
symmetrical for the Northern and Southern Hemispheres). This means that the geometry of the
modeling electric field fits the actual situation. As a result, the UAM model shows good

agreement with the satellite data for this overflight.
2.4.4. The modification of the electric field

The electric potential distribution has strong dependence on the IMF orientation as clearly
seen in Figures 2.1 and 2.2. On the other hand, the UAM model with symmetric distribution of
the FAC has no dependence on the IMF (see Figure 2.10).

I included the IMF dependence by the modification of the electric field. It was done in
three stages. In the first stage, [ ran the UAM model and saved the electric potential distribution
at each modeling time step. In the second stage, I modified the electric potential patterns with
respect to the IMF orientation (see description below). In the third stage, I ran the UAM model

again with the modified electric potential distribution which was used as input parameter.

Electric field potential, kV [301 day] [South Pole]

28.10.2003 07:00:00 UT

Figure 2.13. An example of the electric potential distributions for the Southern polar region

before (left panel) and after (right panel) modification. [Forster et al. 2011b]
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The IMF dependence was included to the UAM model by twisting the electric potential
distribution at the polar areas. The patterns for the Northern and Southern Hemispheres were
twisted in opposite directions in the Northern and Southern Hemispheres according to the IMF
By component. Together with it, I modified the cross polar cap potential drop according to the
IMF orientation. The modification for the Southern polar region (07:00 UT) is shown in Figure

2.13; for the Northern polar region it is mirror symmetric (not shown here).
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Figure 2.14. Variations of thermospheric crosswind speed according to the CHAMP satellite
data along its flight trajectory (curve without circles) and according to the UAM calculations
(curve with circles) at the altitude 400 km calculated at 07:00:00 UT (October 28, 2003) with
(on the right) and without (on the left) taking the By interplanetary magnetic field component
into account. [Forster et al. 2011b]

The time interval is 06:56 — 07:12 UT. The Blue curve line with circles in Figure 2.14
(right panel) shows the thermospheric neutral wind calculated with the modified electric field
potential distribution. The simulation results with none modified elect electric field is presented

in the left panel.

For that time interval, the IMF By component is negative (about -15 nT). The actual
electric potential for this situation is significantly different from the modeling. As a result, the
agreement between the satellite measurements and the simulation results is poor without
including the dependence on the IMF orientation for this time as shown in the left panel. The
amplification of the cross polar potential drop together with the twisting of the electric field
significantly improved the UAM model prediction, enabling it to obtain the result similar to the

CHAMP satellite measurement modeling data profile (right panel).

The small offset between the satellite accelerometer data and the modeling results (right

panel) can be explained by the difference in coordinate systems (see Section 5.5). Also, the
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satellite observation contains small scale variations, while the UAM model does not represent

such features.
2.5. Conclusion

Including the IMF dependence to the UAM model, the MIT coupling dynamic system

can be reproduced more realistically. This is clearly shown in Figure 2.14.

The method described above presents the way to include the dependence on the IMF
orientation using a symmetrical FAC system (as a result of the symmetrical electric field) for
the Northern and Southern polar regions. The electric field asymmetry between the hemispheres

was obtained by twisting the pre-calculated patterns of the electric potential.

Based on this method, the pre-calculated electric field potential distribution was used as
input parameter. The potential patterns became artificial. They were modified with respect to
the IMF orientation, but had non-IMF background (originally they were symmetrical and
calculated without the IMF dependence). This means that such manipulations with electric field

are artificial.

To solve this problem, I used a system of FACs with IMF dependence (see Chapters 3
and 4) which allows the calculatint the electric field with respect to the IMF orientation, as well
as keeping the self-consistency of the UAM model. Moreaver, the MIT couple dynamic system

can be described more realistically through this approach.
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3. Using the empirical field-aligned current model of Papitashvili

3.1. Introduction

The materials of this chapter are partially published in Férster et al. [2012], Namgaladze
etal. [2013] and Prokhorov et al., [2014]. Some figures and tables are directly taken from these

papers.

This part of my thesis is extention of a prior study (Férster et al. [2011b]). There, we
undertook the successful improvement of the UAM model by including the dependence on IMF
orientations. The dependence on IMF was included into the model by the direct modification
of the electric field patterns. For this purpose, the electric potential distribution was calculated
and saved for one particular reference interval. Then, the electric potential patterns were twisted
for Southern and Northern Hemispheres in an asymmetrical way corresponding to the IMF By
variation. The modelling results for the thermospheric neutral wind was compared with thr
CHAMP measurements. Such modified configuration of the electric field significantly

improved the agreement between the simulation results and the satellite observations.

In this chapter, I describe the use of the empirical IMF dependent FAC model of
Papitashvili et al. [2002] (PM) as input parameter for the UAM model. That configuration was
used to investigate the MIT dynamic system at high-latitudes for various solar and geomagnetic
activities, seasons and IMF strengths and orientations. For this purpose, I performed the
simulations with the UAM model for various geomagnetic activities and solar wind/IMF
conditions. The modeling intervals are presented in Table 3.1. To validate the modeling output,
the simulation results for the thermospheric neutral wind, neutral mass density and electron

density were compared with the CHAMP satellite measurements.

This was the first time I used an IMF-dependent FAC model as input parameter for the
UAM model. In this version of the model the FAC distributions were different for the Northern
and Southern Hemispheres. In the past, the system of the FAC in the UAM model was presented
by the empirical FAC model of lijima and Potemra [1976] (IPM), which defined the Region 1
and Region 2 currents. The FAC systems were symmetric for the Northern and Southern

Hemispheres and independent of the IMF values.

The study focuses on the high-latitude regions of the upper atmosphere. All figures are

presented in a geomagnetic coordinates.
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3.2. The UAM model modification with respect to the dependence on the IMF orientation

In Chapter 2 I described an UAM version that uses a symmetrical distribution of the FAC
for the Northern and Southern Hemispheres (see Section 2.3). Such a configuration of the UAM
model does not allow an asymmetry in the positions of the minima (maxima) of the electric
field potential between the hemispheres. Such an asymmetry is associated with the variations

of the IMF By component as examplified in Férster et al., [2011a].

To improve the UAM model by including the dependence on IMF orientation, I broke the
symmetry in the electric potential distribution between the hemisphires. For that purpose, I used
the following assumptions for the solution of the electric potential equation (Equation 1.20) in

the new version of the UAM model:

1. The FAC systems are independent for the Northern and Southern polar regions. The
system of the FAC is presented, as in the previous version, by two rings shifted to the night
sector (along the noon — midnight meridian), which define the Region 1 and Region 2 currents.
The Region 0 currents are added adjacent to the Region 1 currents at the poleward noon side

(cusp area).

2. The boundary between the open and closed field lines is the position of the Region 2
currents. The magnetic field lines are closed till the Region 2 (including). The areas of the

Region 1 and 0 currents are located on the open field lines.

Such assumptions provide a possibility to obtain different distributions of the electric field
potential inside the polar regions for both hemispheres using an ideal dipole coordinate system.
This configuration allows to model electric field effects with correspondence to the deformation
of the Earth magnetic field (twisting of the high latitude magnetic field with respect to the By
component of the IMF). These assumptions are sufficient to model the patterns of electric

potential with the dependence on the IMF conditions.
3.3. The empirical FAC model of Papitashvili

The empirical FAC model of Papitashvili (PM) is based on the high-precision magnetic
field measurement obtained by the Orsted and Magsat satellites. The model provides the FAC
distribution for summer, winter and equinox conditions and with respect to the IMF strength
and orientation. The PM model allows the mapping of the FAC patterns for IMF [B| < 12 nT
for the Northern and Southern Hemispheres. The model defines the FAC distributions in the

geomagnetic latitude range of 50-90 deg. The input parameters of the PM model are the
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magnitude and orientation of the IMF in the GSM coordinates (By and Bz components) and the

season [Papitashvili et al. 2002].

MNarthern Winter IMF By = 5 nT Contours 0.05 uA/m* Southern Summer

8 0 By =0

w

Figure 3.1. Maps of field-aligned currents for Br = 5 nT organized by the IMF clock angle for
northern winter (left) and southern summer (right). The central plots are the patterns for Br =
0. The total hemispherical currents (top numbers, MA) and the minimum and maximum current
densities (lower numbers, mA/m?) are marked at the bottom corners of each polar subplot. The
upward currents are negative and the downward currents are positive. The FACs min/max

density locations are identified by “*—="" and ‘*+’’ [Papitashvili et al. 2002].

Figures 3.1 shows the patterns of the FAC distribution for different IMF orientations for
the Northern winter and Southern summer Hemispheres. The distributions are obtained with
the empirical PM model using a magnitude Bt = (By >+ Bz ?)"? of 5 nT. The FACs of the

Regions 1, 2 and 0 are clearly seen.

The whole system of the FACs is shifted to the night side along the noon-midnight
meridian. The Region 1 currents comprise a ring structure with upward currents (out of the
ionosphere) at the evening side and downward currents (into the ionosphere) at the morning
side. The Region 2 currents are located equatorward of the Region 1 currents and present the
outer ring (lower latitude) of the FAC system. The Region 2 currents have an opposite
orientation (in comparison with Region 1 currents). The Region 0 currents are located near the

pole (inside the ring of the Region 1 currents) and they are clearly visible in all panels.
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A seasonal difference between the hemispheres is clearly seen. The magnitudes of the
FAC:s for the Northern winter polar region are significantly weaker than those for the Southern
summer polar region. The asymmetry in the FAC distribution with respect to the IMF

orientation is also well visible.

3.4. Using the PM model as input parameter for the UAM model (adaptations &

assumptions)

The model is organized with respect to the IMF orientation, especially for the | Br | <5
nT due to good data coverage. Because of this feature, the PM model is suitable for the
simulation during quiet conditions and it is not massively useful for modeling storm and

substorm events.

The PM model provides a smooth distribution of the FACs. That is not the case in real
nature. The FAC system is highly variable and it is located in a narrow latitudinal area with a
typical width of several kilometers. The smooth variation with latitude of the PM model is
caused by the method used (spherical harmonics of 8th order) as well as the statistical origin of

the model. The model represents an average value of a huge amount of measurements.

At the same time, the model reproduces additional currents near the equatorial boundary.
Those currents look artificial and probably appear because of the use of spherical harmonic

technique with artificial boundary conditions on the equatorial boundary.

Another important question is the relation between the FAC system and the auroral
precipitation area. This is the area with higher conductivity. The precipitation fluxes increase
the concentration of the ionized particles and the conductivity in the precipitation region. As a
result, the conductivity grows inside the auroral area (see Figure 1.5). Any difference (even
small) in space position between the current and precipitation patterns result in a significant
effect of the electric field potential distribution due to Ohm’s law. In other words, the same
currents located inside and outside of the precipitation area - provide different electric field
potential patterns of significant amount (several times) in the magnitude. To avoid this kind of
disagreement, I implemented a strict positional agreement between the FAC and the auroral

precipitation areas in this UAM model version.

Because of the features described above, the empirical PM model could not be used

directly as input parameter for the UAM model. It required an adaptation as described below.
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Distribution of Field —Aligned Current, pd[m?

-0.5 0.0 0.5

By==5nT, Bz=-5nT

Figure 3.2. An example of the statistical FAC distribution for the Northern winter (left panel)
and Southern summer (vight panel) Hemispheres obtained with the PM model. The red dot lines
divide the polar areas into three zones: Region 1, 2 and 0. The downward currents are negative
and the upward currents are positive. The patterns are shown in polar geomagnetic

coordinates. The By and Bz components of the IMF are - 5 nT.

The FAC system is focused along the auroral precipitation. For this purpose, I divided the
FAC system into three parts: the areas of the Region 1, 2 and 0 currents (as shown in Figure
3.2). The currents are integrated inside the Region 1 and Region 2 areas along the meridians

and inside the Region 0 area along the noon-midnight direction.

Such manipulation of the FAC system helps to exclude artificial currents near the
equatorial boundaries of the PM model (they are located outside the integration area). Together
with it, this division provides a clear separation of the FACs into the various zones. The result

of this operation is presented below.
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Figure 3.3. The integrated FACs of the Region I (Blue), Region 2 (Red) and Region 0 (Green)

currents for the Northern winter (top panel) and Southern summer (bottom panel) Hemispheres.

In Figure 3.3 the integrated FACs illustrate the strong asymmetry between the Northern
and Southern polar regions. The minima and maxima of the Region 1 currents are not located
at the dawn — dusk meridian, as it was in the previous version. They are shifted instead by a
few hours to the day side for the Northern and to the night side for the Southern Hemispheres.
The difference between the winter and summer hemispheres in magnitude is clearly seen. This
difference is about the factor of 2.
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Figure 3.4. The integrated FAC systems for the Northern winter (top panel) and Southern summer
(bottom panel) Hemispheres. The superposition of the Region 1 and 0 currents is indicated by the

blue color for the Region I and 0 currents and by the red color fort the Region 2 currents.
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The Region 1 and 2 currents for this specific version of the UAM model are located at
the polar and equatorial boundaries of the auroral areas, respectively. The Region 0 currents are
located adjacent to the Region 1 currents on the poleward side within the cusp near. According
tot he model, the currents should be located inside the auroral area of higher conductivity (the
precipitation area is defined in the area between the Region 1 and 2 currents), because of the
significant difference in conductivity. In this version of the UAM model, I use a superposition
of the Region 1 and 0 currents (see Figure 3.4). The Region 1 and 0 currents are located at the

polar boundary of the auroral area.

Distribution of the Field —Aligned Current, pd/m?

-5 0 5

Figure 3.5. The FAC distributions are obtained with the PM model for the Northern winter
(left) and Southern summer (right) Hemispheres and adapted for the UAM model. The patterns
are presented in the polar geomagnetic coordinate system. The By and Bz components of the

IMF are - 5 nT. The downward currents are negative and the upward currents are positive.

In Figure 3.5 the PM FAC system is adapted for the UAM model. The FACs are defined
along the inner and outer boundaris of the auroral regions (similar to Figure 2.4, see Section
2.3.1). The superposition of the Region 1 and 0 currents is located at the inner boundary. The
Region 2 currents are located at the outer boundary. The FAC distribution is for the same IMF

conditions as shown in Figure 3.2.
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3.5. The electric field potential

The electric field potential distribution is calculated by solving Equation 1.26. At the first
step, the distributions of the internal neutral wind dynamo currents and the external
magnetospheric currents (FACs) are found. The conductivity tensor is calculated from the
neutral and charged particles composition. Now, the electric potential distribution can be

calculated.

Electric Field Potential, kV

Figure 3.6. The electric field potential distribution obtained with the UAM model for the
Northern winter (left) and Southern summer (right) Hemispheres. The FAC system is calculated

with the PM model. The patterns are presented in polar geomagnetic coordinates.

The new model assumptions (see Section 3.2) lead to significant differences in the electric
field potential distribution for the Northern and Southern polar regions. In Figure 3.6 the
differences are clearly seen. They concern the magnitude of the cross polar cap potential drop,
its position and the shape of the electric field potential patterns generally. An asymmetry

between the hemispheres in the position of the minima and maxima is obvious.

As in the standard version of the UAM model, I use the assumption that the
magnetospheric generator is a voltage generator. This configuration of the UAM model applies
the same logic (an iterative manner) as described in Section 2.3.4, with one difference. In order
to obtian the required cross polar cap potential drop, I use this iterative process in the new

version of the UAM model independently for the Northern and Southern Hemispheres.
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Electric Field Potential, kV

Figure 3.7. The electric field potential distribution adapted for approximately equal cross polar
cap potential drops for the Northern winter (left) and Southern summer (right) Hemispheres.

The patterns are presented in polar geomagnetic coordinates.

Figure 3.7 reveles that the resultant electric potential distribution is obtained as a result of this
adaptation (iterative) procedure. The PM model is adapted and used as input parameter. The
magnitudes of the FACs are modified with respect to the cross polar cap potential drop. The
different resultant FACs for the Northern and Southern polar regions, together with the new position
of the open/closed field lines boundary (see Section 2.3.4) for Equation 1.26, provides the
asymmetrical electric potential for the hemispheres. This is clearly visible in the figure.

This adaptation scheme for the PM model is used in an automatic way during the
calculation. As a result, the UAM model is provided with the PM FAC distributions as input
parameters, which are dependent on the By and Bz components of the IMF. To extend the
application area for higher activity conditions [Bt[>12 nT (see Section 3.3), an extrapolation is

used.
3.6. Modeling results and measurements

To quantify the modeling prediction quality, the simulation results are compared with the
observations. The electric field potential distribution is compared with the CLUSTER EDI
electric field measurements. Furthermore, the thermospheric neutral wind, neutral mass density
and electron mass density results obtained with the UAM model are compared with the CHAMP

satellite observations.
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3.6.1. A comparison with the CLUSTER EDI measurements

At the first stage, I tested the algorithm of the electric field calculation. For this purpose,
I reconstructed the electric field potential distributions of different sectors of the IMF. The PM
model is used as input. The simulations are performed for summer, winter and equinox
conditions. The modeling result for the Northern equinox Hemisphere is shown in Figures 3.8.

Electric field potential [kV][DoY 104] [North Pole]
i D

—40 -20 ] 20

AU =86kT % NTD)
14042001 00:00:30 UT H =175 km

Figure 3.8. The electric field potential distribution for the Northern equinox polar region
obtained with the UAM model. The PM model is used as input. The patterns are presented for
the 8 clock-angle orientations of the IMF. The central pattern shows additionaly the FAC
distribution for By=0 and Bz=0, the so-called zero-state of the magnetosphere, supposedly with

vanishing reconnection processes on the front side magnetosphere.

The new configuration of the UAM model efficiently reproduces the general features of
the statistical electric field potential distributions as presented in Haaland et al. [2007], which
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were obtained using the Cluster electric field measurements with the electron drift instrument

(see Figure 2.1).

The modelling electric field potential distributions show very good agreement with the
statistical data. The UAM model reproduces similar minima and maxima values of the electric
potential and also a similar geometry of the spatial distribution. This can be clearly seen by

comparing Figures 3.8 and 2.1.

This comparison facilitates the examination of the modeling output. However, it is

somehow incorrect because of several factors:

1. The statistical model is obtained from a huge amount of measurements sorted for the
different IMF orientation. This is the average values of all those observations. As a result, many
details are smoothed out. This statistical model does not represent seasonal and UT variations

of the electric potential distribution.

2. On the other hand, the theoretical UAM model provides peculiar electric potential
patterns for each time moment. The modeling result depends on season, UT, solar and
geomagnetic conditions. At the same time, the modeling result has a significant dependence on
“History”. “History” here refers to the previous stage or temporal evolution of the upper

atmosphere.

To calculate the electric field potential distribution, it is necessary to know the distribution
of the internal (calculated) and external (input) parameters. In our case, the FAC system
obtained with the PM model is the external parameter. The thermosphere wind dynamo currents
and the tensor of conductivity are the internal parameters for the UAM model. The neutral wind
distribution during the simulation is taken from the previous modeling time step (see Section
1.5.1). The thermospheric winds are calculated in the UAM model after the electric potential
block, as well as the other parameters of the neutral atmosphere. The conductivity tensor and
neutral wind do not change very rapidly. Therefore, they have strong dependence on the

previous stage of the upper atmosphere.

In Figure 3.8, for example, the nine electric potential distributions obtained with the UAM
model for the different IMF orientations have the same “History” and represent the UAM model
reply on different FAC distributions only.

In any case, the UAM model shows very good results, which are in good accordance with the
Cluster EDI measurements. The conclusion for this stage is, it is possible to obtain correct electric

field potential distributions using the UAM model with the FAC calculated by the PM model.
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3.6.2. A comparison with the CHAMP satellite measurements
3.6.2.1. Time intervals

The main idea of this stage of testing the UAM model with respect to the IMF dependence
consist in a comparison with the satellite data. For that purpose, the new configuration of the
UAM model was tested under various geomagnetic conditions (see Table 3.1). The obtained
results were compared with the CHAMP satellite measurements. This investigation led to the

quantification of the modeling predictions.
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4101022003 | 00-14 | 1524 |92 -12 [ 30201-1-1+3-5-4+ | 122.]
5123102003 [ 0021 | 2224 [-06] 67 [ 2-3+3-3-304-3040 | 1417
6 | 30.082004 | 08-22 [00-07;23-24] 3.0 | -102 [2+203+40406-5070 | 9L6
7 113092004 | 0021 | 2224 [-84[ 22 [0000000+000+4+4+ | 119.1
8 | 06102004 | 13-22 [00-12;23-24] 40 [ -1.0 [ 102-1+ 100000 0+ 0+ [ 92.0
9 | 10.122004 | 09-21 [00-08,22-24] 7.6 | -2.4 [202+20202+302+30 | 823
10 13.062005 | 00-14 | 1524 | 98 | 69 | 606-4+30403-3+2- | 947
11] 02.11.2006 | 00-08 | 0924 [ 40| -13 [2+2010102-3-302+ | 8638

Table 3.1. Time intervals of stable IMF conditions for various seasons and activities

[Prokhorov et al. 2014].

The time intervals shown in Table 3.1 represent periods of different seasons and under
various geomagnetic conditions and IMF orientations. The year range is 2001-2006. The
intervals are from various phases of the solar cycle with F10.7 values in the range of 82.2-187.4.
Some of them, for example, the 30th of April 2006 are geomagnetically quiet (Kp is about 0).
Others are disturbed such as the 30th of August 2004 (Kp is about 7).

All these 11 time intervals presented in Table 3.1 were specifically selected as the periods
that include several hours without significant variations of the IMF. These time periods are
called “stable”. They are shown in the 3rd column. The By and Bz components of the IMF for
these time periods are presented in the 5th and 6th columns, respectively. The intervals also
comprise likewise also more variable time periods - adjacent to the “stable” periods. Those

periods are called “unstable”. They are noted in the 4th column.
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3.6.2.2. The UAM model runs

The UAM model was tested under various strengths/orientations of the IMF and
geomagnetic activities (see Table 3.1). The FAC distribution obtained with the PM model was
used as input parameter for the UAM model. The UAM model was run for 24 hours for each
of the time intervals presented in Table 3.1 with the geomagnetic conditions of that date. The
simulated results were sorted for each day into the following four groups: “stable” and

“unstable” intervals for the Northern and Southern polar areas, respectively.

A few examples for the thermospheric neutral wind, neutral mass density and electron
density obtained with the UAM model are shown below. The results are presented together with

their detailed descriptions and a comparison with the CHAMP satellite measurements.
3.6.2.3. The thermospheric neutral wind

One of the most important parameters of the neutral atmosphere is the neutral
thermospheric wind. The ExB plasma drift (together with EUV, heating, etc.) transmits energy
to the neutral particles via collisions (ion drug). The thermospheric neutral wind is the result of
this MIT interaction. At the same time, the neutral wind generates the system of the
thermospheric dynamo currents. Those dynamo currents are part of the Earth’s environment
electrodynamic system and play a role in the electric field formation. This is one of the

examples of the complex MIT dynamic coupling.
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Figure 3.9. A comparison of the UAM model result with the cross-track accelerometer

measurements of the CHAMP satellite during the flight over the Northern Hemisphere for 13"

of June 2005 07:24 UT.

Figure 3.9 shows the UAM model neutral wind vector pattern by coloured arrows
according to the colour scale on the top. The distribution of the electric potential is presented
in the background in a black & white colour scale. The CHAMP cross-track measurement data
are presented by the coloured arrows on the white background and bordered by a red line. The
projection on the cross-track satellite direction of the UAM wind data is presented by a black
arrows and bordered by a black line. The satellite position and flight direction are shown by

black triangular sing. Points illustrate the position of the CHAMP before and after the time

moment 07:24:00 UT.

H = 366 km
At=12g; ALat=2; ALong=7.5; AU=f(AE);
D:\777\13_06_2005_ag aec alt comARCHWwindy07.24;
Created on: 13.04.2012_14:45:05;
BorisProkhorowyandexru mfoegfz—potsdamde
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In this study, I use satellite accelerometer measurements with 10 second time resolution.
The modelling data is saved with a I-minute time interval. I suppose that the neutral wind
distribution does not change significantly during the 1-minute time interval. Therefore, I can
use the modeling results for the same time moment to perform a comparison with 6 satellite
data points. This means that for example the modeling time moment 07:24:00 is used for
comparison with satellite data points within the following interval: 07:23:40 - 07:24:30 UT.
The background wind pattern is given (only) for the six points around the current satellite
position. The data for the other points are the modeling data of previous and later time moments,
respectively. The satellite crosses the polar region during ~16 minutes, therefore the data are
taken from ~16 different wind patterns. Nevertheless, the final result coincides well with the
background thermospheric wind distribution. This means that the neutral wind does not change
significantly during the CHAMP flight over the polar region due to the dominating inertial

forces.

The evening neutral wind vortex is clearly seen, while the morning vortex is only
presented as a slight deflection of the neutral wind flow in the figure. The strong noon —
midnight stream (shifted to the morning side) is also clearly visible. The result itself implicates

a fairly well agreement between the UAM modeling data and the satellite measurements.
3.6.2.4. The neutral mass density

Another important parameter of neutral atmosphere is the neutral mass density. This
parameter describes the composition and space distribution of neutral particles in the upper
atmosphere. The CHAMP satellite was measured this parameter with a very good accuracy.
One example of the comparison between the UAM model and the CHAMP neutral mass density

data is given below in Figure 3.10:
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NEUTRAL MASS DENSITY [kg/ m-3] [DoY 164] [North Pole]

6 7 8
8.08

3.64E-12
24 1.03E-11
13.06.2005 07:24:00UT H = 366 km
[Min, Max] At=12s; ALat=2; ALong=7.5; AU=f(AE); abs;
CHAMP: [3 64. 10 26] D:\777\13_06_2005_ag_aec alt_conARCH\d562524.00;
" " ’ b Created on: 11.04.2012 16:36:11;
UAM: [4.38, 7_96] BorisProkhorowyandexru mfoegfz—potsdam.de

Figure 3.10. Comparison of the UAM model result with the CHAMP accelerometer neutral
mass density measurements. Flight over the Northern Hemisphere on 13" of June 2005 07:24
UT.

The neutral mass density calculated by UAM model is presented in Figure 3.10 as a
contour plot in the polar geomagnetic coordinates. The CHAMP accelerometer measurements
are shown by red arrows and bordered by a red line. The UAM data are indicated by black
arrows and bordered by a black line. The difference between the modeling data and the
measurements is shown by the area with a white background. The satellite position and flight
direction are shown by a black triangular sign. Points display the position of the CHAMP
trajectory before and after the time moment 07:24:00 UT.

The CHAMP has a small variation in altitude satellite orbit of ~30km (see Figure 3.11).

The neutral mass density is very sensitive for such a variation because of its strong, exponential
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height variation according to the barometric law. This means that a difference in 30 km near an
altitude of 360 km results in a difference in density in two times. Because of this, the modeling
data presented by the black arrows in Figure 3.10 are adapted for the satellite altitude. The
altitude of 366 km, given on the plot, is valid for the current satellite position and the contour

plot.

CH_Basic:Orbit_Geo - Altitude (m)

380 10° /\ /\
370 10° / \ \
360 103 / \ 4 / ]

06:00 06:15 06:30 0645 07:00 07:15 07:30 07:45 08:00 08:15 08:30 0845
2005-06-13

390 10°

Figure 3.11. Three hours of CHAMP altitude variation. The data was taken from:
http://thermosphere.tudelft.nl/acceldrag/data.php

The comparison of modelling neutral mass density data and the CHAMP observation data
results in a very good agreement and with only occasional small differences. There are some-
small scale fluctuations that are not reproduced by the model. They constitute in the upper

atmosphere or some instabilities which take place during the measurements.
3.6.2.5. The electron density

The electron density is also a very important parameter of the upper atmosphere. The
electron density in the polar region is important, for example, for the tensor of conductivity.
The most interesting areas are the cusp and aurora regions itself, where precipitations are
predominante. Therefore, I selected it as an example for the time moment, where the satellite
passes over the cusp region. The comparison between the modeling result and the CHAMP date

is illustrated in Figure 3.12.


http://thermosphere.tudelft.nl/acceldrag/data.php
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Lg[ N(e) [cm=-3]] [DoY 243] [South Pole]
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UAM [3 37E3 2 42E5] BorisProkhorowyandexru mfo@gfz—potsdam.de

Figure 3.12. Comparison of the UAM model result with the CHAMP electron density
measurements. Overflight over the Southern Hemisphere on 30" of August 2004 19:24 UT.

The electron density calculated by the UAM model is illustrated in Figure 3.12 as a
contour plot in a logarithmic scale in the polar geomagnetic coordinate system. The CHAMP
measurement data are presented by red arrows and bordered by a red line. The UAM data are
presented by black arrows and bordered by a black line. The difference between the modeling
data and measurements is highlighted by a white background. The satellite position and flight
direction are illustrated by a black triangular sing. Points shows the position of the CHAMP
trajectory before and after the time moment 19:24:00 UT.

The modelling data in Figure 3.12 are presented in the same style the neutral mass density

is presented in the previous plot (see Figure 3.10).
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An enhancement of the electron density is clearly visible in the auroral precipitation area.
The solar EUV provides additional electron density in the noon sector. The difference between

the observation and the model results is very small.
3.7. Conclusion

The result of the comparison between the UAM model run with an additional IMF input
and the CHAMP accelerometer measurements of the thermospheric neutral wind, neutral mass
density, and electron density shows a very good agreement. The model reproduces the meso-

scale structures of the upper atmosphere that are seen in the satellite data.

In this chapter, I represented only a few examples, but I performed a detailed analysis
for 330 CHAMP flights over the polar regions during the 11 time intervals (see Table 3.1). A
statistical comparison with other variants of the UAM model as well as with the global
empirical models such as the thermospheric wind model (HWMO7) and the atmosphere density
model (NRLMSISEOQ0) is also performed in Chapter 5.

The method presented in this chapter (see Section 3.4) allows the adaptation and the use

of any physically reasonable FAC distribution as input parameter of the UAM model.
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4. Using the MFACE field-aligned current model
4.1. Introduction

The materials of this chapter are partially published by Prokhorov et al., 2014. Some

figures are directly taken from this paper.

The main idea of this chapter is the investigation of the MIT coupling at the high-latitude
regions for various solar and geomagnetic activities, seasons and IMF strengths and
orientations. For this purpose, I perform simulations of the upper atmosphere using the
combination of the theoretical UAM and the high-resolution empirical MFACE models [He et
al. 2012]. The MFACE model is used as input parameter to define the highly variable

magnetospheric sources (system of FACs).

In this chapter, I present the high-resolution empirical MFACE model and a detailed
description of the method to adapt the MFACE model for the UAM model. The new
modification of the UAM model is compared with the satellite observations and empirical
models. I perform a comparison of the thermospheric neutral wind calculated by the new
modification of the UAM model with the CHAMP cross-track wind measurements and the
global thermospheric wind model (HWMO7) [Drob et al. 2008]. In addition, I compare the
neutral mass density results with the corresponding CHAMP accelerometer data and the global

empirical atmosphere density model (NRLMSISEOQO) /Picone et al., 2002].

This is the first time I used a two dimensional high-resolution distribution of the FAC as
input parameter for the UAM model. In the past, the system of the FAC in the UAM model was
defined only along two lines [lijima et al. 1976, Papitashvili et al. 2002], which represent
Region 1 and Region 2 currents. In this study, I use empirical models as additional references

for the data comparison.

For this study, I analyzed 11 intervals (see Table 3.1) and performed comparisons
(models/satellite) for 330 CHAMP flights over the polar regions. Unfortunately, it is impossible
to present all of them. In this chapter I, therefore, show only a few examples, but performed a

detailed analysis of the whole set.

The study focuses on the high-latitude regions of the upper atmosphere. All figures are

shown in geomagnetic coordinates.
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4.2. The high-resolution Model of Field-Aligned Currents through Empirical
Orthogonal Functions Analysis (MFACE)

The MFACE model is a high resolution empirical model of field-aligned currents.
Empirical Orthogonal Functions (EOF) of 12th order are used to construct the model. The
observational basis of the model is the ten years interval (2000 — 2010) of magnetic field

measurements obtained by the CHAMP fluxgate magnetometer.

The input parameters of the model are the magnitude and orientation of the IMF in GSM
coordinates (By and Bz components), solar wind velocity (Vsw), day of year (seasonal

dependence), and magnetic activity (AE index).

The MFACE model has the following spatial resolution. The latitudinal resolution is
defined by a Butterworth low-path filter. It reduces small-scale fluctuations. The filtered cutoff
the frequency is equivalent to a wavelength of 220 km; all longer wavelengths are suppressed.
The actual latitude resolution is 55 km (about 0.5 deg). The longitude resolution is defined by

the spherical harmonics of 4th order. The actual longitude resolution is 22.5 deg (1.5 hours).

The model provides the static two dimensional distribution of the FAC for the Northern
and Southern polar regions. The MFACE model outlines the current profile and position of the
Auroral Current Center (ACC) along each meridian. The model defines the FAC in latitude
fixed to a 10 deg range equatorward and a 5 deg range poleward of the ACC position. Outside
this area the FACs are zero. The positions of the ACCs constitute a closed oval around the polar
cap region as shown in Figures 4.1 and 4.2 by the red dotted line. The ACC usually divides the
FAC of Region 1 and Region 2.

The ACC can be used to define the shape and position of the auroral areas for the Northern
and Southern polar regions. The auroral regions are significantly different for the Southern and
Northern Hemispheres and depend on the IMF orientation. This is clearly seen in Figures 4.1

and 4.2 below:
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Distribution of Field—Aligned Currents, pA/m?
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Max=0.49

Max=0.65

Doy=355.

Figure 4.1. An example of the FAC distributions for the Northern polar region. The
distributions are obtained with the MFACE model. The patterns are shown for the same 8 clock-
angle orientations of the IMF as in Figures 2.1 and 2.2. The central pattern shows the FAC
distribution for By=0 and Bz=0, the so-called zero-state of the magnetosphere, supposedly with
vanishing reconnection processes on the front side magnetosphere. Upward currents are

indicated in red color, downward are indicated in blue color.
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Distribution of Field—Aligned Currents, uA/m?
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Figure 4.2. An example of the FAC distributions for the Southern polar region. The figure is
presented in the same style as seen in Figure 4.1 [Prokhorov et al. 2014].

Figures 4.1 and 4.2 show patterns of the FAC distribution for different IMF orientations
for the Northern and Southern Hemispheres. The distributions are obtained with the empirical
MFACE model for low geomagnetic activity (AE index is 100 nT); the solar wind velocity is
equal to 400 km/s and the magnitude (By >+ Bz?)"?is 5 nT.

The whole system of the FACs is shifted by a few degrees to the night side. The Region
1 currents comprise the ring structure with upward currents (from the ionosphere) on the

evening side and downward currents (into the ionosphere) on the morning side. The Region 2
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currents are located equatorward of the Region 1 currents and form the outer ring of the FAC
system. The Region 2 currents have the opposite orientation in comparison with Region 1
currents. The Region 0 currents are located in the cusp area located inside the polar cap region,
poleward of the Region 1 currents. The Region 0 currents are visible in the middle upper panel
for the Southern Hemisphere (for By=0 nT & Bz=5 nT); at all other panels the Region 0 currents

are not so well pronounced o rare even absent.

The system of the FAC has an asymmetry in the distribution with respect to the IMF By. This
asymmetry is clearly seen between patterns with positive and negative By. For the Southern
Hemisphere the evening part of the Region 1 currents dominates for negative By, while the morning

part of Region 1 dominates for positive By. The opposite is valid for the Northern Hemisphere.

Furthermore, a seasonal difference between the hemispheres is visible in Figures 4.1 and
4.2. The magnitudes of FACs for the Northern winter Hemisphere are significantly weaker than
these for the Southern summer Hemisphere and vice versa for the Northern summer

Hemisphere and Southern winter Hemisphere.

4.3 Using the MFACE model as input parameter for the UAM model (adaptations &

assumptions)
4.3.1. The space grid

An irregular space grid has been selected with variable latitudinal, but equivalent
longitudinal steps (10 deg). The step length is reduced to 0.5 deg in the auroral region so that
all latitudinal features of the MFACE model are kept. The grid steps outside the polar region
increases up to 2 deg (poleward) and up to 5 deg equatorward. Such geometry of the space grid

fits well with the spatial resolution and keeps all features of the MFACE model.

5=

4

N W

Step [deg]

0 20 40 60 80
Latitude [deg.]

Figure 4.3. The latitudinal profile of the space grid used in the UAM model.

Figure 4.3 shows the variable step lengths in dependence of latitude for the Northern
Hemisphere. A mirror profile of the space grid is valid for the Southern Hemisphere. This space
grid describes well the auroral region in the latitude range from 60 (-60) deg to 80(-80) deg,

which is the area of FACs and auroral precipitations.
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4.3.2. The electric potential distribution

Electric field potential [kV] Doy[306]

[Northern Hemisphere] — —60 —40 =20 0 [Southern Hemisphere]
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Figure 4.4. An example of electric potential distribution obtained using the UAM model is
shown in the upper panel. The logarithm of molecular ion distribution at 175 km altitude is
presented in the middle panel. The distribution of the FACs calculated with the MFACE model
is displayed in the bottom panel. The red dotted lines show the position of the ACC. The
boundaries of the FACs are presented by black dotted lines. The input parameters for the
MFACE model are: IMF By = -0.54 nT,; IMF Bz = -5.24 nT, Solar wind velocity = 351.4 km/s;
AE index = 416 nT.



-81 -

The upper panel of Figure 4.4 shows the distribution of the electric potential obtained by
the UAM model with FACs calculated with the MFACE model. The distribution is calculated
for a particular case with southward IMF (Bz is -5.24 nT) and moderate magnetic activity (AE
index is 416 nT). This case is part of the 11th time interval presented in Table 3.1.

The maxima and minima of the electric potential are clearly emphasized in both
hemispheres and are located on the morning and evening sides, respectively. The evening cell
is “round-shaped” and the morning cell is “crescent-shaped” in the Southern polar region. The
situation is opposite in the Northern polar region (cf. eg., Ruohoniemi et al. 2005). The
difference in the orientations of the electric field inside the polar cap is visible between the
Southern and Northern Hemispheres (see Figure 4.4 upper panel). The electric field is
perpendicular to the isolines of the electric potential. The asymmetry in the positions of the
minimums and maximums between the hemispheres is also distinctive. Similar features of the
electric potential variations are shown in Forster et al. 2009 for negative Bz and negative By

components.
4.3.3. The adaptations of the auroral precipitations

The energies of the precipitation fluxes as well as their local time distribution are defined
by the empirical model of Hardy et al. [1985]. The precipitation area is a region of higher
conductivity and should be consistent with the distribution of FACs. The latitude distribution
of the precipitations is adapted to the MFACE model. To achieve this, the position of the flux
precipitation maximum along each meridian is fixed to the boundary between the FAC Regions
1 and 2 at the border between open and closed field lines. This boundary is located in the vicinity
of the ACC. The precipitation area is restricted by the same boundaries as the FAC distribution.
Such location of the precipitation provides a good agreement between the high conductivity

areas and the distribution of the FAC.

The molecular ion’s distribution is the direct result of the ionization due to the high-
energy particle precipitation. The logarithm of the molecular ion density is shown in the middle
panels of Figure 4.4. The precipitation area constitute the auroral oval, which is clearly seen in
the figure. The concentration of ionized particles is different at both hemispheres. This effect
takes place because of the seasonal difference. In other words, in the Southern Hemisphere is
summer (polar day) and this implicates a significant additional ionization by the solar EUV.
The opposite situation occurs in the Northern polar region (winter — polar night) where the

auroral precipitations constitute the exclusive ionization source.
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The empirical model of Hardy et al. [1985] does not contain any dependence on the IMF.
The flux precipitation distributions used for the simulation runs are the same as these for the
Southern and Northern polar regions. This is clearly seen in the figures. The position of the
maximums are the same in both hemispheres. As a result, the effect of the FAC’s asymmetry
between the hemispheres becomes smaller. In the future, I plan to find or create a precipitation

model with IMF dependence. Unfortunately, I do not have such a model now.

The bottom panel shows the distribution of the FAC calculated with the MFACE model.
The ring structures of the Region 1 and 2 currents are clearly visible. The Region 0 currents are
not pronounced. The seasonal difference in the FAC magnitudes can be distinguished between
the Northern (winter) and Southern (summer) Hemispheres. This difference is approximatly
10%. In the winter hemisphere the current’s magnitude is lower. At the first sight, the FAC
distribution is ready to be used as input parameter for the UAM model. Closer considerations
of the actual field line geometry leads to the conclusion that some further, smaller adaptations

are required. This will be shown in the next subsection.
4.3.4. The boundary between open and closed field lines

The FAC patterns obtained from the MFACE have different spatial distributions for the
Southern and Northern Polar Regions. The most significant problem involves how to
distinguish the boundary between open and closed magnetic field lines. In this model
realization, I consider the boundary between the Region 1 and Region 2 currents with zero
current values as the position of the boundary between open and closed field lines (see Figures

4.1 and 4.2).



Figure 4.5. The boundaries between the Region 1 and 2 currents for the Northern (blue) and
Southern (red) Hemispheres. The green line shows 01:40:00 LT. The input parameters for the
MFACE model are: By = -0.54 nT; Bz = -5.24 nT; Solar wind velocity = 351.4 km/s; AE index
=416 nT.

In Figure 4.5, slightly different boundaries are found between the Northern and Southern
Hemispheres. The equipotentiallity condition for the electric field modeling required that the
boundary coincide for both hemispheres, i.e. they are the same geomagnetic field lines or are
at the magnetically conjugated footpoints of the same field lines. For this purpose I needed to
modify the distribution of the FAC. For each longitude, I estimated the latitude position of those
boundary points for both hemispheres (latn; lats). The mean latitude value (latn+lats)/2 was
then used as the common boundary latitude for the Southern and Northern Polar Regions. I
shifted the profiles for each meridian by a value equal to: laty - (latv+lats)/2 {lats - (latn+lats)/2}
for the Northern {Southern} Hemisphere. As a result, I obtained the FAC distribution with the
same boundaries for both polar regions. The correction shifts of the current profiles along

latitude are not significant; they are about ~1 deg or less.
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Figure 4.6. An example of the longitudinal FAC profiles (01:40:00 LT) for the Northern (blue)
and Southern (red) Hemispheres before (a) and after (b) correction. The input parameters for
the MFACE model are: By = -0.54 nT; Bz = -5.24 nT; Solar wind velocity = 351.4 km/s; AE
index = 416 nT.

In Figure 4.6 (a) the distance between the black vertical lines illustrates the offset between
the hemispheres (about ~ 0.7 deg). The modification result is presented in panel (b). The green
vertical line shows the boundary between the Region 1 and 2 currents for the Northern and
Southern polar regions after the correction. The field lines equatorward of this boundary are
equipotential (closed) between the Northern and Southern Hemispheres. The field lines located
poleward are not equipotential (the modeling Equation 1.26 is solving independently for the

hemispheres).

Similar corrections are automatically performed for all other longitudes. Such correction

helps to separate the Region 1 and 2 currents and keep the shape of the FAC profile.
4.3.5. The UT variations

In the present study I suppose that the magnetospheric generator is a voltage generator.
The FAC system is assumed to generate the same cross polar potential for the Southern and
Northern Hemispheres. The Earth rotation axis has a significant offset with the geomagnetic
axis. As a result, the ionization of the polar region due to the solar EUV varies. This provides a
variation in the conductivity of the high-latitudinal upper atmosphere. To fit the idea of the
voltage generator, the system of the FAC should have some magnitude variation or the so called

UT variation.

The seasonal dependence is included into the empirical MFACE, while the UT variation
is not. I included the UT variations of the FAC in the similar way as it is described in Section
2.3.4 but with one modification, as represented in Section 3.5. The amplification coefficients

are independent for the Northern and Southern polar regions. I used this assumption because
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the FAC distributions are different for the hemispheres. An example of this adaptation is

presented in Figure 4.7:
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Figure 4.7. An example of the UT variations of the coefficients (upper panel) and cross polar
potential (bottom panel) for the 02.11.2006 (11th interval). Values related to the Northern and
Southern polar regions are indicated by the blue color and the red color, respectively. The

green vertical line represents the time moment 21:00:00 UT.

The UT variation of the FAC amplifying factor for both hemispheres is shown in the
upper panel of Figure 4.7. The difference in the magnitudes of FAC between the two
hemispheres is significant (up to ~ factor 4) and clearly visible in the figure. The time-dependent
coefficients for the example presented above, e.g. for one specific time moment 21:00:00 UT,

are 1,04 and 1,69 for the Northern and Southern polar regions, respectively.

As aresult, the UT variation is more significant than the seasonal variation. That is seen
in Figures 4.4 (the FAC distribution with seasonal variation) and 4.8 (the FAC distribution with
seasonal variation and UT variation). The example shows that the coefficient magnitudes have
a strong relation to the variation of the cross polar cap potential. This calibration algorithm

adapts the MFACE model for the UT variations as well as for the actual geomagnetic situation.
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4.3.6. The FAC patterns after calibration
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Figure 4.8. The distribution of the FACs calculated with the MFACE model and adapted to the
UAM model. The red dotted lines show the position of the ACC. Black dotted lines present the
equatorward and poleward boundaries of the FACs. The time moment is 21:00:00 UT. The
correction coefficients are 1,04 and 1,69 for the Northern and Southern polar regions
respectively. The input parameters for the MEFACE model are: By = -0.54 nT; Bz = -5.24 nT;
Solar wind velocity = 351.4 km/s; AE index = 416 nT.

The distribution of the FACs for the Northern and Southern polar regions after the
adaptation procedure is drawn in Figure 4.8. The black line shows the boundary between the

Region 1 and Region 2 currents. The green line presents the boundary before correction.

The latitudinal correction does not significantly change the shape of the FAC distribution.
Usually, the shift of the current profile along a meridian is less than the latitudinal step of the
space grid (0.5 deg.). The Region 1 and Region 2 currents constitute a continuous ring structure
at those sectors. The most significant modification usually takes place at the noon and midnight
sectors. Such a feature is clearly seen near the midnight at ~23 MLT (Harang discontinuity) in

Figure 4.8. The maximal difference is about 0.7 deg. at that sector.

The correction due to the UT variation modifies (sometimes significantly) the magnitude of
the FAC distribution but does not change the geometry. As seen in Figure 4.8, the magnitude for
the Southern Hemisphere is significantly amplified (amplification coefficient is 1.69).
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4.4. Modeling results
4.4.1. Thermospheric neutral wind

The system of the magnetospheric FAC and ionospheric neutral wind dynamo currents
together with the tensor of the conductivity define the Earth electric field. This generator drives
also the ion drift which transfers the energy to the neutral particles via collisions. The
thermospheric neutral wind is the result of this MIT interaction. On the other hand, the
thermospheric neutral wind is the origin of the system of the dynamo currents. The quality of
the neutral wind distribution explicitly shows that the model, the UAM with MFACE,
reproduces the MIT coupling system.

The UAM model provides a global thermospheric neutral wind distribution. To quantify
the modeling results, I performed a comparison of the thermospheric neutral wind with an

empirical model and the CHAMP satellite data.
4.4.1.1. Horizontal wind model 2007 (HWM07)

The HWMO7 is a global empirical model of the horizontal thermospheric neutral wind
fields. This model represents an improvement of the previous versions of the model (HWM87,
HWMO90 and HWM93) [Hedin et al., 1988, 1991, 1996]. The HWMO07 model is constructed
using the satellite, rocket and ground-based observations of the thermospheric neutral wind.
The model provides the global horizontal thermospheric neutral wind distribution with

dependence on the geomagnetic activity at the altitude range of 0-500 km /Drob et al. 2008].

The thermospheric neutral wind obtained with the HWMO07 model is used as reference
data for this study. Below, I provide a comparison of the neutral wind calculated using the UAM

and HWMO07 models with the CHAMP satellite accelerometer measurements.
4.4.1.2. Thermospheric neutral wind data comparison

The accelerometer on board of the CHAMP satellite provides only the horizontal cross
track component of the neutral wind (the vector projection on the perpendicular horizontal
direction in the CHAMP satellite coordinate system). In addition, the satellite provides data
only for one particular point in space for each time moment. Nevertheless, even such small
information is sufficient to constrain the global distribution of the thermospheric winds and

perform a comparison with the UAM model results.

The most interesting overflights for the neutral wind data comparison are the paths when
the CHAMP satellite crosses the vortices areas (i.e. overflights in the dawn-dusk direction).

Those overflights help us to understand accuracy of the UAM model when reproducing the
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position of the convection cells as well as the magnitudes of the thermospheric neutral wind.

An example of such polar overflights is presented in Figure 4.9:
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Figure 4.9. An example of the comparison of the UAM model results with the CHAMP satellite

accelerometer measurements for one flight over the Northern Hemisphere on 13" of June 2005.

The graphic on the right shows the comparison of the cross-track neutral wind component

measured by the CHAMP in the S/C coordinates (red line) with the corresponding model result
(black line). The current position of the CHAMP satellite at the time moment (13:36:00 UT) is

shown by the green line on the right graphic [Prokhorov et al. 2014].

In Figure 4.9, the electric potential distribution is shown through the scale in the black &

white background. The two vortices are clearly seen in the evening and morning sides. The vortex

locations have a strong correlation with the positions of the electric potential minimum (dusk

side) and maximum (dawn side). The strong noon — midnight stream is also clearly visible.
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The CHAMP satellite overflight is indicated in Figure 4.9 by a straight dotted line across
the polar region. The colored arrows represent the CHAMP cross track neural wind
measurements. The black arrows show the corresponding neutral wind vector projections (Y-
component in the satellite coordinate system) of the UAM model. The red and black lines bound
the satellite observations and modelling data, respectively. The black arrow at the dotted line
shows the flight direction and the satellite position at the current time moment (13:36:00 UT).
The green line presents the actual CHAMP position on the additional graphic located on the
right side.

The UAM model provides realistic distributions of the thermospheric wind data, as
exemplified in Figure 4.9. The general meso-scale structures such as the position and size of
the vortex areas coincide well with the CHAMP satellite observations. The neutral wind

magnitudes also have good agreement with the satellite measurements.

The example shown above demonstrates the methodology of the data comparison which
is suitable for detailed studies of any particular event. In the following figure, an alternative
way of data presentation is introduced for the model data comparisons. A few examples will
illustrate this by means of the UAM and HWMO07 models in comparison with the CHAMP

accelerometer measurements.
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Figure 4.10. Examples of two CHAMP paths over the polar regions. The left and right panels
present the flight (a) over the Northern Hemisphere for 18 November 2002 and (b) Southern
Hemisphere 14 April 2001, respectively. The cross track wind speed is shown for the UAM
simulation (red), HWMO7 (green), and CHAMP measurements (blue). The CHAMP path over
the polar region is shown by the red arrow within the dial in the upper left side of each panel
[Prokhorov et al. 2014].

The CHAMP satellite measurements show some smaller-scale fluctuations despite a
regular meso-scale variation. Those fluctuations have a magnitude of about 50 m/s and are
clearly visible in Figure 4.10. The vortices areas are well pronounced in the satellite

observations and can be distinguished on the dawn and dusk sides (near 4950 s and 5650 s UT,
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respectively) in the left panel. In the right panel the evening circulation cell is clearly seen in

the satellite observation data near 2200 s UT.

The theoretical UAM model shows a good agreement with the CHAMP satellite
accelerometer measurements. The UAM model presents a similar meso-scale structure of the
thermospheric wind data as the CHAMP data. The amplitude value range and the vortices’
positions agree well with the satellite data. Compared with the CHAMP data, the UAM model

results do not have small-scale fluctuations.

The empirical HWMO07 model wind component (green lines) reveals a very smooth
variation of the thermospheric neutral wind data across the polar region. The variation range of
the empirical model is significantly smaller than the variation of the satellite data

(approximately two times smaller). The vortices areas are not distinguishable.

The thermospheric neutral wind distribution obtained with the new version of the
theoretical UAM model reveals a realistic structure, which is presented in Figure 4.9. The meso-
scale structure of the neutral wind calculated with the UAM model coincides well with the
CHAMP accelerometer measurements. The theoretical model reproduces the vortices’ areas
better than the empirical HWMO07 model. At the same time, the UAM model provides a more

realistic variation range of the thermospheric wind data, which is clearly seen in Figure 4.10.
4.4.2. Neutral mass density

The neutral mass density plays also a significant role in the MIT dynamic coupling
system. This parameter has strong relations with the thermospheric neutral winds which are
responsible for the plasma motion in the upper atmosphere. On the other hand, the neutral mass
density constitutes the background for the braking of charged particles (ion drag) and

corresponding ionization ratios. All these define the tensor of the ionospheric conductivity.

The UAM model provides a global distribution of the neutral mass density. To quantify
the modeling results, I perform a comparison of the neutral mass density wind with the
empirical model and satellite data in the same style as the comparison of the thermospheric

neutral wind data.

4.4.2.1. Naval Research Laboratory Mass Spectrometer and Incoherent Scatter

Extended 2000 (NRLMSISE-00)

The global empirical NRLMSISE-00 model supplies the distributions of the density and
temperature for the basic components of the neutral atmosphere (He, O, N2, Oz, Ar, H, and N)

in the altitude range from the ground level up to the exobase. The model is based on the Mass
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Spectrometer and Incoherent Scatter measurements. The previous versions of the NRLMSISE-
00 model are the MSIS-86 [Hedin, 1987] and MSISE-90 [Hedin, 1991]. The model has the
following input parameters: the solar radio flux (Fio7), the daily Ap and the 3-hourly a,

geomagnetic indices. [Picone et al., 2002].

The distribution of the neutral mass density obtained with the empirical NRLMSISE-00
model is used as the reference data in this study. The comparison of the neutral mass density
results obtained by the theoretical UAM and empirical NRLMSISE-00 models with the

CHAMP accelerometer measurements is presented below.
4.4.2.2. Neutral mass density data comparison

Like the thermospheric neutral wind, the CHAMP satellite offers neutral mass density
measurements for each time moment at the spacecraft position. I performd a data comparison
between the data obtained by the models and the CHAMP satellite accelerometer data for the
polar overflights. The logic is the same as described in Section 4.4.1.2. The satellite altitude
varies along the orbit and is significantly different for different years. The altitude range is 357-
467 km (for the events presented in my investigation). Such variation in range facilitates the
examination of the behavior of the UAM model at different altitudes. The most interesting
overflights are the satellite paths via the cusp region. These overflights help us to understand
the accuracy of the UAM model when reproducing the position of the cusp region and the
density profile in this highly variable area. A few examples are presented in Figures 4.11 and

4.12.
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NEUTRAL MASS DENSITY [kg/ m—3] [DoY 322] [North Pole]

T fls]
3
2.66
By= -4.86 _
Y x107"2 .
Bz= -6.32 QS
[{e]
AE= 380 10
(=)
S
18.1).2802 01:30:00 UT|©

o
|
AN
['9]
o
o
k=]
0
2.78E-12
4.82E-12
18.11.2002 01:30:00 UT H = 406 km olkg/m?] S
[Min, Max] At=30s; ALat=0.5; ALong=10; AU=f(AE); o~ o~ ™~ ™~ [+%)
CHAMP: [2.78, 4.82] Created on: 10.06.2013_15:21:13; T T ‘ T <
UAM: [2.92’ 4.15] BorisProkhorowyandexru mfoegfz—potsdamde e 2 e e
x  xPh x x
6B ¥ ™M o o«

Figure 4.11. Comparison of the UAM model result with the CHAMP satellite accelerometer
measurements for one flight over the Northern Hemisphere for the 18" of November 2002. The
graphic on the right shows the comparison of the neutral mass density measured by the CHAMP
(red line) with the corresponding model result (black line). The current position of the CHAMP
satellite at the time moment (01:30:00 UT as indicated by the arrow) is shown by the green line
on the right graphic [Prokhorov et al. 2014].

The comparison between the UAM model results and the CHAMP accelerometer

measurements in Figure 4.11 is performed in the same style as shown for the thermospheric

neutral wind data in Figure 4.9.

In Figure 4.11 it is clearly seen that the theoretical modeling results have a good
agreement with the CHAMP satellite observations. The UAM model reproduces the neutral

mass density values with nearly the same magnitudes as the CHAMP measurements along the

whole polar overflight.
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For the data comparison between the UAM and NRLMSISE-00 models, I used a

simplified graphic style similar to that shown in Figure 4.10. A few examples are presented

below:
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Figure 4.12. Examples of two CHAMP paths over the polar regions. The left and right panels
present the flight (a) over the Northern Hemisphere for 01 February 2003 and (b) Southern
Hemisphere 10 December 2004, respectively. The neutral mass density is shown according to
the UAM simulation (red), NRLMSISE-00 (green), and CHAMP measurements (blue). The
CHAMP path over the polar region is shown by the red arrow within the dial in the upper left
side of each panel [Prokhorov et al. 2014].

The satellite accelerometer measurements of the neutral mass density has some small-
scale fluctuations. These fluctuations are clearly visible in Figures 4.11 and 4.12. Together with
small-scale fluctuations, the satellite data show some meso-scale structures, i.e. the sharp
neutral mass density enhancements within the cusp region and broader depletion areas within

the thermospheric neutral wind vortices.

The UAM model reproduces meso-scale structures similar to the CHAMP satellite
observations as shown in Figure 4.12. The enhancement of the neutral mass density in the cusp
region is well pronounced. The position and magnitudes of the density enhancement in the
modeling results and CHAMP data has a good agreement as well as the whole neutral mass

profiles.

The NRLMSISE-00 model provides in contrast to the satellite accelerometer
measurements, a very smooth neutral mass density variation over the polar region. Meso-scale
structures which are clearly seen in the satellite data are not visible. The empirical model

reproduces only the approximate average values of the CHAMP profile.

The neutral mass density distribution calculated with the theoretical UAM model is

realistic. One example is presented in Figure 4.11. The meso-scale structures of the neutral mass
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densities obtained with the UAM model has good agreement with the CHAMP accelerometer
observations. Together with it, the range of the UAM model density coincides with the satellite
measurements. The empirical model provides very smooth data and does not reproduce the

meso-scale structures.
4.5. Conclusion

The comparison of the neutral mass density and thermospheric wind calculated by the
UAM model with the correspondent CHAMP accelerometer measurements shows a good
agreement of the theoretical model with the satellite data. On the other hand, the comparison
with the global empirical models such as the thermospheric wind model (HWMO07) and the
atmosphere density model (NRLMSISEOQ0) shows that the UAM model reproduces the meso-

scale structures of the upper atmosphere more realistically.

In this chapter I have described the method to adapt the MFACE model to the UAM
model and I have shown some modeling results. At a further step, I am going to perform a

statistical study which helps us to quantify the improvement of the modeling performance.

In the next chapter I will present such a statistical study - where the results of the UAM
model with different FACs (MFACE, Papitashvily and lijima-Potemra) are compared with the
global empirical models (HWMO07 and NRLMSISE-00) and the CHAMP accelerometer
measurements in a statistical way. The satellite observations are used as reference data. I will
carry out this statistical study using the classical statistical theory. I use mathematical
expectation to define the offset between models and the standard deviation to quantify the

variation range.
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5. Statistical study
5.1. Introduction

This chapter summarizes the previous investigation results of the high-latitude
Magnetosphere — lonosphere — Thermosphere (MIT) dynamic system in Férster et al., 2011b,
2012; Namgaladze et al., 2013; Prokhorov et al., 2014. In there stadies, the researchers
successfully improved the global, self-consistent, time-dependent Upper Atmosphere Model
(UAM) [Namgaladze et al., 1995, 1996b; Volkov et al., 1996; Hall et al., 1997] by including
the dependence on the Interplanetary Magnetic Field (IMF).

In this part of my thesis, I performed a statistical comparison of the UAM model with the
different FAC distributions. The following FAC models were used as input parameter for the

UAM model:

1. The empirical FAC model of lijima and Potemra [1976]. This classical model is based

on the Triad satellite magnetometer data (see Chapter 2).

2. The empirical FAC model of Papitashvili et al. [2002]. This IMF-dependent model is
based on the magnetic field observations from the satellites Magsat and Orsted (see Chapter 3).

3. The high resolution empirical FAC model of He et al. [2012]. This model with the
dependence on the IMF is based on fluxgate magnetometer measurements onboard the CHAMP

satellite (see Chapter 4).

I modelled the MIT dynamic system for 11 different intervals (see Table 3.1) these
represent various conditions with respect to seasons, solar wind velocity, geomagnetic activity
and orientations of the IMF. The UAM model configurations with different FAC systems were
run with the same initial conditions and on the same spatial grid. The simulation results obtained
with the UAM model were compared with the global empirical models for the thermospheric
wind (HWMO7 [Drob et al. 2008]) and neutral atmospheric density, temperature and
composition (NRLMSISEOO /Picone et al., 2002]) and the CHAMP satellite accelerometer

measurements.

The comparison was performed in a statistical way for the thermospheric neutral wind
and neutral mass density. For those parameters, I calculated and analyzed the standard deviation
and mathematical expectation for the difference between the model results and the CHAMP
satellite observation data. The mathematical expectation shows the offset between simulation
results and measurements. The standard deviation provides the information about the variation

range. The empirical models were used as etalons for the statistical comparison.
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5.2. Method

The differences between the modelled data and the satellite measurements were used as
basic parameter for the statistical analyses. In this study, I suppose that differences have a
normal (Gaussian) distribution and the classical statistical theory therefore applies. The
mathematical expectation and the standard deviation for differences were calculated to perform
a statistic analysis of the agreement between the modeling and the CHAMP observation data.
The first parameter A (mathematical expectation) represents the offset between the data sets —
the systematical difference. The second parameter ¢ (standard deviation) shows the variation

around the average value:

A:lZ@., (5.1)

o= 236 - Ay, (5.2)
n i

where A is the mathematical expectation; o is the standard deviation; o, is the difference in the

[T3LE N

point “1”’; and n is a number of points.

The magnitude of the wind velocity depends on the geomagnetic activity and has no
strong dependence on altitude, at least in the CHAMP altitude range. The satellite accelerometer
provided only the horizontal cross track wind speed component relative to the bulk flow with
respect to the satellite. This value significantly depends on the angle between the satellite cross-
track and wind bulk flow direction. This means that the measured wind speed V' is a projection
of the actual horizontal wind speed vector for each data point. It is a scalar value in the range
£|V]. The angle is different in every point and because of it the cross-track wind measurements
are more or less random values. I used the following formula to define the difference between

the model thermospheric wind data and the observation values:
6, =m;—o, (5.3)

where 0, - is the difference in the point and mj and o; are the modeling and the observation

value of the cross-track wind component, respectively.

The neutral mass density depends significantly on the altitude due to the logarithmic scale
of its height dependence. The CHAMP satellite altitude variation is about £10 km during one
orbit around the Earth. Such altitude variation corresponds approximately to a two time

difference in the neutral density data (see Section 3.4.2.4).
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In this investigation, I studied several events for different years and the satellite altitudes.
The altitude range for all intervals in Table 3.1 is 357-467 km. This altitude variation
corresponds to more than a 20 time difference in the neutral density data, therefore the absolute

difference cannot be used in this statistical study.

I used the ratio between the difference of the modeling data and the observation values

over the observation values to avoid this altitude dependence for the comparison:

ﬁ—l,formi >0,
5~ = Oi ) (54)

i 0.
1-—,form, <o,
m.

1

where 0, is the relative difference in the point and m; and o; are the modeling and observation

value, respectively.
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5.3. A statistical comparison for the thermospheric neutral wind data

The simulated thermospheric neutral wind and neutral mass density data were compared
with the CHAMP satellite accelerometer measurements and the well known empirical models
HWMO07 (for the wind data) and NRLMSISE-00 (for the density data). Such comparison
quantifies the modeling prediction. At the same time, the comparison with the satellite data
helps us to determine how realistic the UAM modelt can reproduce the MIT dynamic system
with the various FAC distributions. The distributions of the differences for the thermospheric

neutral wind data are shown below.
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Figure 5.1. The distributions of the differences between various models and the CHAMP
measurements for the Northern (upper panel) and Southern (bottom panel) polar regions. The
differences for the empirical HWMO07 model (black), the UAM model using MFACE (red), the
PM (blue), and the IPM (green). The difference data are divided into intervals and integrated.

The interval size is 5 m/s.

In Figure 5.1 the differences between the satellite accelerometer measurements and the
modeling data fit to a normal (Gaussian) distribution. All models show similar statistical
parameters for both polar regions. For the Northern polar region, the mathematical expectations
and standard deviations are about 0 m/s and 190 m/s, respectively. The mathematical
expectations and standard deviations for the Southern polar region are about - 40 m/s and 210
m/s, respectively. The difference between the hemispheres is clearly visible (the models have a

better agreement with the CHAMP data in the Northern Hemisphere).

The data point amount (15822 and 14688 for the Northern and Southern polar regions,
respectively) is large enough to perform a statistical study. The difference for the standard

deviations between the hemispheres is about 10%. This was possibly due to the difference in
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the offsets between the geomagnetic and geodetic coordinate systems for the Southern and
Northern Hemispheres. The UAM model uses a dipole magnetic field. The (ideal) dipole
coordinate system has by definition the same offset between the geomagnetic and geodetic
poles for both polar regions. The real situation is slightly different. The offset between the
geomagnetic and geodetic poles for the Southern Hemisphere is about two times larger than the
offset for the Northern Hemisphere. This provides an additional variation (instability) of the

driving forces (see Forster et. al. 2008).

The negative mathematical expectation for the Southern Hemisphere means, according to
Formulas 5.1 and 5.3, that the models reproduce smaller neutral wind values than the CHAMP
measurements. Such features could appear because the model does not so well reproduce the

Southern polar region.
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Figure 5.2. The mathematical expectation (dots) + standard deviation for all intervals of the
Northern (upper panels) and Southern (bottom panels) polar regions and for both stable (left
panels) and unstable (right panels) IMF conditions. The statistical parameters for the empirical
HWMO07 model (black), the UAM model using MFACE (red), the PM (blue), and the IPM
(green). The average value of the AE index is mentioned at the bottom of each panel. Units are

m/s.

In Figure 5.2 the compilation of the results for each individual interval reveals that the
values of the mathematical expectation and standard deviation can be significantly different
for the different intervals. On the other hand, the various models applied show mostly very
similar results for each individual interval. The mathematical expectations have similar values
with the same sign. The magnitudes of the standard deviations have some correlation with
geomagnetic activities (average value of the AE index). The range of variations is larger during

geomagnetically disturbed time intervals. The detailed information is given in Table 5.1.
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Northern Hemisphere Southern Hemisphere
Date Stable Unstable Stable Unstable
A+c, m/s ntps A+c, m/s ntps A+c, m/s ntps A+c, m/s ntps
-110+£201 -32+234 -112+189 -84+157 -80+£276  -8+304 27118  72+184
14_04_2001 666 756 654 732
-29+272 -704+203 4+281 36+167
-28+150 -73+202 -10£188 -504+207 -19486 -90+139 2874 -71+109
25_05_2002 660 744 744 642
-52+214 374217 -65+130 -544+122
112+£256 107+253 54+£246  24+213
18_11_2002 1428 No Data 0 840 No Data 0
404254 -33+£248
-54492  -73+93 -114£223  -84+199 -12+164 -45+171 40187 -135+242
01_02_2003 840 570 774 642
-57+£104 -614+239 -38+168 -81+196
86+92 74+99 79+57 54+67 244490 174194 292+62  133+62
23_10_2003 1296 186 1200 168
80+94 57+63 180+81 148+63
20+211  23+161 43+164  -1£226 -196+160 -188+198 -169+153 -199+148
30_08_2004 822 660 822 558
89+158 424216 -86+244 -150+151
-18+£132 -57+130 -70+£239 -162+234 -166+128 -152+168 -86£179 -55+204
13_09_2004 1314 186 1200 180
-27+135 -121+£199 -114+141 -22+183
-19+£159 -52+134 -18+171  -2+191 -28+107  21+100 -20+£242  51+190
06_10_2004 426 960 534 858
-27+148 12+£212 38+107 67+£206
64+127 75+132 75+139  90+135 36215 110+£186 54+132 28+121
10_12_2004 642 756 732 642
T+126 72+152 66+251 25+136
45+197  96+201 -109+180 -195+140 -221+169 -196+264 -280+105 -264+102
13_06_2005 870 540 864 528
151+197 -130+176 -210+317 -258+147
64+93  48+=146 -69+134 -53+143 -76£200 -14+175 -114+130 -104+124
02_11_2006 492 1008 480 894
57+164 21+164 8+169 -67+139
244182 21+187 -25+183  -41£191 -36+£223  -34+226 -52+£190 -60+£195
Total 9456 6366 8844 5844
26+190 -20+204 -234232 -42+188

Table 5.1. The mathematical expectations and standard deviations for the thermospheric
neutral wind data. Statistical parameters of the empirical HWMO07 model (black), the UAM
model with the MFACE (red), the PM (blue) and the IPM (green).

In Table 5.1 all models reproduce quite similar results. The total value of the mathematical
expectation is negative and about - 25 m/s on average. This value is not so significant, especially if
one takes into account the accuracy of the CHAMP satellite accelerometer measurements, which is
about = 50 m/s. The CHAMP accuracy has very complicated dependence on the satellite position
and it can be more than 50 m/s. [Doornbos et al., 2010]

Statistically, the simulation results of the thermospheric neutral wind data obtained with

the UAM model are very similar for all models. A few examples of the data comparison are
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presented in Figure 5.3. Such direct comparisons help us to understand the quality of the

simulation results.
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Figure 5.3. Examples of two CHAMP paths over the Northern and Southern polar regions. The
left and right panels present the flight over the Northern Hemisphere for 10 December 2004
and Southern Hemisphere for 14 April 2001, respectively. The colored lines refer to: the
CHAMP satellite cross track wind accelerometer measurements (brown); the simulation results
obtained with the HWMO07 model (black), the UAM model using the MFACE (red), the PM
(blue), and the IPM (green).

In Figure 5.3, the small-scale fluctuations of the CHAMP accelerometer wind
measurements are clearly visible in both panels. They are about =50 m/s (during some polar
overflight they are about £100 m/s and even more). The satellite data and theoretical simulation
results clearly show the areas of neutral wind vorticity cell as broader region of significant
change of the wind component. The minimum wind values in these two examples are supposed
to be the closed approaches to the respective vortex areas. All variants of the UAM model
reproduce slightly different variations along the orbit trace, but with a similar position of the
vortex. In the left panel, the position of the evening side vortex area is near 48600s UT. In the

right panel, the circulation cell is clearly seen near 7800 s UT.

The global empirical HWMO07 model shows a very smooth variation. It provides data with
a significantly smaller magnitude range than the data obtained with the theoretical simulation
results and the satellite measurements. The variance amplitude is more than three times smaller.

The vortices areas are very shallow and their positions are barely identifiable.

Statistically, all models reproduce the CHAMP accelerometer measurements quite well
with a similar mathematical expectation and standard deviation. Evidently, the UAM model
reproduces the CHAMP data profile better than HWMO7 model. The vortices’ positions and
magnitudes range of the theoretical simulations agree better with the satellite observations,
while the empirical model reproduces only an average (smoothed) value of the CHAMP

measurements.
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5.4. Statistical comparison for the neutral mass density data

Another important parameter of the upper atmosphere presented in my study is the neutral
mass density. The statistical analysis of the UAM and the NRLMSISE-00 models data and the
CHAMP satellite accelerometer measurements of the neutral mass density was performed in
the same manner as the analisis for the thermospheric neutral wind data. The results of the data

comparison are presented below.
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Figure 5.4. The distributions of the differences between the models and the CHAMP
measurements for the Northern (upper panel) and Southern (bottom panel) polar regions.
Differences are shown for the empirical NRLMSISE-00 model (black), the UAM model using
the MFACE (red), the PM (blue), and the IPM (green). The difference data are divided into

intervals and integrated. The interval size is 2 %.

As shown in Figure 5.4, all models represent a similar mathematical expectation and
standard deviation for the Northern and Southern polar regions. The mathematical expectations

are about 37% and the standard deviations are about 50 %.

The agreement between the model results and the satellite data are different for the
Northern and Southern Hemispheres. The variation range for the Southern polar region is
slightly larger than that for the Northern polar region (difference of a few %). This is a similar
effect as seen in the thermospheric neutral wind data (see Figure 5.1). A probable origin of this

effect was suggested above (see Section 5.3).

The significant offset of the average density values (mathematical expectation) between
the modeling data and the satellite measurements is clearly visible. This means, according to

Formulas 5.2 and 5.4, that the models reproduce larger neutral mass density values than do the
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CHAMP measurements. Such an offset confirms the results of Doornbos, et al. [2010] which
reveal that the CHAMP accelerometer neutral mass density measurements have a systematic
difference to the NRLMSISE-00 model of about 15-25% (the observations show smaller values

than the empirical model).
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Figure 5.5. The mathematical expectation (dots) + standard deviation for all intervals in the
Northern (upper panels) and Southern (bottom panels) polar regions and for both stable (left
panels) and unstable (right panels) IMF conditions. The various colors represent the statistical
parameters for the empirical NRLMSISE-00 model (black), the UAM model with the MFACE
(red), the PM (blue) and the IPM (green). The average value of the AE index is mentioned at
the bottom of each panels. Units are %.

In Figure 5.5, the simulation results show a similar behavior. The dependence on the
geomagnetic activity is not as obvious as in the case of the wind data (see Figure 5.2). The
intervals could be divided into two groups: with a mathematical expectation near zero % (4, 7,
8,9 and 10) and others (1, 2, 3, 5, 6 and 11). Such separation helps to explain the two maximums
in Figure 5.4 which are quite obvious in the results from, for example, the NRLMSISE-00

model data (first maximum near 0, second near 70). The other models have similar profiles.

The statistical analyses of the UAM and the NRLMSISE-00 model data and the CHAMP
neutral mass density measurements were carried out in the same manner as done for the

thermospheric wind data. The results of the comparison are given in Table 5.2 below:
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Northern Hemisphere Southern Hemisphere
Date Stable Unstable Stable Unstable
A+, % ntps A+o, % ntps A+o, % ntps A+, % ntps
60+£33  28+32 73+24  96+41 41423 10+55 72421 121451
14_04_2001 666 756 654 732
29433 112436 -94+49 89+55
54+11  40+17 5615  48+19 68+13 41422 78+18  57+15
25_05_2002 660 744 744 642
43+15 46+20 49424 67+14
3623 40+41 53423 36423
18_11_2002 1428 No Data 0 840 No Data 0
40+38 40+£22
-7£13 -13£25 -84+36 24425 -1£16 1+17 -5+24 -6+30
01_02_2003 840 570 774 642
-3+28 24420 10£20 12423
7620 49+32 7815  89+10 59+£20 58422 66+10 82+8
23_10_2003 1296 186 1200 168
48+33 89+11 58422 87£9
30+29  31+£38 59428  11£26 54447  55+55 74£38 39452
30_08_2004 822 660 822 558
60+32 14+23 58+45 35+45
-16+24  17+31 11£25 25435 -35+20 13424 -31+45 4445
13_09_2004 1314 186 1200 180
18+24 14+26 15+£21 -7+42
-8+£14  53+21 5+13 32428 -22+17 53423 3+19 441429
06_10_2004 426 960 534 858
54420 28422 48+14 38+22
-10£14 38423 4+£13 13£32 -7£28  -8+34 -8+14 -7423
10_12_2004 642 756 732 642
18+18 5429 -14+30 -11+21
2+37  -60+83 60+47 94455 59458  2+107 64+22  155+64
13_06_2005 870 540 864 528
4+67 17774 34+112 267+64
82425  33+30 92432 112439 98+27 72429 63+28 61431
02_11_2006 492 1008 480 894
30+26 96+32 65+26 58+25
27442 22+50 44444  56+51 31+£50 29452 40+44  56%62
Total 9456 6366 8844 5844
31+39 6061 32451 63+80

Table 5.2. The mathematical expectations and standard deviations for the thermospheric

neutral wind data. The statistical parameters of the empirical NRLMSISE-00 model (black),
the UAM model with the MFACE (red), the PM (blue), and the IPM (green).

The data reveal a systematical offset. All models are producing values of the neutral mass

density, which are larger than those obtained from the satellite observation by ~30%. The

theoretical and empirical models show a different mathematical expectation and standard

deviation from event to event but in general the behavior of the models is more or less the same.

Models have smaller offsets for intervals with “stable” IMF orientations than for intervals with

“unstable” IMF, in line with the case with wind data provided in Table 5.1. The difference

between offsets and deviations for both hemispheres is about the same, with a slightly larger

diference in the case for the Southern Hemisphere.
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The total offset for the UAM model is ~ 25% (~55% for unstable cases) and the standard
deviation is ~ 50%. Nonetheless, the deviation for single paths is smaller than the overall total.
Single path’s offsets are significantly different for various intervals. As a result, I have an
artificial addition for the global standard deviation. This is clearly seen in Table 5.2 in the
column for the Northern Hemisphere. The deviations for the NRLMSISE-00 model — for
separate time intervals (days) are in the range of 11% - 37% while the total value amounts to

42%.
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Figure 5.6. Examples of two CHAMP paths over the polar regions. The left and right
panels present the flight over the Northern (left panel) and Southern (right panel) Hemisphere
for 1 February 2003. The colored lines means: the CHAMP cross-track wind accelerometer
measurements (brown); the simulation results obtained with the NRLMSISE-00 model (black),
the UAM model with the MFACE (red), the PM (blue), and the IPM (green).

Figure 5.6. provides two examples of direct comparisons of neutral mass densities
between the CHAMP observations and the models results for the polar cap areas. This way it

might be easier to understand the real meanings of the values listed in Table 5.2.

The empirical model provides a very smooth neutral mass density variation along the
orbit. All variants of the UAM model also have smooth profiles but they follow the observed
variations to a certain degree. The theoretical model reproduces better satellite observations
comparing to the NRLMSISE-00 model. In contrast to the visual appearance as exemplified in
Figure 5.6, the statistical parameters of the empirical model (see Table 5.2) are similar or even

better in some cases.

Like in the case with the thermospheric neutral wind data, the CHAMP accelerometer
neutral mass density measurements contain significant fluctuations. Such fluctuations are
clearly visible in the right panel of Figure 5.6. They are one of the sources of enhanced standard

deviation values.
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5.5. The coordinate systems differences

The problem lies in the difference in the coordinate systems of the UAM model versus
satellite observations. The CHAMP satellite observations are provided in a geodetic coordinate
system while in the UAM model the spherical geomagnetic and geomagnetic dipole coordinate
systems are addlied. The satellite data as well as the simulation results should be presented in
the same coordinate system for comparison. It is simple only at first sight, but the problem is

more complex as I will illustrate in the exampling case (see Figure 5.7).

Processes in the upper atmosphere at high latitudes have a strong relation to geomagnetic
coordinates. For example, the spatial distribution of the electric field is defined by the geometry
of the magnetic field lines. The UAM model describes these processes in a simplified manner
using an “ideal” dipole geometry. The CHAMP performs measurements in a real geomagnetic
field. To study the MIT system, one should know the satellite position in an appropriate
magnetic coordinate system. Ideally, one should refer to the real geomagnetic field
configuration. It is common practice for high-latitude observations as, for example, with the
SuperDARN radar network [Ruohoniemi and Baker 1998] to use the so-called Altitude
Adjusted Corrected Geomagnetic (AACGM) coordinate system [Baker et. al. 1989]. 1
implemented it because it provides the best approximation of the real geomagnetic coordinate
system. The AACGM has a more complicated structure than the “ideal” coordinate system,
which is used in the UAM model. The difference is significant especially for the high-latitude

region.
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Figure 5.7. An example of difference in coordinate transformation is shown in the figure above.
1t illustrates one CHAMP flight over the polar region (Northern Hemisphere). The blue dots
show the direct transformation of satellite positions from the geodetic coordinate system to the
geomagnetic coordinates (which are used in the UAM). The red dots represent the CHAMP
path in the AACGM coordinate system (i.e. “real” geomagnetic coordinate system). The black
arrows illustrate the offset between the coordinate systems. The green arrow shows the flight

direction.

Using the AACGM coordinate system helps us to link the satellite measurements with
processes in the upper atmosphere and the magnetosphere. The difference between AACGM
(“real”) and the coordinate system of the UAM model (“ideal”) is the source for an uncertainty

during the comparison of modeling results with the satellite measurements.

In the future, I plan to improve the UAM model using the more realistic geomagnetic
field and a correspondently coordinate system for the architecture. It will then reduce the
uncertainty for data comparisons. However, the improvment of this model requires some more

efforts and is thus beyond the scope of the present work.
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5.6. Conclusion

All variants of the UAM model show the statistical results that are similar to the empirical
HWM2007 and NRLMSISEOO model results. That is clearly seen from the thermospheric
neutral wind data (see Figure 5.1) and the neutral mass density results (see Figure 5.4).
Statistical parameters (standard deviation and mathematical expectation) are more or less the

same for all models in general.

The statistical results are slightly different for various geomagnetic situations (see Figures

5.2 and 5.5). At the same time, the behavior of all models are relatively close to each other.

On the other hand, all variants of the UAM model reproduce the meso-scale structures of
the polar area better than the empirical models. That is clearly visible in Figures 5.3 and 5.6 in
which the direct comparisons between the modeling data and satellite measurements of the

separate polar overflights are presented.

There is a significant difference between the CHAMP position in the UAM model
coordinate system and the satellite position in the real Earth magnetic coordinate system (see
Section 5.5 and Figure 5.7). Additionally, the CHAMP measurements contain some small-scale

fluctuations (see for example Figure 5.6 a).

Taking into account all the facts described above, I conclude that statistically all variants
of the UAM model have good agreement with the CHAMP satellite accelerometer
measurements. The UAM model shows the similar statistical results as the empirical models.
This is true also for the direct comparison: the same meso-scale structures as seen in the satellite
observations. All variants can in principle be used for space weather prediction tasks, depending

on the purpose of the simulation.
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Summary

In my thesis, I investigated the dynamics of the coupled Magnetosphere — lonosphere —
Thermosphere (MIT) system with respect to the inner and outer influences. The study was
performed using the Upper Atmosphere Model (UAM) (see Chapter 1). The particular attention
of my work with the UAM model was centered on the high-latitudinal electrodynamics, e.g.,
by including the Interplanetary Magnetic Field (IMF) dependence of the external drivers.

In Chapters 2, 3 and 4 I described the evolution of the electric potential block
development with respect to the strength and orientation of the IMF. I performed this

development in three stages.

At the first stage (see Chapter 2), the IMF dependence was included into the UAM model
by using the modified (with respect to the By component of the IMF) pre-calculated electric
field potential patterns (see Section 2.4.4). However, such a method supersedes the self-
consistent calculation of the electric field in the modelling scheme. The electric field patterns
are pre-calculated by means of the UAM model (standard version without the IMF dependence).
I modified the pre-calculated electric field distributions with regard to the IMF dependence.
The obtained result was used in the UAM model as input parameter. In my study, I tested this
approach with various simulations of the time interval of October 28, 2003, 00-24 UT. The
UAM model with modified electric field distributions (see Figures 2.13) provided a significant
improvement in the agreement between the model prediction and the satellite measurements

(see Figure 2.14).

At the second stage (see Chapter 3), the IMF dependence was included into the UAM
model by using the Field Aligned Current (FAC) patterns obtained with the empirical IMF
dependent FAC model of Papitashvili et al. [2002] (PM). Those FAC distributions were
adapted with respect to the auroral precipitation area (see Section 3.4) and used as input
parameters. At the same time, [ used new assumptions (see Section 3.2) for the solution of the
Poisson’s equation (Equation 1.26). Such assumptions allowed me to obtain an appropriate
relationship for the IMF orientation in order to incorporate the asymmetry of the electric field
distribution between the Northern and Southern Hemispheres (see Figure 3.8). Here (in contrast
with the first stage), the IMF dependent electric field distribution was calculated self-
consistently as part of the UAM model.

At the third stage (see Chapter 4), I integrated the empirical high-resolution IMF
dependent FAC model of He et al. [2012] (MFACE) into the UAM model. The MFACE model

is advantageous in that it defines a two-dimensional magnetospheric FAC distribution in
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dependence on various parameters of the solar wind (see Section 4.2). In the previous versions
of the UAM model, the magnetospheric FAC system was defined along the inner and outer
boundary lines of the auroral area. Additionally, the MFACE model was used to define the
position of the auroral precipitation area (see Section 4.3.3). This version of the UAM model
(with MFACE) with the assumption described in Section 4.3.4 allowed me to obtain the IMF

dependent electric field distribution during the model run.

To verify the model prediction quality of the coupled MIT system, I tested the UAM
model variants for various time intervals, which represent different seasons, geomagnetic and
solar wind/IMF conditions (see Table 3.1). The obtained simulation results were compared with
the CHAllenging Minisatellite Payload (CHAMP) observations (see Figures 3.9, 3.10, 3.12,
4.9, and 4.11) as well as with the global empirical Horizontal Wind Model 2007 (HWMO07) and
Naval Research Laboratory Mass Spectrometer and Incoherent Scatter Extended 2000 model

(NRLMSISEO00) (see Figures 4.10, 4.12, 5.3, and 5.6).

At the same time, I performed a statistical comparison of the thermospheric neutral wind
and neutral mass density results (see Chapter 5). The IMF dependent versions of the UAM
model show statistical results similar to those obtaned with the standard version of the UAM
and the empirical HWMO07 and NRLMSISE00 model results (see Tables 5.1 and 5.2). However,
all variants of the UAM model reproduce the observed meso-scale structures of the polar area

better than the empirical models (see Figures 5.3 and 5.6).

Various possible applications of the different UAM model variants are proposed as the

followings:

The UAM with pre-calculated electric field potential patterns can be used for the
modelling of the Earth’s environment with specific geomagnetic conditions. With this method,
any other physically realistic electric field can be used as input parameter during the run of the

UAM model.

The combination of the UAM with the PM model presents a wider range of probable
applications. For example, it can be used for the simulation of MIT dynamic coupling with
respect to the IMF variation. At the same time, through this method which was used for the
adaptation of the PM model to the UAM any other FAC distribution can be used as an input
parameter for the UAM model. This variant, like the standatd variant (with empirical model of

lijima and Potemra [1976] (IPM)), can be realized on a rough spatial grid.

The configuration with the MFACE model provides an opportunity to use a high-

resolution system of the FAC as input parameter for the UAM model. This variant can be used
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for the investigation of particular events with a focus on high latitude physical processes. The
UAM model with that FAC system needs a dense latitudinal spatial grid (with step less than 0.5
deg). That is necessary to keep the spatial features of the MFACE model.

At the further step of the development of the UAM model with respect to the simulation
of the MIT dynamic coupled system, I would suggest the inclusion of a more realistic magnetic
field geometry and IMF dependent auroral precipitation distributions. The more realistic
magnetic field describes better the geometry of the high-latitudinal areas and helps to reduce
such effect as, for example, the uncertainty in the comparison of the data for the model and the
data from the measurements (see Section 5.5). The precipitation fluxes define the auroral areas
with higher conductivity (see Section 1.7). An IMF dependent auroral precipitation distribution
allows to obtain more realistic electric field distribution and, therefore, describes the high-
latitudinal electrodynamics better. However, these tasks are beyond the scope of the present

study and should be envisaged in further work with the UAM model.
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